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A B S T R A C T   

Natural Killer (NK) cells are components of innate immune surveillance against transformed cells. NK cell 
immunotherapy has attracted attention as a promising strategy for cancer treatment, whose antitumor effects, 
however, require further improvement. The use of small molecules with immunomodulatory potentials and 
selective tumor-killing possesses the potential to complement immunotherapy. This study demonstrated that 
Piperlongumine (PL), a natural alkaloid obtained from long pepper fruit, alone has antitumor and anti- 
proliferative potential on all the tested tumors in vitro. PL pretreatment of tumor cells also potentiates their 
susceptibility to NK cell cytolysis at the doses where NK cell functions were preserved. Importantly, PL sup
presses both NK –sensitive MHC-I –deficient and MHC-I –sufficient tumor growth in vivo. Mechanistically, PL 
induces misfolded proteins, impedes autophagy, increases ROS and tumor conjugation with NK cells. Further
more, PL enhances the expression of NK cell-activating receptors on NK cells and its ligands on tumor cells, 
possibly leading to increased susceptibility to NK cell killing. Our findings showed the antitumor and immu
nomodulatory potential of PL, which could be explored to complement NK cell immunotherapy for cancer 
treatment.   

1. Introduction 

NK cells are the first line of host immune surveillance [1]. They play 
critical antitumor and anti-viral roles on stressed or transformed cells 
through direct cytotoxicity or by secretion of cytokines/chemokines 
[1,2]. The use of NK cell cancer immunotherapy as a viable treatment 
option has been well discussed [3,4]. However, NK cells in the tumor 
microenvironment are usually functionally compromised, requiring 
additional stimulation of their activity or combinations with other 
antitumor strategies [5,6]. The induction of stress in tumor cells by small 
molecules can lead to the release of stress molecules such as damage- 
associated molecular patterns (DAMPs), which can trigger immune 
effector cells [7]. Additionally, drug-induced stress pathways can alter 
the expression pattern of NK cell-activating and inhibitory ligands on 
tumor cells, rending them sensitive to NK cell cytolysis [8]. 

Small molecules are capable of eliciting antitumor activity while 
simultaneously serving as an immunomodulatory agent. Piperlongu
mine (PL) is a natural alkaloid obtained from long pepper fruit Piper 
longum. As a small molecule, PL’s chemical structure has been well 
characterized (Fig. 1A) [9]. Reports have shown that PL exhibits 
promising antitumor potentials and can exert a broad spectrum of bio
logical effects in tumor cells [10,11]. PL’s ability to evoke cell cycle 
arrest, autophagy, DNA damage, inhibition of angiogenesis, and cell 
proliferation, among others [12–14], suggests it is a promising molecule 
that can be exploited for cancer therapy. Several studies have also shown 
the selective killing of tumor cells by PL treatment and not on normal 
cells [9,15]. The associated mechanism of tumor-specific killing of PL 
includes binding to ROS defensive proteins such as carbonyl reductase 1 
(CBR1) or glutathione S-transferase Pi 1 (GSTP1); hence, rendering 
tumor cells unable to cope with increasing ROS generation [9,13]. 
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Fig. 1. Piperlongumine (PL) displayed potent tumorigenic activity in a dose-dependent manner but did not affect normal human cell lines cell viability. Piper
longumine (PL) treatment on tumor cell viability. (A) Molecular Structure of Piperlongumine; (B, D, F, H) apoptotic cells; (C, E, G, I) viable tumor cells after 24 hours 
of increasing dose (1–8 µM) of Piperlongumine (PL) treatment with DMSO controls. (B, C) human skin cell carcinoma A375, (D, E) human cervical carcinoma HELA, 
(F, G) human hepatocellular carcinoma HEPG2, (H, I) human hepatocarcinoma HUH7. Assessment of in vitro PL treatment on NK (YTS) and normal human cell line 
viability. (J, K) clonal human NK cell line, (L) Human Kidney cell line (M) Human Pancreatic Duct Epithelial Cell Line, (N) Human Hepatic Cell Line, and (O) Human 
Mammary Epithelial Cells. (P, Q) Western-blot analysis for apoptosis-related proteins after 24 h treatment of increasing dose (1–8 µM) of PL on tumor cells. (P) HELA, 
(Q) HUH7. Data represent mean ± SD (n ≥ 3 replicates) from three independent experiments (B–K). (not significant ns, P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤
0.001, ****P ≤ 0.0001) assessed by unpaired t-test. 
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Besides, PL can also decrease thioredoxin reductase 1 (TrxR1) activity, a 
vital antioxidant system that plays a critical role in regulating cellular 
redox processes, thereby elevating ROS level [16]. 

While many studies have demonstrated the antitumor potentials of 
PL, reports on its immunomodulatory roles remain elusive. In the cur
rent study, we focused on evaluating the antitumor and immunomod
ulatory functions of PL on selected tumor cell lines. 

2. Materials and methods 

2.1. Cell lines and culture 

The A375, Hela, HepG2, and Huh7 cell lines used in this study were 
obtained from ATCC, while NK (YTS) cell line (clonal human NK cell 
line) and RMA-S (MHC-I –deficient) were preserved in-house. HPDE, LO- 
2, HK-2, and MCF10A cell lines were used as control normal cells. The 
A375, Hela, HepG2, Huh7, LO-2, HK-2, and MCF10A cell lines were 
cultured in DMEM medium, HPDE was grown in DMEM/F12 + endo
thelial growth factor (EGF), while YTS and RMA-S cell line were grown 
in RPMI-1640 (Corning) medium. All media were supplemented with 
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml of penicillin, 
and 100 µg/ml of streptomycin (Gibco-BRL, Gaithersburg, MD), 2 mM L- 
glutamine, and cells were incubated at 37 ◦C with 5% CO2 as described 
[17,18]. 

