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The Journal of Immunology

Targeted Delivery of Curcumin Rescues Endoplasmic

Reticulum–Retained Mutant NOX2 Protein and Avoids

Leukocyte Apoptosis

Chia-Liang Yen,* Yi-Chu Liao,* Ru-Fen Chen,† Ya-Fang Huang,‡ Wan-Chen Chung,*

Pei-Chi Lo,x Chuan-Fa Chang,{ Ping-Ching Wu,‖ Dar-Bin Shieh,†,#,** Si-Tse Jiang,‡ and

Chi-Chang Shieh*,††

Chronic granulomatous disease (CGD) is a primary immunodeficiency disease caused by defects in the leukocyte NADP oxidase.We

previously reported that sarcoplasmic/endoplasmic reticulum calcium pump (SERCA) inhibitors could be used to rescue mutant

H338Y-gp91phox protein of a particular type of CGD with a CybbC1024T mutation, leading to endoplasmic reticulum (ER) retention

of the mutant protein. In this study, we developed a novel mouse model with the CybbC1024T mutation on a Cybb knockout

background and investigated the therapeutic effects of ER-targeted delivery of the SERCA inhibitor, curcumin, with poly(lactic-

coglycolic acid) (PLGA) nanoparticles (NPs). We found that PLGA encapsulation improved the efficacy of curcumin as a SERCA

inhibitor to induce ER calcium release. ER-targeting curcumin-loaded PLGA NPs reduced and delayed extracellular calcium

entry and protected the cells from mitochondrial damage and apoptosis. In vivo studies showed that ER-targeting curcumin-

loaded PLGA NPs treatment enhanced neutrophil gp91phox expression, ROS production and peritoneal bacterial clearance

ability of the CybbC1024T transgenic Cybb2/2 mice. Our findings indicate that ER-targeted delivery of curcumin not only rescues

ER-retained H338Y-gp91phox protein, and hence leukocyte function, but also enhances the bioavailability and reduces cytotox-

icity. Modulation of ER function by using organelle-targeted NPs may be a promising strategy to improve the therapeutic

potential of curcumin as a treatment for CGD. The Journal of Immunology, 2019, 202: 3394–3403.

C
hronic granulomatous disease (CGD) is a primary im-

munodeficiency disease (PIDD) caused by defects in the

NADP (NADPH) oxidase in the leukocytes (1–3). Phago-

cytic NADPH oxidase (NOX2), which mediates the massive pro-

duction of reactive oxygen species (ROS) by stimulated leukocytes, is

composed of membrane-bound and cytosolic subunits (2). The

membrane-bound subunits of NOX2 comprise gp91phox and p22phox,

whereas the cytosolic components include p40phox, p47phox, p67phox,

and small GTPase Rac1/2. CGD patients, who have mutations in

the genes encoding NOX2, are susceptible to various infections and

certain autoimmune diseases due to a lack of ROS production by

activated leukocytes (4–6). Currently, hematopoietic stem cell trans-

plantation (HSCT) is the only curative treatment for CGD, whereas

successful gene therapies have been reported in some cases (7–10).

Given the high costs and risks of HSCT and gene therapy, treat-

ment aimed at restoring defective leukocyte function would have a

large impact on CGD patients. However, therapies to directly

ameliorate the compromised ROS-producing function of NOX2 in

CGD patients is still lacking.

In our previous studies, we identified a CGD patient with a point

mutation (C1024T) in the Cybb gene, which encodes gp91phox

protein (11). The mutant protein contains a single amino acid

change (H338Y) at the flavin adenine dinucleotide (FAD)-binding

site and exists in immature forms that are retained in the endo-

plasmic reticulum (ER) through binding to calcium-dependent ER

chaperones including calnexin. Similar to many other genetic
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diseases, this ER retention leads to protein degradation by the

unfolded protein response (UPR) and is responsible for the poor

cellular function (11). By modulating ER calcium levels through

inhibiting ER membrane sarcoplasmic/ER calcium pump (SERCA),

which maintains the high calcium concentration in the ER, we may

facilitate the dissociation the mutant protein from the chaperon,

release it from the ER, and restore protein function (12). To address

ER retention of H338Y- gp91phox and rescue leukocyte function,

we previously treated CGD leukocytes with a SERCA inhibi-

tor, thapsigargin. We found that thapsigargin- and FAD-treated

CybbC1024T CGD leukocytes expressed more mature gp91phox and

had enhanced bactericidal ability (13).

