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Natural products and their derivatives have long been used as pharmacological agents 
in the fight against cancer. Human natural killer (NK) cells are critical in our immune 
system in that they are capable of destroying tumor cells directly. However, there are few 
reports that elucidate the role of natural products in activating NK cells. In this study, we 
discovered that a synthetic disaccharide derivative of diphyllin, 4-O-{[2′′,3′′,4′′-tri-O-
acetyl-α-D-arabinopyranosyl-(1′′→4′)]-2′,3′-di-O-acetyl-α-L-rhamnopyranosyl}diphyllin 
(TAARD), can alone stimulate interferon (IFN)-γ secretion in primary human NK cells and 
the NKL cell line. Additionally, it had an additive effect with IL-12 or IL-15 on IFN-γ 
production, but little adverse effects on NK cells. Mechanistically, TAARD induced the 
phosphorylation of NF-κB and STAT3, resulting in their binding on the IFNG promoter, 
which was dependent on TLR1 and TLR3 signaling, respectively. STAT3 and NF-κB 
knockdown with lentivirus shRNA as well as the NF-κB-specific inhibitor, N-tosyl-l-
phenylalaninechloromethyl ketone, significantly suppressed TAARD-induced IFN-γ 
generation in primary NK cells. Blockade of TLR1 and TLR3 with neutralizing antibodies 
considerably decreased TAARD-induced activation of NF-κB and STAT3, respectively, 
as well as IFN-γ generation in NK cells. Collectively, our data suggest that TAARD can 
induce NK cell IFN-γ production through TLR1-NF-κB and TLR3-STAT3 signaling path-
ways, rendering its potential use as an agent for cancer prevention or treatment.
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inTrODUcTiOn

Since the early 1800s, natural products have played a crucial 
role in drug discovery and the development of new therapies for 
the treatment of human disease. In fact, over 50% of all current 
oncologic therapies are directly derived from natural products 
and their related structures (1). Currently, many new naturally 
occurring compounds and their derivatives are undergoing clini-
cal trials, predominantly as agents in fighting cancer and infec-
tion (2). Drugs derived from natural sources have been used in a 
wide range of therapeutic areas, including metabolism, hormone 
regulation, inflammation, cardiovascular disease, and neurologi-
cal conditions. With the advent of cutting-edge technology, new 
natural products will continue to be developed as better treat-
ments for cancer to improve human health (3–5).

The innate immune system serves as an immediate first line 
defense mechanism against invading pathogens and tumor cells (6).  
Natural killer (NK) cells are one of the predominant mediators of 
this process, possessing both cytokine-producing and cytotoxic-
ity functions (7). These large granular lymphocytes provide the 
body’s major source of interferon-gamma (IFN-γ), a cytokine 
that is highly important in activating macrophages to kill 
obligate intracellular pathogens, shaping the immune response 
of Th1 helper cells, activating antigen presenting cells to enhance 
upregulation of MHC Class I, and eradicating malignant tumor 
cells and viruses (8). Indeed, decreased secretion of IFN-γ by 
NK cells has been linked to an increased incidence of infection 
and malignancy (9). However, exogenously delivered IFN-γ 
has been studied in several clinical trials with little success due 
to its toxic effects (10). Efforts to augment endogenous IFN-γ 
production via cytokines such as IL-12, IL-15, or IL-2 have also 
been tried (11) but present with limitations, including systemic 
toxicity due to activation of multiple immune effector cells (12) 
and T regulatory cell induction (13).

Phyllanthus (Phyllanthaceae) is a large genus with over 700 
species that produce lignans as one of their major groups of sec-
ondary metabolites. In our search for natural NK cell stimulators, 
a phytosterol characterized from the aerial parts of Phyllanthus 
songboiensis was found to be active (14), and several phyllan-
thusmins have been identified as potent and selective cytotoxic 
agents from different parts of Phyllanthus poilanei (15), while 
phyllanthusmin C (PL-C) has been reported for its enhancement 
of IFN-γ production by human NK cells through upregulation 
of toll-like receptor (TLR)-mediated NF-κB signaling (16). 
Additionally, diphyllin glycoside justiprocumin B was reported 
to have potent activity against a broad spectrum of HIV strains 
with an IC50 of 15–21 nM (17). Following these investigations, 
we generated a synthetic disaccharide derivative of diphyllin, 
4-O-{[2′′,3′′,4′′-tri-O-acetyl-α-d-arabinopyranosyl-(1′′→4′)]-
2′,3′-di-O-acetyl-α-L-rhamnopyranosyl} diphyllin, or TAARD, 
and evaluated the NK  cell stimulatory effect of TAARD. The 
results showed that this compound increases the secretion of 
IFN-γ by activating NK cells through TLR-mediated NF-κB and 
STAT3 signaling pathways. This finding promotes a new avenue 
for anticancer drug discovery through the modification of natural 
products to enhance innate immune responses to cancer or virally 
infected cells.