2.1.1. Drugs, reagents, and antibodies 
Piperlongumine (Cat. No.: HY-N2329) was obtained from MedChe

mExpress (Shanghai, China) and was made up of a stock solution of 10 
mM in DMSO (Sigma-Aldrich, D2650), N-Acetyl-L-cysteine (Sigma- 
Aldrich, A9165), Bromhexine hydrochloride (MedChemExpress, HY- 
B0372A), cOmplete™ Protease Inhibitor Cocktail (Roche Diagnostics 
04693116001), Anti-Poly-ubiquitin (Abcam ab190061, 1:5000), LC3B 
(Abcam ab51520, 1:3000), GAPDH (Santa Cruz Biotech sc-47724, 
1:2000), α Tubulin (B-7) (Santa Cruz sc-5286, 1:2000), BCL2 (Pro
teintech, 60178-1-Ig), Caspase-3 (CST 9662), Cleaved Caspase-3 
(Asp175) (CST 9661), Secondary antibodies conjugated to HRP: Anti- 
rabbit (CST 7074), Anti-mouse (Santa Cruz Biotech sc-2357). InVivo
MAb anti-mouse NK1.1 (clone PK136. BioXCell BE0036-5), InVivoMAb 
Mouse IgG2a, κ (clone C1.18.4, BioXCell BE0085). 

Antibodies for flow cytometry: (anti mouse antibodies were used 
and all from BioLegend unless otherwise indicated): FITC-CD3ε (145- 
2C11), BV-510 -CD45 (103138), APC-NK-1.1 (Clone PK136) (108710), 
BV-510 -NK-1.1 (Clone PK136) (108737), PE-CD69 (104507), PE- 
CD107A (121612), PE-NKG2D (115606). Anti-human antibodies used 
were: APC-CD56 (362504), APC-CD28 (983406), APC-CD226 (338311), 
PE Fas-L (306406), BV LFA-1 (363407), PE-NKG2D (320806), APC- 
NKp46 (331917), APC-CD80 (305219), APC-CD86 (374207), PE- 
CD112 (337410). Isotype control antibodies: APC-Rat IgG1 (401904), 
PE-Rat IgG1 (401906), BV-Rat IgG1 (401911). 

2.2. Apoptosis detection 

Cell apoptosis was evaluated using Pacific Blue™ Annexin V 
Apoptosis − 7-aminoactinomycin D (7-AAD) Detection Kit (640926, 
BioLegend, San Diego, CA). The assay was performed as recommended 
by the manufacturer. The analysis was done by flow cytometry, 
excluding cellular debris. 

2.3. Real-time in vitro proliferation assay 

The cellular response of A375, Hela, HepG2, and Huh7 cell lines to 
Piperlongumine (PL) treatment was assessed by the xCELLigence RTCA 
(ACEA Biosciences Inc.) as previously described [19–21]. Briefly, 104 

cell/50 µl (per well) were seeded into the 96X E-Plates and monitored 
until a log growth monolayer was obtained (approximately 18–24 h). 
Increasing doses of PL (1, 2, 4, 8 µM) or DMSO control were added into 

each well to make 200 µl complete media. The SP station of the RTCA 
was allowed to continuously measure the Cell Index (CI) every 15 min 
for ≥ 70 h (or indicated time) of incubation. CI was normalized at the 
end of the experiment to remove any well-well variation. 

2.3.1. In vitro NK (YTS) cell cytolysis 
NK cell cytotoxicity against PL pretreated tumor cells was performed 

using the x-CELLigence real-time cell analysis (RTCA SP) described 
previously [19]. In brief, 2 µM of PL or DMSO was used to pretreat target 
tumor cells (A375, Hela, HepG2, and Huh7) for 20 h, and media was 
changed to complete media. NK (YTS) cells were added directly to the 
pretreated cells at different effector: target ratios (E: T). Background 
controls were done by seeding target cells without adding effector cells. 
The Cell Index (CI) was measured continuously for the indicated number 
of hours after effector cell addition. CI was normalized at the end of the 
experiment to remove any well-well variation using the RTCA software 
Pro (version 2.3.0). Percentage cytolysis was calculated at the end of the 
experiment as: 

% Cytolysis = ((CI no effector - CI effector) / (CI no effector)) X 100 
For the co-treatment experiment, PL and NK cells were added to the 

target cells together. These reagents were added together with PL onto 
the target cells for the experiment involving N-acetyl-L-cysteine (NAC) 
and Bromhexine hydrochloride (BRH). 

All experiments were performed in three independent experiments 
with four or more replicates at various effector-to-target (E: T) ratios. 

2.4. Misfolded protein clearance assay: 

The level of K-48 polyubiquitinated proteins was assayed as 
described by [22,23]. Briefly, cells were treated with increasing doses of 
Piperlongumine (1, 2, 4, 8 µM) or DMSO control for 24 h. The cells were 
harvested and lysed with a non-ionic detergent (NP-40) buffer for 30 
mins on ice; the whole lysate was centrifuged at 12,000 g for 15 min at 4 
◦C. The NP-40-soluble supernatant was marked NS fraction, transferred 
to a new tube, and the protein lysate was quantified by Bradford assay 
(Bio-Rad Labs). The insoluble pellet was resuspended in 2% SDS with 50 
mM DTT (SDS buffer). This fraction is labeled SDS soluble (SS) fraction. 
Both the NP-40-soluble (NS) and SDS soluble (SS) portions were heated 
at 98 ◦C for 8 min in Laemmli sample buffer and resolved by SDS-PAGE 
and protein transferred onto PVDF membranes followed by 
immunoblotting. 

Primary antibodies specific to K48 polyubiquitin proteins (Abcam 
ab190061) and secondary antibodies conjugated to HRP: Anti-rabbit 
(CST 7074) were used. The immunoblots were developed using ECL 
reagents and viewed using Amersham Imager 680. 