Curcumin is a low m.w. dietary polyphenolic compound with

SERCA inhibitory properties (14–16). Previous studies have

shown that curcumin partially corrects ER retention of mutant

proteins in cells with cystic fibrosis mutations (17). However, it

has been shown that curcumin has multiple intracellular targets

other than SERCA and induces cytotoxic side effects including

ER stress and apoptosis (18–20). The application of curcumin as a

therapeutic agent has been further limited by its poor bioavail-

ability as curcumin has low water solubility and rapid degrada-

tion rates in vivo (21). To improve the bioavailability and efficacy

of curcumin, nanoparticle (NP)-encapsulated curcumin has been

investigated in in vivo and in vitro experiments (22, 23). In

this study, we developed poly(lactic-coglycolic acid) (PLGA)

NP-based delivery vehicles for curcumin and tested their ability to

rescue mutant H338Y- gp91phox protein in a novel mouse model with

the disease-causing CybbC1024T mutation that mimics the immuno-

deficiency of human CGD patients. We also investigated the efficacy

of curcumin as a SERCA inhibitor with curcumin encapsulated in

ER-targeting peptide-decorated PLGA nanovehicles. Furthermore,

the cytotoxic side effects induced by free curcumin and its nano-

formulations were analyzed to investigate the therapeutic potentials

of organelle-targeting delivery of NP-encapsulated curcumin.

Materials and Methods
Reagents and Abs

RPMI1640, FBS, 29, 79-dichlorofluorescein diacetate (H2DCF-DA), Fluo-4
AM, ER-Tracker (Green, Blue-White DPX), tetramethylrhodamine
(TMRM), and PE Annexin VApoptotic Cell Detection kit were purchased
from Invitrogen (556421; Grand Island, NY). Abs used for immunoblot-
ting, including anti-Bip (3177), anti–phospho-ERK (4370), anti–total ERK
(4695), and anti–cleaved caspase 3 (9661), were obtained from Cell
Signaling (Danvers, MA). Anti-mouse gp91phox (611414) and allophycocyanin-
conjugated rat anti-mouse Ly6G (560599) were purchased from BD Biosci-
ences. The eight-well slides were purchased from ibidi (Planegg, Germany).

Mice

C57BL/6 mice were used as wild-type (WT) mice and purchased from
Animal Center, National Cheng Kung University (NCKU), Tainan, Taiwan.
The Cybb knockout mice (B6.129S-Cybbtm1Din/J, No. 002365) were pur-
chased from The Jackson Laboratory. All mice were routinely backcrossed
to the C57BL/6 background and underwent genome-wide genotyping to
confirm the genetic background and were housed in the animal facility of
the Laboratory Animal Center at NCKU. For peritoneal neutrophil isola-
tion, mice were i.p. injected with 3 ml of 3% of thioglycollate. Four hours
later, the mice were sacrificed, and the peritoneal cavity was washed twice
with 5 ml of HBSS with 2 mM EGTA. Peritoneal neutrophils were then
washed with PBS for further experiments. All procedures were approved
by the Institutional Animal Care and Use Committee of NCKU.

Generating mutant CybbC1024T transgenic mice based on the

bacterial artificial chromosome

The bacterial artificial chromosome (BAC) clone of mouse Cybb gene was
obtained from BACPAC Resources Center. BAC modification for mutant
Cybb

C1024Twas performed using Counter Selection BAC Modification Kit
(Gene Bridges). The modified Cybb

C1024T BACs were used for pronuclear
injection in Cybb targeted mutant B6.129S-Cybbtm1Din/J mice. Founders

and progenies carrying BAC transgene were identified by PCR from tail
DNA and direct sequencing. The full-length mutant CybbC1024T expression
was confirmed by Western blot analysis. The transgenic mice were further
backcrossed with the Cybb knockout mice to generate the CybbC1024T

transgenic mice on a Cybb knockout background.