MaTerials anD MeThODs

chemicals
A derivative of the natural product diphyllin, totally acety-
lated arabinopyranosyl rhamnopyranosyl diphyllin, TAARD 
(4-O-{[2′′,3′′,4′′-tri-O-acetyl-α-d-arabinopyranosyl-(1′′→4′)]-
2′,3′-di-O-acetyl-α-l-rhamnopyranosyl}diphyllin) [Figure S1 in 
Supplementary Material, C42H44O20 (MW 868.79), purity > 99%] 
was synthesized.

enrichment, Purification, and sorting  
of Primary human nK cells
Primary human NK cells were isolated directly from fresh periph-
eral blood leukopaks (American Red Cross, Columbus, OH, 
USA) as described previously (18). The Ohio State University 
Institutional Review Board approved all human subject work. 
NK cells (CD56+CD3−) were enriched with the NK Cell Isolation 
Kit (Miltenyi Biotec) according to the manufacturer’s protocol 
with minor modifications. Enriched NK cells were further puri-
fied by positive selection using anti-CD56 magnetic-activated cell 
sorting beads (Miltenyi Biotec). The purity of enriched and puri-
fied NK cells were >70% (Figure S2A in Supplementary Material) 
and >98% (Figure S2B in Supplementary Material), respectively, 
with assessment by flow cytometric analysis after staining with 
CD56-allophycocyanin (APC) and CD3-fluorescein isothiocy-
anate (FITC) Abs (BD Biosciences). Pure (>99.0%) CD56bright and 
CD56dim NK cell populations were isolated by cell sorting (FACS 
Aria II, BD Biosciences).

cell culture and Treatment
Primary NK cells and the NKL cell line were cultured in RPMI 
1640 medium (Invitrogen), supplemented with 50 µg/ml penicil-
lin, 50  µg/ml streptomycin, and 20% FBS (Invitrogen) at 37°C 
in 5% CO2. The NKL cell line was cultured with 150  IU/mL  
recombinant human IL-2 (Hoffman-LaRoche), but cells were 
starved of IL-2 for 24 h prior to stimulation. Cells were treated with 
different concentrations (0.1, 1, and 10 µM) of TAARD in the pres-
ence or absence of IL-12 (10 ng/mL) or IL-15 (100 or 10 ng/mL)  
(R&D Systems) for 18  h. To detect protein phosphorylation 
by immunoblotting, cells were treated for 6  h prior to protein 
extraction. To study NF-κB involvement in TAARD-mediated 
enhancement of NK cell IFN-γ production, 10 µM of the NF-κB 
inhibitor, N-tosyl-l-phenylalaninechloromethyl ketone (TPCK), 
was used to pretreat both purified primary NK  cells and NKL 
cells for 1 h prior to TAARD treatment. For TLR blocking assays, 
NK cells were pretreated with 10 µg/mL of an anti-human TLR-1 
antibody (InvivoGen), an anti-human TLR-3 antibody (Hycult 
Biotech) (19), an anti-human TLR-6 antibody (InvivoGen) (20), 
or various combinations for 1 h prior to stimulation with TAARD. 
Cells treated with the same concentration of non-specific rat 
and mouse IgG antibodies were used as controls. The blocking 
antibodies were also kept in culture medium during stimulation.

Proliferation assay
Cell counting and the 3-(4,5-dimethylthiazol-2-yl)-5- 
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
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(MTS) assay were used to determine the cellular proliferation of 
primary human NK cells. Briefly, purified NK cells were cultured in 
96-well plates and treated with different concentrations (0.1, 1, and 
10 µM) of TAARD. NK cells cultured alone without stimulation 
were used as a control group. The number of cells was recorded 
every 2  days. Simultaneously, the absorbance was measured 
spectrophotometrically at 490 nm every 3 days using a BioTek 
plate reader (BioTek, UK).

Flow cytometric evaluation of apoptosis
Purified NK  cells were treated with different concentrations  
(0.1, 1, and 10  µM) of TAARD. Following washing with PBS, 
cells were resuspended in 100  µL of 1  ×  annexin-V binding 
buffer and incubated with 5 µL of an annexin V-FITC antibody 
(PharMingen) for 15  min at room temperature in the dark. 
Next, 1  mL of 1× annexin-V binding buffer was added and 
centrifuged, followed by resuspension of the cells in 200 µL 1× 
annexin-V binding buffer. Then, 5 µL of 7-amino-actinomycin D 
(7-AAD) was added, and cells were incubated for 5 min at room 
temperature in the dark. Cells were first washed with 500 µL of 
1× annexin-V binding buffer and then resuspended in 200  µL 
of 1× annexin-V binding buffer, followed by filtration through a 
70-µm nylon filter (Corning). The samples were placed on ice and 
quantitatively analyzed by a FACS flow cytometer.

enzyme-linked immunosorbent  
assay (elisa)
Primary human NK or NKL cells were plated in 96-well plates 
(Corning Costar, Catalog #CLS3595). After treatment, cell-free 
supernatants were collected to determine IFN-γ secretion by 
ELISA with commercially available mAb pairs (Thermo Fisher 
Scientific), according to the manufacturer’s protocol.

real-Time reverse Transcription 
Polymerase chain reaction (rT-Pcr)
Real-time RT-PCR was performed as described previously (21, 22).  
Briefly, total RNA from purified primary human NK  cells or  
NKL cells was extracted with an RNeasy Mini Columns 
(Qiagen). cDNA synthesis was performed with random primers 
(Invitrogen). mRNA expression levels of IFNG, TLR1, TLR3, 
TLR6, NF-κB/p65, IκBα, STAT3, STAT4, STAT5a, and STAT5b 
were detected by SYBR Green Master Mix (Thermo Fisher 
Scientific) on the Applied Biosystems ViiA 7 Real-time PCR 
system (Life Technologies). The primers used are shown in Table 
S1 of the Supplementary Material. The relative expression ratio 
was normalized to the HPRT1 internal control and analyzed by 
the ΔΔCt method.

immunoblotting
Immunoblotting was performed as described previously (21, 22). 
Cells were collected, re-suspended in RIPA lysis buffer (23) 
containing protease/phosphatase inhibitors, and incubated 
on ice for 30 min. Then, the protein lysate was mixed with 4× 
Laemmli buffer (Bio-Rad, Catalog #1610747) supplemented 
with 2.5% 2-Mercaptoethanol (2-ME), boiled for 5  min, and 
subjected to immunoblotting analysis. Abs against p-STAT3, 