2.4.1. Detection of LC3 by western blot 
Cells were treated with 2µM of Piperlongumine and harvested at the 

specified time points (4, 8, 12, and 24hrs), with the corresponding un
treated control cells. The cells were washed with PBS and lysed with 
RIPA (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS) supplemented with protease inhibitor cocktail 
(PIC) for 30 mins on ice. The lysate’s total protein content was quanti
fied and heated at 98 ◦C for 8 min in Laemmli sample buffer and resolved 
by SDS-PAGE. The proteins were transferred onto PVDF membranes, 
followed by immunoblotting. LC3B specific primary antibodies and HRP 
conjugated secondary antibodies were used, followed by the develop
ment of the immunoblots using ECL reagents and viewed using Amer
sham Imager 680. 

2.5. Reactive oxygen species (ROS) measurement 

Total cellular ROS was measured using Cellular Reactive Oxygen 
Species Detection Assay Kit (Deep Red Fluorescence, Abcam 
-ab186029). The assay was performed as recommended by the manu
facturer. Cells were treated with increasing doses of Piperlongumine 
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(PL) (1, 2, 4, 8 µM) or DMSO control. The cells were harvested and then 
incubated with the ROS reagents for 30 min, at 37 ◦C and 5% CO2, and 
immediately analyzed by flow cytometry. The respective signals were 
analyzed by CytoFLEX LX Flow Cytometer (Beckman Coulter). 

2.6. NK–target cell conjugation assay 

Conjugation of the NK (YTS) cell and the target (A375, Hela, HepG2, 
and Huh7) cells was performed as described [24]. Briefly, target cells 
were exposed to 2 µM of Piperlongumine for 24 hours, harvested, and 
washed with PBS to remove the drug. The target cells were stained with 
CFSE, while NK (YTS) cells were stained with anti-human CD56-APC 
antibody (362504, BioLegend). The stained cells were co-incubated at 
37 ◦C for the indicated time at a 1:2 effector-target ratio, followed by cell 
fixing using True-Nuclear™ Transcription Factor Buffer (BioLegend). 
The samples were analyzed by CytoFLEX LX Flow Cytometer (Beckman 
Coulter) and conjugates formed are indicated by double-positive signals 
for CFSE and CD56-APC. 

2.7. Detection of surface receptors on NK(YTS) and tumor cells 

To evaluate the effect of PL on the expression of receptors and li
gands on NK (YTS) and tumor cells, the cells were pretreated with PL or 
DMSO control for 20 hours, washed twice with PBS, and resuspended in 
cell staining buffer. The cells were then stained with the specific 
fluorophore-conjugated antibodies or their respective IgG controls for 
30 min at 4 ◦C, washed again, and then directly analyzed by FACS. 

For In vivo analysis of splenic NK cells, spleen isolated from PL and 
untreated B16F10 tumor-bearing mice was homogenized through a 70- 
µm filter in PBS, a single-cell suspension was prepared from the sple
nocytes followed by treatment with ACK Lysis buffer to lyse the RBC as 
described [25]. Splenocytes were washed and resuspended in cell 
staining buffer. The cells were labeled with the specific fluorophore- 
conjugated anti-mouse antibodies. The data was acquired using Cyto
FLEX LX Flow Cytometer (Beckman Coulter) and analyzed using FlowJo 
software (version 7.6). 

2.8. Mice 

Six to eight-weeks old C57BL/6 and BALB/c mice were used. The 
experimental procedures and animal handling strictly followed the 
approved protocols and guidelines of the Shenzhen Institute of 
Advanced Technology, Chinese Academy of Sciences (CAS). 

2.8.1. In vivo experiments 
For the pretreatment experiment, RMA-S tumor cells were pretreated 

with 2 µM of Piperlongumine or DMSO (control) for 24 hours before 
inoculation with 1 X 106 cells/mice. To test PL therapy, C57BL/6 and 
BALB/c mice were subcutaneously injected with RMA-S (1 X 106 cells/ 
mice), B16F10 (2 X 105 cells/mice), and CT26 (2x 105 cells/mice) cells, 
respectively. The mice were randomly distributed into two groups of six 
mice per group. Therapy commenced two days after tumor injection 
with 10 mg/kg/day Piperlongumine or PBS (untreated group) intra
peritoneally (i. p). Tumor size and body weight were recorded every 
three days, and all mice were sacrificed when tumor volume reached 
1500 mm3. 

2.8.2. NK cell depletion 
To deplete NK1.1+ cells, C57BL/6 were intraperitoneally adminis

tered with 200 μg mAb to NK1.1 (PK136) or Isotype control one day 
before tumor challenge. PL therapy commenced two days after the 
tumor challenge. 

2.9. Statistical analysis 

Data were analyzed with GraphPad Prism6 software using the 

unpaired two-tailed Student’s t-test, two-way ANOVA. 

3. Results 

3.1. Piperlongumine (PL) induces apoptosis in tumor cells 

To investigate the pro-apoptotic effect of PL on selected tumors 
(A375, Hela, HepG2, and Huh7) cell lines, increasing PL concentrations 
were exposed to cells for 24 hours. As little as 2 µM of PL initiated 
apoptosis in A375 cells (Fig. 1B), the percentage of apoptotic cells 
increased in a dose-dependent manner compared with DMSO control. 
However, only 4 µM or higher concentration of PL was sufficient to 
induce apoptosis in Hela cells (Fig. 1D), while PL had a similar response 
in HepG2 as seen for A375 cells (Fig. 1F). On the other hand, the in
duction of apoptosis in Huh7 cells requires 4–8 µM of PL treatment 
(Fig. 1H). An increasing percentage of apoptotic cells was observed for 
all PL-treated tumor cells in a dose-dependent manner, with 4–8 µM of 
PL sufficient to induce apoptosis in all tested cell lines. 