NP preparation

PLGA NPs were prepared with a modified approach of double emulsifi-
cation (W1/O/W2 emulsion) (24). PLGA used in this study was carboxyl
group terminated with inherent viscosity at 0.400–0.500 dl/g (PLA/PGA =
50:50, m.w. = 60,000, Evonik 5050 DLG 4.5A Acid, Evonik, Taiwan).
Briefly, 20 mg of curcumin (C1386, Sigma-Aldrich) was dissolved in
500 ml of alcohol (W1) while 150 mg of PLGAwas dispersed in 10 ml of
dichloromethane solvent (O). The first emulsion was sonicated with a
probe-type ultrasonic vibrator (Q700 Sonicator, Fisher Scientific) with the
amplitude at 30% for 120 s with 30 s pulses and 15 s rests. The mixture
(W1/O) was added to 1% PVA aqueous solution (W2) and agitated to form
a second emulsion (W1/O/W2) that contains PLGA NPs. The second
emulsion was sonicated for 300 s with 30 s pulses and 15 s rests. The
solution was then directly vacuum degassed to remove the organic sol-
vents, and the remaining free curcumin and PVA were removed by cen-
trifugation. The derived product was washed with MQ with high-speed
centrifugation (15,000 rpm, 15 min) twice, then with single low-speed
centrifugation (1000 rpm, 10 min). Conjugation of the PLGA NPs was
performed at a PLGA NP/targeting peptide ratio of 1:10 under excess
EDC/NHS solution for 1 h, followed by removal of excess EDC and NHS
with centrifugation. The ER-targeting peptide sequence was H-Ala-Ala-
Lys-Lys-Ala-Ala-Cys-Cys-Cys-OH (Yao-Hong Biotechnology, Taiwan).
The PLGA NPs were then dissolved in Milli-Q water and incubated with
the peptide fragments for 18 h, followed by removal of excess peptides
by centrifugation and redispersal of the precipitates in aqueous solution.
The prepared NPs were protected from light and stored in water at 4˚C.

NP characterization

The morphology of the PLGA NPs was visualized with cryogenic trans-
mission electron microscopy (cryo-TEM). The vitrified specimens were
prepared by a blotting procedure performed using Cryoplunge 3 System
(Gatan) as instructed by the manufacturer. We placed 3 ml of the aqueous
samples containing the NPs onto a glow-discharged electron microscopy
grid coated with a holey carbon film that had been plasma modified to
increase hydrophilicity. Then we removed excess liquid with filter papers,
and a thin film of the vitrified samples in liquid ethane was cooled with
liquid nitrogen. The specimen was placed on a cryo-EM sample holder
(model number 636; Gatan), then transferred to the microscope, and the
image was captured with a charge-coupled device camera (Model 895;
Gatan) then analyzed with Gatan Microscopy Suite software (Gatan). The
hydrodynamic size was measured with the dynamic laser scattering (DLS;
Delsa Nano C Particle Analyzer; Beckman Coulter), and the curcumin levels
in curcumin-loaded PLGA NPs were determined by measuring the optical
absorption of curcumin with UV-vis spectrophotometry (NanoDrop 1000;
NanoDrop Technologies) at 435 nm after dissolving the PLGAwith DMSO.
The Fourier-transform infrared spectroscopy (FTIR) spectrum was measured
with a Nicolet Magna 860 Spectrometer and Spectra Tech Continuum IR
Microscope (Nicolet 6700; Thermo-Fisher Scientific, Madison, WI).

ROS production assay

Mice whole-blood granulocytes or peritoneal cells were washed with sus-
pension buffer (13 HBSS and 5% FBS) three times and then incubated
with 10 mM H2DCF-DA at 37˚C for 20 min. Cells were then incubated with
100 ng/ml PMA (Sigma-Aldrich) at 37˚C for 15 min, followed by fluores-
cence analysis with FACSCalibur (BD Biosciences). The results were ana-
lyzed by Flowing Software 2 and expressed as stimulation index obtained by
the ratio between ROS levels in PMA-treated and untreated cells.

SDS-PAGE and Western blots

Cell lysates were harvested with 100 ml of lysis buffer (1% Triton-X100,
150 mM NaCl, 10 mM Tris base, 1 mM EDTA, 1 mM EGTA, 503 pro-
tease inhibitor mixture, pH 7.4). After 10% SDS-PAGE analysis, Western
blots using different Abs (anti-gp91phox, Bip, phospho-ERK, total ERK,
and b-actin) were performed. The signal was developed with ECL re-
agents. For quantitative analysis, images were analyzed with ImageJ.

Cell culture and treatment

The HL-60 cells were cultured at 37˚C in RPMI 1640 supplemented with
10% heat-inactivated FBS. DMSO (Sigma-Aldrich) at 1.3% was used
to differentiate HL-60 in the density of 3 3 105 cells/ml. After 4 d of

The Journal of Immunology 3395
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incubation, differentiated cells were harvested, and dead cells were re-
moved by Ficoll-Paque centrifuge. Differentiated HL-60 were treated with
0.5 and 10 mM of curcumin, curcumin-loaded PLGA NP, or ER-targeting
curcumin-loaded PLGA NP at 1 3 106 cells/ml for 24 h.