STAT3, p-STAT4, STAT4, p-STAT5, STAT5, pNF-κB/p65, and 
NF-κB/p65 (1:1,000 dilution, Cell Signaling Technology) were 
used for immunoblotting. An antibody against β-actin (Santa 
Cruz Biotechnology) was utilized as an internal control. The 
proteins were visualized using enhanced chemiluminescence (GE 
Healthcare Life Sciences) reagents.

electroporation, Transfection,  
and luciferase reporter assay
Activation of TLR1-NF-κB and TLR3-STAT signaling pathways 
was assessed in the NKL cell line and the human embryonic 
kidney 293T cell line via a luciferase reporter assay. To introduce 
plasmids into NKL cells through electroporation, NKL cells 
were washed and resuspended in Opti-MEM medium (Thermo 
Fisher Scientific) at a concentration of 1.0 × 107 cells ml−1. Cells 
were mixed with a pGL3-κB-Luc (3-κB; 1  µg) (16), 4×M67 
pTATA TK-Luc (4xM67; 1 µg; Addgene), or pGL3-Basic (1 µg; 
Promega) plasmid and a pRL-TK renilla-luciferase control plas-
mid (50 ng; Promega). The 3-κB plasmid contains three tandem 
repeats of the κB site. The 4×M67 plasmid has four copies of 
GGTTCCCGTAAATGCATCA, in which TTCCCGTAA is the 
STAT binding site (24). Subsequently, cells were transferred into 
4 mm electroporation cuvettes (Biorad, Hercules). Electroporation 
was performed using a Super Electroporator NEPA 21 (Nepa gene) 
under the following conditions: 275 V, 2.0 ms pulse length, and 
50 ms pulse interval. After electroporation, cells were immediately 
transferred into fresh media and cultured for an additional 6 h 
prior to TAARD treatment. Then, 293T cells were co-transfected 
with lipofectamine 2000 containing the plasmid 3-κB, 4×M67, 
or pGL3-Basic (1 µg each) with pRL-TK (5 ng), with or without 
TLR1, TLR3, or TLR6 expression plasmids (0.5 µg each) for 24 h. 
After electroporation or co-transfection, both NKL and 293T cells 
were then treated with various concentrations of TAARD for an 
additional 24 h. Thereafter, cells were lysed and both firefly and 
renilla luciferase activities were measured sequentially with the 
Dual-Glo Luciferase Reporter Assay System (Promega) accord-
ing to the manufacturer’s instructions. The ratio of firefly/renilla 
luciferase activities was used to determine the relative activities 
of NF-κB or STAT.

Knockdown of sTaT3 Using lentivirus 
short hairpin rna (shrna) in nKl cells
Lentiviral-mediated shRNA was used to permanently knockdown 
STAT3 expression in NKL cells. To create lentiviral particles, we 
established the stable NKL cell line expressing STAT3 shRNA or 
scramble shRNA using lentiviral infection (pSIH1-puro-STAT3 
shRNA, Addgene #26596; pSIH1-puro-control shRNA, Addgene 
#26597). This was followed by drug selection with puromycin. The 
target sequence for STAT3 was CATCTGCCTAGATCGGCTA 
(25). Lentiviral vectors were produced by transient transfection of 
shRNA plasmids along with packaging plasmids into 293T cells. 
Briefly, a total of 5 × 106 cells were seeded in 75-cm2 tissue culture 
flasks 24  h before transfection. Cells were supplied with fresh 
DMEM medium 2 h prior to transfection. 20 µg of the lentiviral 
vector was mixed with 10 µg of the VSV-G envelope plasmid and 
15 µg of the packaging plasmid (pCMVDR9). The solution was 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


4

Yi et al. NK Cell Activation by TAARD

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1509

mixed with 0.5 M CaCl2 and adjusted to 1 mL with water, then 
mixed with 1 mL of 2 × HEPES-buffered saline (280 mM NaCl, 
10 mM KCl, 1.5 mM Na2HPO4, 12 mM dextrose, 50 mM HEPES, 
pH 7.2). Two milliliters of the vector solution was added drop-
wise directly to the cells. The medium was replaced after 16 h, 
and the vector-containing supernatants were harvested 48 h after 
transfection. After filtering through a 0.45-µm-pore-size filter, the 
supernatants were then spun at 25,000 × g for 2 h in a Beckman 
ultracentrifuge Optima XL-100k with a 28-Ti fixed-angle rotor. 
After centrifugation, the viral pellets were re-suspended in 
600 µL of PBS and stored at −80°C. Following that, NKL cells 
were cultured in the concentrated virus-containing medium and 
centrifuged at 1,800 rpm at 32°C for 1.5 h. Cells were allowed to 
recover for 24 h and then supplemented with puromycin (1 mg/mL)  
for 72 h to select for cells that had stably incorporated into the 
vector. Cells were harvested and knockdown of STAT3 by lentivi-
ral shRNA was confirmed by immunoblotting.

statistical analysis
Unpaired Student’s t tests were used to compare two independent 
conditions (i.e., TAARD versus control) for continuous endpoints. 
Paired t tests were used to compare two conditions with repeated 
measures from the same donor. ELISA data were transformed for 
statistical analysis by log base 2 due to its skewed distribution.  
A one-way ANOVA model was used for multiple comparisons.  
A two-way ANOVA model was used to evaluate the synergistic or 
additive effect between IL-12 or IL-15 with TAARD. The p values 
were adjusted for multiple comparisons using the Bonferroni 
method. All tests are two-sided. A p value of 0.05 was considered 
statistically significant.

resUlTs

TaarD Does not affect Proliferation  
and survival of Primary human nK cells
We first determined whether TAARD affected cell proliferation 
and survival of human NK cells. Our results showed that treat-
ment with different concentrations (0.1, 1, and 10 µM) of TAARD 
had little effects on cell proliferation, as determined by counting 
cultured NK cells in the presence or absence of TAARD (Figure 
S3A in Supplementary Material) and an MTS assay (Figure S3B 
in Supplementary Material). TAARD also did not significantly 
affect the survival of NK cells, as determined by an annexin V plus 
7-AAD flow cytometric assay (Figures S3C,D in Supplementary 
Material). This suggests that TAARD likely does not have adverse 
effects on primary human NK cells.