Moreover, PL treatment significantly decreased tumor cell viability 
in a dose-dependent manner Fig. 1(C, E, G, and I) compared with 
vehicle-only treated controls. To further substantiate the observed in
duction of apoptosis by PL treatment, we assessed the possible mecha
nism through which PL induces apoptosis in these tumor cell lines. Two 
of these cell lines (Hela and Huh7) were treated with increasing dose 
(1–8 µM) of PL for 24 hours, and some apoptosis-related proteins were 
assessed by western blot. Immunoblotting of the pro-caspase-3 and 
cleaved caspase-3 (critical players in induction of cellular apoptosis) 
revealed that PL could induce these pro-apoptotic proteins’ expression 
(Fig. 1P -Q). Additionally, an assessment of the Bcl family’s anti- 
apoptotic protein in these cells showed that PL treatment could inhibit 
the anti-apoptotic function of Bcl-2 protein in a dose-dependent manner 
(Fig. 1P -Q). Therefore, PL is capable of inducing apoptosis in tumor 
cells, possibly through a caspase-dependent manner. 

3.1.1. Piperlongumine (PL) preserved the viability and activity of natural 
killer (NK), and normal cell lines 

We evaluated PL treatment’s effect on four normal human cell lines 
(HPDE, LO-2, HK-2, MCF10a) and YTS viability after 24 hours of 
increasing doses of PL exposure. Fig. 1J and K showed concentrations 
below 8 µM failed to induce apoptosis nor affect YTS cell viability. 
Similarly, the viability of the four normal cell lines tested after PL 
treatment were preserved (Fig. 1L-O). 

Based on this result, we investigated the immunomodulatory effects 
of PL at non-NK cell apoptotic concentrations. 

3.2. Piperlongumine (PL) growth inhibitory activity in tumor cells 

The real-time proliferation profiles obtained from the x-CELLigence 
(RTCA SP) system revealed a significant growth inhibitory effect of PL 
on all treated tumor cells in a dose-dependent manner compared to 
vehicle-only treated controls (Fig. 2A–D). The proliferation profiles at 
the end of the experiment showed a significant inhibitory effect on all 
tumor cells. A375, Hela, HepG2, and Huh7 cells showed more sensitivity 
to all the PL dosages than their respective controls (Fig. 2E–H). There
fore, PL could suppress the growth of tumor cells in vitro. 

3.3. Piperlongumine (PL) pretreatment of tumor cells enhances their NK 
cells’ cytotoxicity 

To investigate PL’s immunomodulatory effects, we pretreated tumor 
cells with PL before NK cell cytolysis (Fig. 3A–H). As shown in Fig. 3A 
and B, A375 tumor cells pretreated with PL had increased NK cell 
cytolysis compared to vehicle-treated only for the different E:T ratios. 
Similarly, PL pretreatment of Hela cells (Fig. 3C and D), HepG2 cell 
(Fig. 3E and F), and Huh7 cell (Fig. 3G and H) all displayed a significant 
increase in NK cell-mediated killing. This observation revealed that 
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Fig. 2. Piperlongumine (PL) showed anti-proliferative activity on tumor cells. Proliferation profiles from the REAL-TIME Cell Analyzer (RTCA). Tumor cells were 
treated with increasing dose (1–8 µM) of PL and DMSO control for the specified number of hours. (A, E) human skin cell carcinoma A375, (B, F) human cervical 
carcinoma HELA, (C, G) human hepatocellular carcinoma HEPG2, (D, H) human hepatocarcinoma HUH7. Cell Index (CI)was normalized to remove any well-well 
variation; it indicates cell number, cell–cell attachment, cell size, etc. (Increase CI indicates cell growth). Data represent mean ± SD (n ≥ 3 replicates) from 
three independent experiments(E–H). (not significant ns, P > 0.05, *P ≤ 0.05, ****P ≤ 0.0001) assessed by unpaired t-test. 
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Fig. 3. Piperlongumine (PL) Pretreatment of Tumors increases their sensitivity to NK cell-mediated cytotoxicity. In vitro NK cell cytotoxicity of Piperlongumine (PL) 
pretreated tumor cells. The cells were pretreated with 2 µM of PL or DMSO control for 20 hours before NK cell cytolysis. (A, C, E, G) real-time NK cell cytolysis using 
the REAL-TIME Cell Analyzer (RTCA); (B, D, F, H) NK cell cytolysis of tumor cells at different E: T ratio. (A, B) A375, (C, D) HELA, (E, F) HEPG2, (G, H) HUH7. (I, J, K, 
L) In vitro evaluation of cytotoxicity of PL and NK cell co-treatment on the tumor cell lines. (I) A375, (J) HELA, (K) HEPG2, (L) HUH7. Percentage cytolysis is 
expressed as mean ± SD for each E: T ratio (n ≥ 4 replicates) from three independent experiments (B, D, F, H, I, J, K, L). (not significant ns, P > 0.05, *P ≤ 0.05, **P 
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tumor cells pretreated with PL increased their sensitivity to NK cell- 
mediated cytotoxicity. Besides, there was an increased overall NK cell 
cytolysis at low ratios of NK: target cells in comparison with higher E: T 
ratios for Hela (Fig. 3D) and HepG2 (Fig. 3F) in contrast with A375 
(Fig. 3B) and Huh7 (Fig. 3H). 

To further establish the synergistic in vitro cytolytic effect of PL and 
NK cells on the tested tumor cells, we assessed the co-treatment of PL (at 
a dose where NK cell’s viability is preserved) and NK cell on the tumor 
cells. Data showed a significant synergistic cytolytic increase between 
PL and NK cells compared to PL or NK cell treatment alone (Fig. 3I - L). 

The observed variation in tumor cell sensitivity to NK cells cyto
toxicity could result from the differences in NK cell-activating and 
inhibitory receptors’ surface expression levels and ligands. These data 
demonstrate the immunomodulatory potential of PL, in addition to its 
antitumor effects. 