Intracellular calcium levels and confocal microscopy

Differentiated HL-60 cells were pretreated with different concentrations of
curcumin, curcumin-loaded PLGA NP, and ER-targeting peptide-decorated
curcumin-loaded PLGA NP at 37˚C. After overnight incubation, cells were
washed with calcium-free HBSS and seeded on poly-lysine–coated eight-
well slide (ibidi) on the density of 1 million cells per millimeter at 37˚C for
30 min. Next, cells were labeled with 2 mM of Fluo-4 AM and 1 mM of
ER-Tracker Blue-White DPX at 37˚C for 30 min. The fluorescence images
were captured every 10 s for 5 min with 1.25 mM of CaCl2 treatment by
Nikon C1-Si confocal microscopy (Nikon, Tokyo, Japan). Fluorescence
intensity was analyzed using ImageJ and presented as DF/F0 ratio after
background subtraction, where DF was the change in fluorescence in-
tensity and F0 was the baseline before CaCl2 treatment. The rate of
calcium level increase was shown as the differentiation of the curve.
The overall calcium flux was analyzed as the area under the curve
(AUC). For the detection of intracellular curcumin-loaded PLGA NP,
the fluorescence signal curcumin with excitation wavelength at 488 nm
was observed.

Mitochondrial membrane potential measurement

Cells treated with 0.5 or 10 mM of curcumin, curcumin-loaded PLGA NP,
or ER-targeting curcumin-loaded PLGA NP for 24 h were incubated with
250 nM of mitochondrial membrane potential indicator TMRM at 37˚C for
30 min. The mitochondrial membrane potential was then determined by
flow cytometry and Flowing Software 2 analysis software.

Apoptotic cell detection

Cells treated with 0.5 or 10 mM of curcumin, curcumin-loaded PLGA NP,
or ER-targeting curcumin-loaded PLGA NP for 24 h were washed with
ice-cold PBS. Cells were then stained with PE–Annexin V, 7-AAD, or both
at room temperature for 15 min. Stained cells were then suspended with
binding buffer supplied by the manufacturer. The percentage of Annexin
V+ apoptotic cells were then analyzed with flow cytometry and Flowing
Software 2 analysis software.

Bacterial culture and peritoneal bacterial clearance test

Frozen culture of Staphylococcus aureus (No. 25923; ATCC) was sub-
cultured on a tryptic soy agar (TSA) plate with 10% sheep blood and in-
cubated at 37˚C overnight. A single colony was picked from the plate and
subcultured in the Luria-Bertani medium at 37˚C for 16 h. The bacterial
culture was 1:50 diluted with 5ml Luria-Bertani medium and incubated at
37˚C for 6 h for refreshing the bacteria. The CFU of S. aureus was deter-
mined by counting CFU in a 10-ml drop of cell suspension on each quarter of
TSA plate. For bacterial clearance test, WT and Cybb

C1024T transgenic
Cybb

2/2 mice were injected with 1 3 107 CFU of S. aureus in 100 ml of
PBS at peritoneum. Injected mice were sacrificed 6 h after injection, and
peritoneal fluid was harvested with 5 ml of PBS. The CFU was determined
by counting CFU in a 50-ml drop of cell suspension on TSA plates.

Statistical analysis

Statistical analyses were carried out with Prism software (GraphPad Soft-
ware). The mean values from each group were presented as means 6 SEM
and compared by using one-way ANOVA or two-way ANOVA. In all tests,
p values ,0.05 were considered statistically significant.

Results
Generation of CybbC1024T transgenic Cybb2/2 mice

To investigate the efficacy of this novel curcumin delivery system

to rescue the function of ER-retained mutant proteins, we first

established a BAC transgenic mice strain, which expresses the

H338Y mutant gp91phox protein in Cybb knockout background,

as a novel model of human CGD (Fig. 1A). The presence of

the mutation in mice was confirmed by sequencing (Fig. 1B). To

confirm the expression of the mutant gp91phox protein, we iso-

lated whole blood granulocytes and detected gp91phox protein by

SDS-PAGE and Western blotting (Fig. 1C). We found that in

comparison with neutrophils of Cybb2/2 mice, granulocytes isolated

from Cybb
C1024T transgenic Cybb2/2mice produced underglycosylated

forms of gp91phox. As expected, the levels of the glycosylated

form of the gp91phox protein (60–90 kDa) were lower in CybbC1024T

transgenic Cybb
2/2 mice than the levels in WT mice. Defected

PMA-induced ROS production was also found in granulocytes

isolated from CybbC1024T transgenic Cybb2/2mice (Fig. 1D). These

results indicate that we successfully established a CGD mice model

with trafficking-defective gp91phox protein expression that mimics

human CGD patients with CybbC1024T mutation (11).