TaarD significantly increases  
iFn-γ Production in nK cells
Human NK  cells were treated with various concentrations of 
TAARD alone or in the presence of IL-12 (Figures  1A,C) or 
IL-15 (Figures 1B,D). IFN-γ secretion was determined via ELISA 
assays. Our data showed that in both enriched and purified 
NK cells, all three concentrations (0.1, 1, and 10 µM) of TAARD 
alone stimulated the production of higher levels of IFN-γ com-
pared to untreated cells (Figures 1A–D). Moreover, the results 

indicated a dose-dependent effect, with 10 µM TAARD inducing 
the highest level of IFN-γ secretion from NK cells. We observed 
an additive effect in enriched as well as purified NK cells treated 
with 10 µM of TAARD and IL-12 or IL-15. Likewise, in the NKL 
cell line, we observed a similar response of NK cells to stimula-
tion with TAARD alone (Figures  1E,F). Additionally, there is 
also an additive effect observed in NKL cells treated with TAARD 
(10 µM) and IL-12 or IL-15. We then measured transcriptional 
expression of the IFN-γ gene after treatment with TAARD alone 
and in combination with IL-12 or IL-15 in purified primary 
NK  cells (Figures  1G,H) as well as NKL cells (Figures  1I,J). 
Even at a low concentration of 0.1 µM, TAARD alone was able 
to induce IFN-γ mRNA expression in both purified NK cells and 
NKL cells. Moreover, IFN-γ was also induced by TAARD (10 µM) 
in NK  cells of five tested donors in the presence of the potent 
cytokine stimuli, the combination of IL-12 (5 ng/mL) with IL-15 
(10  ng/mL) (data not shown). Collectively, these data suggest 
that TAARD has the capacity to stimulate IFN-γ production in 
NK cells.

TaarD augments iFn-γ secretion in  
Both cD56bright and cD56dimnK subsets
Human NK cells can be divided into two different subsets accord-
ing to the surface density of the CD56 antigen. The CD56dim 
population has a low-density expression of the CD56 antigen, 
while the CD56bright subset has a high level expression (26). The 
majority, about 90%, of NK cells in the peripheral blood is com-
posed of CD56dim cells while the rest (10%) are CD56bright. The 
two human NK subsets were purified to 99.5% purity (Figures 
S4A,B in Supplementary Material). Here, we demonstrated that 
in both subsets of NK cells, 0.1 µM of TAARD alone was capable 
of significantly increasing IFN-γ secretion in the two populations 
compared to the vehicle control (Figures 2A,B).

TaarD Facilitates the Phosphorylation of 
nF-κBp65 and sTaT3 Proteins in nK cells
Transcriptional modulation of IFN-γ expression mainly involves 
JAK-STAT and NF-κB signaling pathways. To determine whether 
the induction of IFN-γ by TAARD in NK cells is correlated with 
these signaling pathways, we performed immunoblotting of pro-
tein lysates extracted from primary human NK cells as well as the 
NKL cell line. We found that 0.1 µM of TAARD alone increased 
the phosphorylation of p65, a subunit of the transcriptional 
complex NF-κB, and the phosphorylation of STAT3 in primary 
human NK cells and the NKL cell line (Figures 3A,B). We found 
that TAARD did not appear to have a significant effect on the 
phosphorylation of STAT4 or STAT5 proteins (Figures S5A,B 
in Supplementary Material). It appeared that there was at least 
an additive effect on the phosphorylation of p65 and STAT3 
when TAARD was combined with IL-12 (Figure  3A) or IL-15 
(Figure 3B). No changes were observed in total NF-κB or STAT3 
protein when primary NK or NKL cells were treated with TAARD 
alone. No significant changes in the level of NF-κBp65/RelA, 
STAT3, STAT4, STAT5α, and STAT5b transcripts were observed 
either in primary NK and NKL cells treated with TAARD 
(Figures S6A,B in Supplementary Material). Therefore, the above 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


FigUre 1 | TAARD stimulates interferon (IFN)-γ production in natural killer (NK) cells. (a,B) Enriched human NK cells were treated with DMSO vehicle control or 
different concentrations (0.1, 1, and 10 µM) of TAARD for 18 h in the presence or absence of IL-12 (10 ng/mL) (a) or IL-15 (100 ng/mL) (B). Cell-free supernatants 
were collected and analyzed by enzyme-linked immunosorbent assay (ELISA) to determine IFN-γ release in enriched human NK cells (n = 3 in each treatment). 
(c,D) Highly purified (>98%) human NK cells were treated with DMSO vehicle control or different concentrations (0.1, 1, and 10 µM) of TAARD for 18 h in the 
presence or absence of IL-12 (10 ng/mL) (c) or IL-15 (100 ng/mL) (D) to determine the level of IFN-γ release by ELISA. (e,F) NKL cells were treated with DMSO 
vehicle control or various concentrations (0.1, 1, and 10 µM) of TAARD for 18 h in the presence or absence of IL-12 (10 ng/mL) (e) or IL-15 (100 ng/mL) (F). 
Cell-free supernatants were collected and analyzed by ELISA to determine IFN-γ release in enriched NK cells. (g,h) Highly purified NK cells were treated with DMSO 
vehicle control or 0.1 µM of TAARD for 18 h in the presence or absence of IL-12 (10 ng/mL) (g) or IL-15 (100 ng/mL) (h). IFNG mRNA expression was assessed by 
real-time RT-PCR and relative IFNG mRNA expression for each treatment group was normalized to the untreated vehicle control in the same donor. (i,J) NKL cells 
were treated with DMSO vehicle control or 0.1 µM of TAARD for 18 h in the presence or absence of IL-12 (10 ng/mL) (i) or IL-15 (100 ng/mL) (J). IFNG mRNA 
expression was assessed by real-time RT-PCR and relative IFNG mRNA expression of each treatment group was normalized to the untreated vehicle control. The 
data are presented as mean ± SEM (n = 3 for each treatment; error bars represent the SEM for primary NK cells). Data shown as mean ± SD for NKL cells, which 
represent at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 denote statistical comparison between the two marked treatment groups.