3.4. Piperlongumine (PL) treatment induces ROS generation in tumors 
cells 

Several studies have reported that PL can induce intracellular reac
tive oxygen species (ROS) accumulation as part of its antitumor activity 
[13,26,27]. We evaluated the level of intracellular ROS generation in 
tumor cells treated with increasing doses of PL. We observed an increase 
in ROS generation in a dose-dependent manner for all the tumor cells 
(Fig. 4A–D). As shown in Fig.4A, 1 µM of PL was sufficient to induce a 
significant increase in intracellular ROS in A375 cells compared to 
vehicle-treated cells. In contrast, only 4 and 8 µM of PL were required to 
generate significant intracellular ROS in Hela, HepG2, and Huh7 cells 
compared with their respective controls (Fig. 4B–4D). These data 
revealed that PL could induce elevated intracellular ROS generation due 
to its toxicity towards tumor cells. 

Our data and those from other reports [10,12,28,29] showed that PL 
induces ROS in tumor cells by glutathione depletion as part of its anti
cancer effect; we explored the possibility of mitigating this effect in the 
presence of NAC (N-acetyl-L-cysteine)– a potent antioxidant which is 
known to inhibit ROS-dependent apoptosis [30,31]. Treatment of the 
tumor cells with increasing doses of PL in the presence of 2 mM NAC 
completely abrogated the elevated intracellular ROS initially observed 
(Fig. 4 A-D and Fig. 5 A-D). Since NAC is a precursor of intracellular 
cysteine and glutathione, its antioxidant activity ensues from its thiol’s 
group direct redox potential or increasing glutathione levels in the cells 
[32]. Therefore, NAC can mitigate the ROS-inducing properties of PL. 

3.4.1. Piperlongumine (PL) treatment induces accumulation of misfolded 
proteins and activates autophagy 

Tumor cells have a heightened capacity for protein turnover to 
facilitate the correct protein folding, supporting their growth and 
metastasis. The ubiquitin–proteasome system (UPS) and the autophagy 
pathway constitute the protein degradative system –through their abil
ity to clear and recycle misfolded proteins [33–35]. We reasoned 
whether the increased susceptibility to NK cell cytolysis after PL pre
treatment was related to the alterations in the UPS system. We tested the 
effect of PL treatment on tumor cells to induce proteotoxic stress and 
disrupt the protein degradative pathways. As shown in Fig. 4E–H, PL 
treatment altered and impeded the UPS by accumulating misfolded 
proteins. In Fig. 4E–G, 2–8 µM of PL significantly induced misfolded 
protein accumulation in A375, Hela, and HepG2 cells compared to their 
controls as indicated by the SS portion of the immunoblot. However, 
4–8 µM of PL was required to significantly induce misfolded protein in 
Huh7 cells (Fig. 4H). 

To show the involvement of autophagy in PL-induced cytotoxicity, 
we examined a reliable autophagy marker – which is the conversion of 
LC3-I to LC3-II [36,37]. This conversion begins 12 h post-exposure to 2 
µM of PL for A375 and HUH7 cells (Fig. 4I and L, respectively). In 
contrast, as early as eight (8) hours post-PL exposure was required for 
LC3 conversion for Hela and HepG2 cells (Fig. 4J and K, respectively). 

The LC3 conversion also increased with time for all the tumor cells 
(Fig. 4I–L). Taken together, our data suggest that PL possesses immu
nomodulatory potential via the impairment of the UPS by inducing the 
accumulation of misfolded proteins and activating the autophagic flux in 
PL-treated tumor cells. 

3.5. Piperlongumine (PL) pretreatment of tumor cells enhances their NK 
cells’ cytotoxicity via inducing ROS in tumor cells 

Since tumor cells pretreated with PL increased their sensitivity to NK 
cell-mediated cytotoxicity by inducing ROS and impairing the 
Ubiquitin-Proteasome System and autophagy, we reasoned whether this 
enhanced NK cell killing of PL treated tumor cells can be abolished in the 
absence of these proteotoxic effects. NAC is a potent antioxidant and has 
also been shown to relieve ubiquitin–proteasome inhibition [38]. 
Therefore, we used NAC as both an antioxidant and proteasome agonist. 
Also, we used Bromhexine hydrochloride (BRH) as an autophagy 
agonist. The pretreatment of the tumor cells with PL in the presence or 
absence of these agonists (NAC and BRH) before NK cell cytolysis 
significantly abrogated PL’s immunomodulatory effect in all the tumor 
cell lines (Fig. 5E–L, Supplementary Fig. 1A-H). Taken together, these 
data show that intrinsically, tumor cells display enhanced capacity to 
overcome increase ROS generation and maintain proteostasis to pro
mote tumorigenesis, which PL can impede, leading to enhanced sensi
tivity of these tumor cells to NK cell killing. 

3.6. Piperlongumine (PL) treatment increases the conjugation of NK cells 
and tumor cells 

NK cell cytolysis against target cells is a multiple-step approach 
starting with the conjugation formation with its target cells [39]. We 
evaluated tumor cell engagement with NK cells upon PL treatment. Our 
data showed a significant increase in conjugation between NK and PL 
treated tumor cells than their controls (Fig. 6A–H). Seven (7) minutes of 
co-incubation in PL-treated A375 and Huh7 cells resulted in a significant 
increase in NK-tumor conjugate formation (Fig. 6B and H). However, PL- 
treated Hela cells showed significant conjugate formation with NK cells 
after 15 min of co-incubation (Fig. 6D). PL-treated HepG2 cells required 
30 min of co-incubation with NK cells to show significant conjugate 
formation (Fig. 6F). This observation indicates that Piperlongumine 
enhances the appearance of conjugation between NK cells and tumor 
cells. 

3.6.1. Piperlongumine (PL) pretreatment enhances NK cell triggering 
receptors’ expression on NK (YTS) and tumor cells 

Given that our in vitro findings showed the antitumor activities of PL 
alone by its ability to induce pro-apoptotic proteins, induce ROS, auto
phagy, and misfolded protein accumulation. We wanted to find more 
mechanistic insight into the enhanced NK cell killing of the PL-treated 
tumor cell lines. NK cell activity is dependent on a balance between 
its activating and inhibitory surface receptors [40], the preincubation of 
NK (YTS) cells with PL or DMSO control for 20 hours, followed by flow 
cytometry assessment of the level of activating surface receptors showed 
that PL was able to slightly enhance the expression of CD28 (the primary 
activating receptor that stimulates cytotoxicity of NK (YTS) cells) in 
comparison to vehicle-only treated controls (Fig. 7A). Interestingly, 
there was a relatively low surface expression of other activating re
ceptors (CD226, FASL, LFA-1, NKG2D, NKP46) on the NK (YTS) cells 
with no observable differences between PL and vehicle-treated groups 
(Fig. 7A). All the four target cells were also tested for their expression 
pattern of CD80, CD86 (ligands for CD28), and CD112 (another NK cell- 
activating ligand). All the tumor cell lines showed varying expression 
patterns, with PL-treated groups displaying a slightly higher surface 
expression compared to the control (Fig. 7B-E). The enhanced expres
sion of CD28 (on NK cell) and its ligands (CD80 and CD86 –on these 
tumor cells) suggests that CD28 signaling may also be involved in the 
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Fig. 4. Treatment of tumors with Piperlongumine (PL) generates ROS, induces misfolded proteins, and impedes autophagy. Assessment of total reactive oxygen 
species (ROS) generation in Piperlongumine (PL) treated tumor cells. Increasing doses (1–8 µM) of PL and DMSO control were exposed to tumor cells for 24 hours (A) 
A375 (B) HELA (C) HEPG2 (D) HUH7. (E–H) the level of K48 poly Ub conjugates in increasing dose (1–8 µM) of PL treated and control cells (E) A375 (F) HELA (G) 
HEPG2 (H) HUH7. (I–L) the formation of autophagic protein marker LC3-II increases with time in response to 2 µM of PL treatment of tumor cells. (I) A375 (J) HELA 
(K) HEPG2 (L) HUH7. Relative Fluorescence Units (RFU) are expressed as mean ± SD for each group (A, B, C, D). (n ≥ 3 replicates) from three independent ex
periments. (not significant ns, P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001) assessed by unpaired t-test. (E-L) representative immunoblots. 
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cytolytic activity of NK (YTS) cells on the tumor cells. 

3.7. Piperlongumine (PL) treatment showed better control of tumor in 
vivo 

Based on the above in vitro findings, we hypothesized that PL could 
facilitate immunity against NK –sensitive MHC-I –deficient tumor as 
well as MHC-I –sufficient tumor growth in vivo. First, we investigated 
whether PL pretreatment (at the same dosage used for the in vitro 
cytolytic assay) could also suppress tumor growth in vivo. As expected, 
PL pretreatment suppressed RMA-S tumor growth relative to vehicle- 

treated control (Fig. 8A-D), suggesting that the effects of PL on tumor 
cells alone could render the tumor-suppressing effects we observed. 

We then sought to investigate the therapeutic benefits of PL 
administration in suppressing tumor growth using different tumor 
models: RMA-S (MHC-I –deficient tumor cell), B16F10, and CT26 (MHC- 
I –sufficient) tumor models. As expected, the therapeutic administration 
of Piperlongumine to tumor-bearing mice had reduced tumor growth 
compared to controls (Fig. 8E-P). Additionally, body weights were un
altered, indicating a low or no systemic toxicity of the PL therapy 
(Fig. 8G, K, O). Collectively, these data suggest that Piperlongumine 
could therapeutically suppress both NK –sensitive MHC-I –deficient and 
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Fig. 5. Abrogation of the enhanced NK cell cytolysis of Piperlongumine (PL) Pretreated Tumor cells with antioxidant, autophagy, and proteasome agonists. (A-D) 
Assessment of total ROS upon treatment of tumor cells with increasing doses (1–8 µM) of PL and DMSO control for 24 hours in the presence of 2 mM N-Acetyl 
Cysteine (NAC). (A) A375 (B) HELA (C) HEPG2 (D) HUH7. Representative fluorescence spectra, Relative Fluorescence Units (RFU) are expressed as mean ± SD for 
each group (A, B, C, D). In vitro evaluation of NK cell cytotoxicity of PL or DMSO treated tumor cells with or without (E-H) N-Acetyl Cysteine (antioxidant, pro
teasome agonist), (I-L) Bromhexine hydrochloride (BRH) autophagy agonist. The cells were pretreated with 2 µM of PL or DMSO control in the presence or absence of 
NAC (2 mM) and BRH (2 mM) for 20 hours prior to NK cell cytolysis using the REAL-TIME Cell Analyzer (RTCA). (E, I) A375, (F, J) HELA, (G, K) HEPG2, (H, L) 
HUH7. Percentage cytolysis is expressed as mean ± SD for E: T ratio (9:1). (n ≥ 4 replicates) from three independent experiments (A-L). (not significant ns, P > 0.05, 
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MHC-I –sufficient tumor growth in vivo. 

3.7.1. Piperlongumine (PL) suppressed tumor growth in an NK cell- 
dependent manner 

Based on our in vivo findings on PL suppression of NK –sensitive 
MHC-I –deficient (RMA-S) tumor model, we proceeded to confirm 
further the involvement of NK cells in the in vivo antitumor activity of 
PL. To this end, PL significantly lost the therapeutic benefits in NK- 
depleted C57BL/6J mice subcutaneously injected with RMA-S and 
B16F10 cells (Fig. 8Q-T, Supplementary Fig. 1I-L), which indicates that 
PL in vivo antitumor therapeutic activity is NK cell-dependent. 