5

Yi et al. NK Cell Activation by TAARD

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1509

data suggest that TAARD specifically facilitates the phosphoryla-
tion of NF-κBp65 and STAT3 in NK cells.

TaarD induces the luciferase reporter 
activities corresponding to nF-κB  
and sTaT3 activation via Tlr1  
and Tlr3, respectively
Toll-like receptor signaling is upstream of NF-κB and STAT3 
signaling and activation of TLRs leads to cytokine gene expres-
sion in immune cells (27). TLR1, TLR3, and TLR6 are the 
main TLR receptors expressed on NK cells (18). Therefore, we 
investigated whether TAARD augmented IFNG transcription 
via TLR-mediated induction of NF-κB and STAT3 binding to 

their respective sites within the IFNG promoter. By a luciferase 
assay, we found that the promoter reporter activity increased 
significantly with all three concentrations of TAARD (0.1, 1, 
and 10 µM) when the 3-κB plasmid containing three tandem 
NF-κB (Figure 4A) or 4×M67 plasmid containing four tandem 
STAT binding sites (Figure  4B) were transfected in the NKL 
cell line. Additionally, our data demonstrated that after co-
transfection with TLR1 and 3-κB in 293T cells, TAARD treat-
ment induced a significantly increased NF-κB luciferase activity 
in the TLR1 and 3-κB co-transfected cells compared to the cells 
without TAARD treatment (Figure  4C). Likewise, relative 
luciferase activity increased significantly in TLR3 plus 4×M67 
co-transfected 293T cells compared to the cells without TAARD 
treatment (Figure 4D). However, co-transfection of 293T cells 
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FigUre 3 | TAARD induces the phosphorylation of NF-κB and STAT3 in NK cells. (a,B) Purified primary human natural killer cells and NKL cells were treated with 
0.1 µM of TAARD alone or in combination with 10 ng/mL of IL-12 (a) or 100 ng/mL of IL-15 (B) for 6 h. Cells were harvested and lysed for immunoblotting using 
their corresponding Abs. β-actin was included as internal control.

FigUre 2 | TAARD treatment augments interferon (IFN)-γ secretion by both CD56bright and CD56dim natural killer (NK) cells. Enriched NK cells were sorted via FACS 
into CD56dim and CD56bright NK cells, based on the relative density of CD56 expressed on the cell surface. (a) CD56bright NK cells were treated with or without 0.1 µM 
of TAARD for 18 h in the absence of cytokine stimulation. IFN-γ secretion was determined by ELISA. (B) CD56dim NK cells were treated and analyzed as shown in  
(a). Data shown are collected from six donors. *p < 0.05 compared to the untreated group.
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with 3-κB plus TLR3 or TLR6 (Figures S7A,B in Supplementary 
Material) and 4×M67 plus TLR1 or TLR6 (Figures S7C,D in 
Supplementary Material) resulted in no significant changes in 
relative luciferase activity. It should be noted that 293T fibro-
blast cells lack most of the TLRs, and thus, TAARD could not 
induce luciferase activity in 293T cells without a TLR plasmid 
(Figures  4C,D) (28). These results imply that the increase of 
κB and STAT3 luciferase reporter activities is dependent on 
the specific activation of TLR1 and TLR3, respectively. This is 
consistent with previous studies showing that TLR1 and TLR3 
result in enhanced activation of NF-κB and STAT signaling 
pathways (29).

Tlr1-nF-κB and Tlr3-sTaT3 signaling 
Pathways Mediate nK cell activation  
by TaarD
Next, we used a loss-of-function approach to further confirm 
the involvement of TLR1-NF-κB and TLR3-STAT3 signaling 
pathways in TAARD-induced IFN-γ expression in NK cells. We 
performed a knockdown of STAT3 using concentrated lentivirus 
shRNA. Immunoblotting showed that the expression of STAT3 
protein decreased significantly in the NKL cell line after shRNA 
knockdown compared to the negative controls (Figure 5A). This 
confirmed that our shRNA was functional. We found that IFN-γ 
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FigUre 4 | TAARD increases the luciferase reporter activities of NF-κB and STAT3 via TLR1 and TLR3, respectively. (a) NKL cells were electroporated with either 
pGL3-κB-Luc (1 µg) or pGL3-Basic (1 µg) and a pRL-TK renilla-luciferase control plasmid (50 ng). After electroporation, cells were immediately transferred into fresh 
medium and cultured for an additional 6 h. Then, cells were treated with different concentrations of TAARD. (B) NKL cells were electroporated as described in  
(a) but with 4×M67 pTATA TK-Luc plasmid (1 µg). Cells were treated and measured as described in (a). (c) 293T cells were co-transfected with pGL3-κB-luc  
(1 µg) or pGL3-Basic (1 µg) and pRL-TK renilla-luciferase control plasmids (5 ng) in the presence or absence of a TLR1 (0.5 µg) expression plasmid by Lipofectamine 
2000. Twenty-four hours later, cells were treated with different concentrations (0.1, 1, and 10 µM) of TAARD for another 24 h with fresh medium. (D) 293T cells were 
co-transfected with 4×M67 pTATA TK-Luc (1 µg) or pGL Basic plasmid (1 µg) and pRL-TK renilla-luciferase control plasmids (5 ng) in the presence or absence of a 
TLR3 (0.5 µg) expression plasmid by Lipofectamine 2000. Twenty-four hours later, cells were treated with different concentrations (0.1, 1, and 10 µM) of TAARD for 
another 24 h with fresh medium. The ratio of firefly to renilla luciferase activities was used to show the relative luciferase activity, which corresponded to NF-κB or 
STAT activation. Data shown represent one of three independent experiments with similar results. *p < 0.05, **p < 0.01, and ***p < 0.001 denote statistical 
comparison between the two marked treatment groups.
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secretion decreased notably in STAT3 knock-down NKL cells 
treated with TAARD when compared to scramble shRNA trans-
duced NKL cells treated with TAARD (Figure 5B). Similar data 
were observed at the IFNG mRNA level (Figure 5C). However, 
IFN-γ secretion and its mRNA expression levels in STAT3-
knockdown NKL cells were still higher than the untreated group, 
suggesting that TAARD induces IFN-γ secretion only partially 
through the STAT3 signaling pathway, consistent with our data 
showing that TAARD stimulates both STAT3 and NF-κB signaling 

(Figures 3 and 4). Thus, we next pretreated primary NK and NKL 
cells with the NF-κB inhibitor, TPCK, to explore the involvement 
of NF-κBp65 in TAARD-mediated IFN-γ expression. We found 
that TPCK partially inhibited TAARD-mediated phosphorylation 
of NF-κB (Figure 5D), which in turn resulted in partial suppres-
sion of IFN-γ secretion in both primary human NK and NKL cells 
(Figures 5E,F). Next, we observed that inhibition of both STAT3 
signaling by shRNA and NF-κB signaling by TPCK resulted 
in significantly more IFN-γ suppression when compared to 
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FigUre 5 | TAARD activates the TLR-1-NF-κB and TLR3-STAT3 signaling pathways in natural killer (NK) cells. NKL cells were infected with concentrated lentivirus 
of pSIH1-puro-STAT3 shRNA or pSIH1-puro-control shRNA and selected with puromycin. The knockdown of NKL cells were treated with or without TAARD for 
18 h. (a) STAT3 knockdown was confirmed by immunoblotting. (B) Cell-free supernatants were collected for analysis by enzyme-linked immunosorbent assay 
(ELISA). (c) Cell pellets were harvested for real-time RT-PCR. (D–F) Primary human NK cells and NKL cells were pretreated with the NF-κB inhibitor tosyl-l-
phenylalaninechloromethyl ketone (TPCK) (10 µM) and then exposed to TAARD for 18 h. NF-κB phosphorylation inhibition was confirmed by immunoblotting  
(D) and the supernatants from primary NK (e) and NKL (F) cells were assayed for interferon (IFN)-γ secretion. (g) STAT3-knockdown NKL cells were pretreated with 
TPCK and then exposed to TAARD for 18 h. The supernatants were collected and analyzed by ELISA. (h–J) Human NK cells were pretreated with 10 µg/mL of a 
non-specific rat or mouse IgG or neutralizing antibodies against TLR1, TLR3, TLR6, or their different combinations for 1 h. Cells were then treated with 0.1 µM of 
TAARD for an additional 18 h. Supernatants were assayed for IFN-γ secretion and cells were harvested and lysed for immunoblotting of phosphorylated NF-κB and 
STAT3. The data represent plots of three donors with similar results. Data from one of three independent experiments with similar results are shown. *p < 0.05, 
**p < 0.01, and ***p < 0.001 denote statistical comparison between the two marked treatment groups.
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inhibition of either of the signaling pathways alone (Figure 5G), 
confirming that both signaling pathways are involved in mediating  
TAARD to induce NK cells to produce IFN-γ.

To further explore the involvement of TLRs in TAARD-
mediated IFN-γ secretion in NK cells, we utilized the blocking 
antibodies of TLR1, TLR3, and TLR6 to neutralize the receptors 
in primary human NK and NKL cells. The immunoblotting 
data demonstrate that the α-TLR1 blocking antibody decreased 
TAARD-induced phosphorylation of NF-κB and the α-TLR3 
blocking antibody decreased TAARD-induced phosphorylation 
of STAT3 (Figure 5H). Meanwhile, α-TLR6 did not produce a 

noticeable effect on either NF-κB or STAT3 phosphorylation.  
We also found that blockade of TLR1 or TLR3 alone significantly 
reduced TAARD-induced IFN-γ secretion, whereas blockade of 
TLR6 had no significant effect in both primary NK cells (Figure 5I) 
and the NKL cell line (Figure 5J). Moreover, combined blockade 
of TLR1 and TLR3 greatly reduced TAARD-enhanced IFN-γ 
secretion to levels lower than those seen with blockade of either 
TLR1 or TLR3 in both primary NK cells (Figure 5I) and the NKL 
cell line (Figure 5J). Next, we detected whether TAARD affected 
mRNA expression levels of all TLR genes involved. No obvious 
changes were observed in the expression levels of TLR1, TLR3, or 
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FigUre 6 | A proposed model by which TAARD stimulates interferon-γ 
secretion in human natural killer cells via TLR1-NF-κB and TLR3–STAT3 
signaling pathways.
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TLR6 after treatment with TAARD alone in primary human NK 
and NKL cells (Figures S6A, B in Supplementary Material). This 
indicated that TAARD does not affect mRNA expression levels of 
TLRs themselves, but plays a role in activating the downstream 
targets of TLRs. Our results confirmed that TAARD induced 
IFN-γ expression through TLR1-NF-κB and TLR3-STAT3 sign-
aling pathways in NK cells.