3.7.2. Piperlongumine (PL) therapy enhances NK cell activation in vivo 
To further investigate the immune cells’ in vivo PL engagement to 

suppress tumor growth, we assessed the population of splenic NK cells 
from the B16F10 tumor-bearing mice treated with PL with their un
treated control. As shown in Fig. 9A, a significantly higher percentage of 
NK cells in the treatment group than the control was observed. CD69 and 
CD107a two surface markers that depict NK cell activation and 
degranulation were higher in the treated group than the control (Fig. 9 
B, C). The role of NKG2D in the control of tumors and infection has been 
well documented [40,41]. Similarly, assessment of the activating re
ceptor NKG2D also showed that PL promoted the expression of NKG2D 
+ NK cells. Therefore, the data suggest that PL therapy favors NK cell 
activation to suppress tumor growth in vivo. 

4. Discussion 

Piperlongumine (PL) has been reported as a promising antitumor 
compound both in vitro and in vivo [42–45]; and characterized selective 
tumor killing with minimal effect on normal cells [9,15]. This study 
focused on evaluating the antitumor and immunomodulatory roles of PL 
on selected tumor cell lines. We observed that PL induces apoptosis in all 
tested tumor cells, with an associated decrease in the tumor cell viability 
after 24 hours treatment in a dose-dependent manner (Fig. 1B–I). Our 
findings are in line with works of literature [42–44,46]. Also, we 
observed that PL could induce apoptosis via the expression of caspase-3 
activity; this observation is also in line with earlier reports of possible 
mechanisms of apoptosis of PL on tumor cells [14,47]. 

On the other hand, PL concentration less than 8 µM showed no 
detrimental effect on NK (YTS) cell viability; however, 8 µM slightly 
induced apoptosis with decreased cell viability compared to the vehicle- 
only treated control. Similarly, PL showed minimal effect on the 
viability of four normal cell lines (Fig. 1L-O). Our findings corroborate 
with the report on the selective tumor killing of PL and not on normal 
cells [9,15]. 

Consistent with our apoptosis assay data, PL also demonstrated 
potent anti-proliferative activity on all treated tumors with significant 
inhibition at all tested dosages (Fig. 2A–H); as little as 1 µM was capable 
of eliciting significant inhibition of cell proliferation in all the tumor 
cells. Our finding is in line with earlier reports showing the growth 
inhibitory effect of PL on tumor cells via cell cycle arrest [11,48,49]. 
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Several other reports have demonstrated that PL can induce cell cycle 
arrest, leading to the inhibition of tumor cells’ angiogenesis and 
metastasis [14,27]. 

We further evaluated the potential of PL to serve as an immuno
modulatory agent. Our findings showed that PL pretreated tumor cells 
before NK cell cytolysis increase their killing (Fig. 3A–H). A low dose of 
PL (2 µM) pretreatment of tumor cells was sufficient to significantly 
enhance their cytolysis by NK cells at the tested E:T ratios. Additionally, 
the co-treatment of these tumor cells with PL and NK cells displayed a 
significant synergistic cytolytic activity compared to PL or NK cell 
treatment alone (Fig. 3I–L). Since NK cells are particularly effective in 
eliminating tumor cells via many mechanisms [3], it is possible that PL 
acted as an immunomodulatory agent. 

Immunomodulators have the potential to activate cytotoxic effector 
cells, including NK cells and cytotoxic T lymphocytes. PL is also capable 
of inducing stress in tumor cells [16,28]: and stress induction can elicit 
the release of stress molecules such as damage-associated molecular 
patterns (DAMPs), which can trigger immune effector cell function [7]. 
Besides, they can also modulate the surface expression pattern of NK 
cell-activating and inhibitory ligands on tumor cells, thereby rendering 
them immunogenic to NK cell cytotoxicity [8]. 

There is a heightened generation of oxidative stress in tumor cells 
compared to normal cells, with tumor cells having to continuously fine- 
tune the level of their intracellular ROS signaling [50,51]. Paradoxi
cally, elevated ROS accumulation has been implicated in inducing 
growth arrest and apoptosis [52]. Increase ROS levels in cancer cells 
make them sensitive to ROS-inducing agents [53,54]; thus, stimulating 
ROS generation in tumors could be a potential therapeutic strategy. This 
study observed that PL treatment increased ROS levels for all the tumor 
cells (Fig. 4A–D). Our observation agrees with other studies on PL’s 
ability to induce elevated ROS levels in tumor cells [13,16,55,56]. The 
ROS-inducing anticancer effect of PL has been attributed to its ability to 
modulate the activity of glutathione S-transferase (GSTP1) as well as 
depletion of glutathione (GSH) levels [10,12]. The increased intracel
lular ROS generation of PL was abolished in the presence of NAC –a 
precursor of intracellular cysteine and glutathione (Fig. 5A-D). This 
finding agrees with the report that NAC can restore glutathione levels in 
the cell [32]. 

Tumor cells usually possess increased protein quality control to 
accommodate their continuous growth and metastasis. The unique role 
of the protein degradative system in tumors has been well characterized 
[22,35], and the disruption of the protein quality control process is 
harmful to cellular growth. We demonstrated that PL treatment induced 
the accumulation of misfolded proteins and hindered the ability of the 
ubiquitin–proteasome system (UPS) to degrade them (Fig. 4E–H). Both 
the UPS and autophagy pathways are associated with their ability to 

recycle misfolded proteins [33–35] and play protein quality control 
roles. Our findings showed that PL-treated tumor cells had increased 
autophagic flux (Fig. 4I–L). Moderate autophagy is involved in homeo
stasis to environmental stress [57]; however, high or inappropriate 
autophagic flux can lead to cell death [58]. 

There is a correlation between efficient clearance of misfolded pro
teins and strong antioxidants defense during tumorigenesis. The accu
mulation of misfolded proteins is usually accompanied by high oxidative 
stress and growth inhibition [22]. Since elevated ROS can damage 
proteins, including other cellular components, increased oxidative stress 
and accumulation of misfolded proteins can result in a vicious cycle that 
may explain our observations for PL’s role in the current study. 