DiscUssiOn

In our previous study, by screening compounds isolated from 
plants, we found that a natural product isolated from plants of 
the Phyllanthus genus (e.g., P. poilanei), PL-C, induced IFN-γ 
production by human NK cells via activation of NF-κB p65 (16). 
Purification of PL-C from plants is time-consuming, costly,  
and limited by material availability. Thus, we performed a de 
novo synthesis of PL-C and successfully generated the disac-
charide derivative of diphyllin, TAARD, by connecting a 
2,3,4-tri-O-acetyl-α-d-arabinose group to a 4-hydroxyl group of 
2,3-O-isopropylidene-α-l-rhamnose linked directly to a diphyllin 
unit. We showed that TAARD notably induces human NK cells to 
produce IFN-γ via not only the TLR1-NF-κB signaling pathway 
but also the TLR3–STAT3 signaling pathway (Figure 6). In addi-
tion, TAARD has little adverse effects on human NK cells, indicat-
ing that this compound can possibly present a safe alternative to 
existing therapies, as IFN-γ is a cytokine that plays a critical role 
in the immune system to fight microbial infections and protect 
against tumor development (30, 31). Studies have shown that  
IFN-γ can inhibit the growth of a number of different human 
tumors in vitro (32) and in vivo (33).

Although there have been studies involving the effect of 
natural products on immune cells such as NK  cells (34–36), 
there are limited reports concerning the mechanism behind how 
natural products and/or their derivatives of medicinal plants 
act on human immune cells. Our study not only demonstrated 
that TAARD induces IFN-γ production but also unraveled the 
underlining mechanism of action. Our characterization sup-
ports that both the TLR1-NF-κB and the TLR3–STAT3 signaling 
pathways mediate TAARD to activate NK cells. Both NF-κB and 

STAT signaling are important signaling pathways that regulate 
cytokine gene expression (37). Our characterizations were in line 
with previous findings. Up to present, at least three NF-κB sites 
have been characterized, including region −786 to −776 of the 
NF-κB binding site (KBB site), region −162 to −154 of the CD28 
response element-like site (CD28RE) in the 5′ flanking region, 
and position + 459 to + 470 of the c-Rel binding site (C3) in the 
first intron (38–40). In addition, regions within the first intron 
have been identified that are able to bind recombinant members 
of the STAT family in a cooperative fashion in response to IL-12 
treatment (41). The STAT family consists of seven mammalian 
members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, 
and STAT6) that are genetically localized to three chromosomal 
regions. The STAT proteins are unique among transcrip-
tion factors in that they contain an SH2 (src-homology 2) 
phosphotyrosine-binding domain (42). The potential of the SH2 
domain to interact with a number of signaling proteins allows 
the STAT proteins to interfere with multiple signaling pathways. 
Upon activation by tyrosine kinases, members of the STAT fam-
ily form stable dimers that are able to rapidly translocate to the 
nucleus and bind DNA (43). The STAT DNA-binding domain 
has a striking structural similarity to the NF-κB DNA-binding 
domain, suggesting a common evolutionary origin (44). Further 
studies revealed that optimal IFN-γ gene expression was depend-
ent upon the synergism of both promoter and intronic enhancer 
regions (45).

Interestingly, we found that the upstream player of both NF-κB 
and STAT3 signaling mediating the effect of TAARD is TLR 
signaling, although different TLR family members are involved, 
i.e., TLR1 for NF-κB and TLR3 for STAT3 signaling. TLR signal-
ing is important in mediating the effects of natural products and 
regulating immune responses (46). The TLR family is a class of 
proteins that play a key role in the innate immune system and 
has 10 members (TLR1-TLR10) in humans (47). TLR signaling 
consists of at least two distinct pathways: a MyD88-dependent 
pathway that leads to the production of inflammatory cytokines 
and a MyD88-independent pathway associated with the stimula-
tion of IFN-β and the maturation of dendritic cells (48). The 
MyD88-dependent pathway is common to all TLRs, except TLR3 
(49). Upon activation by pathogen-associated microbial patterns 
or danger-associated molecular patterns, TLRs hetero- or homodi-
merize and induce the recruitment of adaptor proteins via the 
cytoplasmic TIR domain. It is reported that TLR1 and TLR6 both 
form heterodimers with TLR2 and share a 56% sequence identity 
(50). In NK cells, TLR1, TLR2, TLR3, TLR5, and TLR6 are primar-
ily expressed, whereas TLR4, TLR7, TLR8, and TLR9 have low 
expression (51). In our previous study, we found that TLR1, TLR3, 
and TLR6 are the main TLRs expressed in human NK cells (18).  
In this study, we found that TAARD induces the signaling pathways 
of TLR1 and TLR3, but not TLR6. TLR1 is a membrane-associated 
sensor expressed on the cell surface while TLR3 is localized in the 
endosomal membrane and forms a homodimer (52). However, 
how TAARD interacts with and triggers the downstream signaling 
of TLR1 and TLR3 remains to be determined.

Both PL-C (16) and its synthetic disaccharide derivative, 
TAARD, can induce NK cell IFN-γ production through induction 
of TLR1-NF-κB signaling. However, these structurally different 
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agents were found to have some unique characteristics. TAARD 
triggers TLR3-STAT3 signaling, while there is no evidence show-
ing that PL-C does the same. Thus, these data suggest that while 
the structure determines the function of a compound, parent 
compounds and their derivatives with similar structures can 
target different, but related signaling pathways to achieve similar 
outcomes of immune cell regulation.

Previous in vitro studies showed that the combination of IL-12 
and IL-18 or IL-15 strongly induces human NK cells to produce 
IFN-γ, especially compared to individual cytokines (53). The 
IL-15 superagonist complex with IL-15Rα, named ALT-803, is 
being actively tested in the clinic for the treatment of cancer (54). 
These cytokines have also been shown to induce memory-like 
NK cells of mice and humans (55, 56). It has also been shown 
that adoptive transfer of cytokine-induced memory NK cells into 
acute myeloid leukemia results in proliferation and expansion of 
these cells, leading to robust responses against leukemia targets 
(54). It will be interesting to know whether TAARD has the 
potential for clinical application by activating NK cells in patients 
and/or inducing memory-like NK cells ex vivo prior to adoptive 
cell transfer.

The present investigation provides us with critical information 
about the mechanism of how natural products stimulate human 
NK cells. Both NK cells and IFN-γ are used in the clinic for treat-
ment of cancer and other diseases. Numerous current clinical 
trials have attempted to use exogenously administered IFN-γ to 
treat malignancies but have met with disappointing results due 
to mixed outcomes and the potential for severe side effects (57). 
Likewise, utilization of cytokines, including IL-12 and IL-2, to 
increase the production of IFN-γ endogenously, also present with 
their own shortcomings (11–13). Administration of IL-2 to acti-
vate NK cells in cancer patients led to varied results, depending 
on the type of tumor tested and the experimental conditions (13). 
High-doses of IL-2 are associated with toxic buildup in many 
organ systems, including the central nervous system, heart, kid-
neys, and lungs (58). IL-2 signaling is also required to maintain 
the fitness and homeostasis of immunosuppressive regulatory 
T  cells (59). IL-12 results in minimal response with toxic side 
effects due to high levels of IFN-γ production that prime NK cells 
to augment cytotoxic as well as cell-mediated immune responses 
(60). Thus, it is of paramount importance to find an effective 
and convenient therapeutic drug to stimulate NK cells. Here, we 
present data showing that a de novo-synthetic compound from a 
natural product, diphyllin, can induce NK cell secretion of IFN-γ 
and possibly have anticancer effects while leaving cell growth and 
apoptosis of normal NK cells intact. Our work demonstrates an 
alternative approach to invent a novel drug for cancer prevention 
and can lead the way to further exploration of natural products 
in areas such as infectious disease and allergy.

Several studies have demonstrated that natural products 
enhance NK  cell function. However, modification of natural 
products as an alternative approach to induce NK cell activity or 
immune responses widely and economically is less explored. The 
present study suggests that this is a feasible and quick approach 
to generate novel compounds to enhance immune responses, 
although more studies are needed to test whether the compound 
will eventually have clinical applications.

In conclusion, our current study presents an alternative 
approach to generate new compounds based on the structure of 
natural products to modulate the immune responses of human 
NK cells. Through this approach, we have generated a novel com-
pound called TAARD that is capable of inducing NK cell IFN-γ 
production via both the TLR1-NF-κB and the TLR3–STAT3 
signaling pathways.
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FigUre s1 | Molecular structure of TAARD.

FigUre s2 | Purity of enriched and purified human primary NK cells. 
Representative flow data from 1 out of 4 donors show the purity of enriched  
(a) and purified (B) human NK cells. The purity of enriched and purified NK cells 
was >70 and >98%, respectively.

FigUre s3 | TAARD has little adverse effect on primary human NK cells.  
(a,B) Primary human NK cells were treated with different concentrations (0.1, 1, 
and 10 µM) of TAARD for different time intervals. The cell viability was measured 
by cell counting (a) and the MTS assay (B). (c,D) Purified NK cells were treated 
with different concentrations (0.1, 1, and 10 µM) of TAARD for 18 h. Pellets were 
collected and incubated with annexin V-fluorescein isothiocyanate plus 7-AAD. 
The percentage of apoptotic cells were determined by a flow cytometric analysis.

FigUre s4 | Purity of CD56bright and CD56dim NK cells. Representative flow data 
from 1 out of 3 donors show the purity of CD56bright (a) and CD56dim (B) human 
NK cells.
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FigUre s5 | TAARD does not affect phosphorylation of STAT4 and STAT5 in 
NK cells. (a,B) Purified primary human NK cells and NKL cells were treated  
with 0.1 µM of either TAARD alone or in combination with 100 ng/mL of IL-12  
(a) or 100 ng/mL of IL-15 (B) for 6 h. Cells were harvested and lysed for 
immunoblotting using antibodies against STAT4 or STAT5. β-actin was  
included as the internal control.

FigUre s6 | Effects of TAARD on the mRNA expression levels of potential 
target genes. Purified human NK and NKL cells were treated with 0.1 µM of 
TAARD for 18 h and then cell pellets were harvested to detect mRNA expression 
levels by real-time RT-PCR. Data shown are the means of three donors.

FigUre s7 | TAARD enhances NF-κBp65 and STAT3 promoter reporter activities 
through TLR signaling. (a) 293T cells were co-transfected with either pGL3-κB-
luc (1 µg) or pGL Basic plasmid and pRL-TK renilla-luciferase control plasmids 
(5 ng) in the presence or absence of a TLR3 expression plasmid (0.5 µg). (B) 
293T cells were co-transfected as described in (a) but with a TLR6 (0.5 µg) 
instead of a TLR3 expression plasmid. (c) 293T cells were co-transfected with 
either 4×M67 pTATA TK-Luc or pGL Basic and pRL-TK renilla-luciferase control 
plasmids (5 ng) in the presence or absence of a TLR1 expression plasmid 
(0.5 µg). (D) NKL cells were co-transfected as described in (c) but with a TLR6 
expression plasmid (0.5 µg) instead of TLR-1 expression plasmid. Cells were 
treated and the luciferase activities were measured as described in Figure 5.
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