Report has shown that the suppression of the protein quality control 
system sensitizes tumors to NK cell cytolysis [60]. Also, the inhibition of 
the ubiquitin–proteasome system has been shown to increase the surface 
expression of immunogen, enhancing tumor cells’ susceptibility to NK 
cell cytotoxicity [61]. In the current study, we observed that PL could 
induce disruption of the UPS as evident by the misfolded protein accu
mulation; this phenomenon may explain the increased NK cells cyto
toxicity of PL pretreated tumor cells. 

Our data showed that the enhanced NK cell cytolysis of PL treated 
tumor cells can be abrogated in the presence of agents that facilitate the 
removal of intracellular ROS and alleviate the proteotoxic stress- 
induced by PL (antioxidant, autophagy and proteasome agonists) 
(Fig. 5E–L). NAC was able to abrogate the ROS-inducing and 
proteasome-inhibiting effects of PL. Our findings agree with the report 
that showed NAC could directly bind to PL, thereby interfering in its ROS 
generation and proteasome inhibition [38]. Also, the use of bromhexine 
hydrochloride (an autophagy agonist) to abrogate PL proteotoxic stress 
on pretreated tumor cells aligns with an earlier report on the ability of 
bromhexine hydrochloride to clear protein aggregates (such as tau ag
gregates) in tumor cells [59]. Therefore, the removal of these proteo
toxic stress induced by PL abolished the enhanced NK cell cytotoxicity. 

To further substantiate PL’s antitumor role, we assess tumor cell 
engagement upon PL treatment; our data showed a significant increase 
in conjugation between NK and PL treated tumor cells (Fig. 6AI–H). NK 
cytolysis of tumor cells is a multi-step approach, including conjugation 
formation with its target cells via adhesion molecules [39]. This may 
also explain in part the increased NK cell cytolysis of PL-pretreated 
tumor cells. Our observation is consistent with an earlier report, 
which shows that conjugate formation between lymphocyte-activated 
killer cells and bladder cancer cell lines is a prerequisite for tumor cell 
cytotoxicity [60]. Several other reports have demonstrated the impor
tance of conjugation between tumor and the effector cells for tumor 
cytotoxicity [60–64]. 

Given the association of NK cell cytotoxicity relative to the balance of 
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activating and inhibitory signals from its surface receptors, evaluation of 
the activating surface receptors by FACS revealed a slight increase in the 
expression of CD28 receptor in PL treated NK (YTS) cells compared to 
the control (Fig. 7A); however, there was a relatively low surface 
expression of other activating receptors. Also, the expression of ligands 
for CD28 (CD80, CD86) on the tumor cells, albeit with a slightly higher 
expression on PL treated tumor cells, may explain the increased cytolysis 
in the treatment group, which further affirms the immunomodulatory 
role of PL. Furthermore, this observation also suggests that CD28 
signaling may be involved in the cytolytic activity of NK (YTS) cells on 
the tumor cells. Our findings are consistent with reports that show that 
CD28 signaling is the major cytolytic signal for NK (YTS) cells in tumor 
cells that express their ligands. [65,66]. This suggests that PL also 
modulates NK cells’ antitumor killing by enhancing the expression of 
their activating receptor. 

Interestingly, the tumor cell lines showed varying expression pat
terns of NK cell-activating ligands; PL treatment also slightly favored the 
increased surface expression of these ligands compared to the control 
(Fig. 7B-E); suggesting that PL can modulate the surface expression 
pattern of NK cell-activating receptors and their corresponding acti
vating ligands on tumor cells, thereby rendering them immunogenic to 
NK cell cytotoxicity. 

Our in vivo study highlights Piperlongumine’s potent ability to 
induce both cytostatic and cytotoxic anticancer effects (Fig. 8A-D). The 
pretreatment of tumor cells prior to inoculation further emphasized PL’s 
cytostatic potential as it significantly suppressed tumor growth relative 
to vehicle-treated control. Besides, the ability of PL to harness host im
mune effector mechanisms and control tumor growth was revealed in 
the C57BL/6 mice bearing prototypical NK cell-sensitive target cells 
(RMA-S) and other MHC-I –sufficient tumor models in vivo (Fig. 8E-P). 

Furthermore, the loss of the therapeutic benefit of PL observed 
following NK cell depletion (Fig. 8Q-T) indicates NK cells’ involvement 
in PL antitumor activity, suggesting that PL in vivo antitumor thera
peutic activity is NK cell-dependent. Since there was no loss in body 
weights for the mice, this suggests that PL therapy can be well tolerated 
with little or no systemic toxicity. 

Our in vivo finding is consistent with the work of Sunila and Kuttan, 
who demonstrated the in vivo immunomodulatory role of PL adminis
tration. In their study, PL significantly reduced tumor development with 
a concomitant increase in cytotoxic lymphocytes population in a Dal
ton’s Lymphoma mouse model. The authors opined that PL’s immuno
modulatory activity might result from its ability to stimulate humoral 
and cell-mediated immune responses [67]. Finally, the promotion of 
splenic NK cell activation as observed in our study (Fig. 9A-D) further 
establishes that PL may improve NK cell antitumor functions in PL- 
treated tumor-bearing mice possibly by promoting tumor-associated 
NK cell recruitment. 

Although the current study is not exhaustive, it presents an avenue 
for further investigations into NK cells’ involvement and other immune 
cells in PL antitumor activity with other potential underlying 
mechanisms. 

The identification and use of novel antineoplastic compounds (such 
as PL) as immunomodulatory agents to augment conventional chemo
therapy care can be explored to overcome the challenges associated with 
traditional chemotherapies and drug resistance. These immunomodu
lators’ ability to engage endogenous antitumor immunity upon changing 
tumor cells’ immunogenicity holds many promises. To achieve complete 
tumor remission, the use of natural products as immunomodulators 
capable of eliciting antitumor activities via multiple mechanisms of 
action while enhancing cytotoxic lymphocytes’ effector functions 
(CTLs), including NK cells, is required. 
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