ER-targeting peptide facilitates the localization of

curcumin-containing NPs in the ER region

We then characterized the properties of the curcumin-loaded PLGA

NPs. The morphology of PLGA NPs was visualized with cryo-TEM

(Fig. 2A, upper panel). The hydrodynamic diameters of the PLGA

NPs obtained by DLS measurements were 255.6 6 97.5 nm

(Fig. 2A, lower panel) whereas the curcumin loading capacities in

15 independently preparations were 65.9 6 7.8 mg/mg. The long-

term observations showed that the particle size was stable for 5 mo,

and the content of curcumin in the PLGA NPs was stable for up to

6 mo in distilled water (Supplemental Fig. 1).

We performed experiments to characterize the release kinetics of

the curcumin-loaded PLGA NPs in different media. The results

showed that 50% of the curcumin within the NPs was released

when the NPs were incubated with cytoplasm mimicking buffer or

with RPMI 1640 with 10% FBS at 37˚C. The release was much

lower in NPs incubated in distilled water or PBS at 37˚C

(Supplemental Fig. 2). To evaluate cellular uptake, differentiated

HL-60, cortical collecting duct M-1 and human embryonic kidney

293T (HEK293T) cells were treated with 0.5 mg/ml of Nile Red

(NR)–loaded PLGA NPs for 30 min, and the images were ob-

tained with confocal microscopy (Supplemental Fig. 3A). We

found that NR-loaded PLGA NPs were internalized by HL-60,

M-1, and HEK293T cells. Meanwhile, whole blood lymphocytes,

in contrast with Ly6G+ neutrophils, did not uptake NR-loaded

PLGA NPs (Supplemental Fig. 3B).

An ER-targeting peptide containing the KDEL sequence was

used to decorate the PLGA NPs. After ER-targeting peptide

conjugation, the hydrodynamic diameters of the decorated PLGA

NPs increased to 391.2 6 177.7 nm. The decoration process did

not significantly induce curcumin release from the curcumin-

loaded PLGA NPs. The FTIR spectra confirmed the decoration

of ER-targeting peptide on the PLGA NPs. The ER-targeting

peptide-decorated PLGA showed peaks contributed by the

functional groups of carbonyl C = O stretching (∼1700 cm21) and

N–H bending (∼1400 cm21) (25), whereas the undecorated PLGA

NPs only showed the peak of C = O stretching but not the peaks at

the region of N–H bending (Fig. 2B). These results indicated

successful decoration of ER-targeting peptides on the PLGA NPs.

After the successful production of the curcumin-containing

PLGA NPs, we went on to investigate the effects of these

nanovehicles on the delivery of curcumin at the subcellular

levels. Neutrophil-like–differentiated HL-60 cells were labeled

with ER-Tracker and then treated with curcumin-loaded PLGA

NP and ER-targeting curcumin-loaded PLGA NP. We obtained

the fluorescent time-lapse images by confocal microscopy

when curcumin was excited at a wavelength of 488 nm to de-

termine the cellular distribution of curcumin-loaded PLGA NP

with or without ER-targeting peptide decoration (Fig. 2C). We

found that ER-targeting peptide decoration enhanced the ac-

cumulation of curcumin-loaded PLGA NP in the ER region 20’

after the addition of the nanovehicles (Fig. 2C, Supplemental

Videos 1, 2). The Pearson correlation coefficients of curcumin-

loaded PLGA NP and ER region in cells treated with ER-targeting
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peptide-decorated curcumin-loaded PLGA NP were significantly

higher than those in cells treated with nondecorated NPs since 4’

after the addition of the nanovehicles (Fig. 2D). The differences

became even more significant up to 20’. These results indicate that

ER-targeting peptide enhances the delivery of curcumin-loaded

PLGA NP to the ER region of the cells.

NPs decorated with ER-targeting peptide enhanced the

efficiency of curcumin-induced ER calcium release

We then investigated the effects of ER-targeting NP delivery on

curcumin-mediated SERCA inhibition. Differentiated HL-60 cells

were loaded with intracellular calcium indicator Fluo-4 AM and then

treated with 0.5, 1, or 10 mM of free curcumin, curcumin-loaded

FIGURE 1. Generation of Cybb
C1024T transgenic

Cybb
2/2 mice. (A) The BAC containing Cybb

C1024T

mutant were microinjected into Cybb2/2 embryo to

produce Cybb
C1024T transgenic Cybb

2/2 mice. (B)

Sequencing results on the WT and Cybb
C1024T trans-

genic Cybb2/2 mice. (C) The expression of the

gp91phox protein in neutrophils isolated from WT and

two Cybb
C1024T transgenic Cybb

2/2 mice were ana-

lyzed by SDS-PAGE and Western blots. (D) Neutro-

phils isolated from WT and CybbC1024T transgenic

Cybb2/2 mice were loaded with H2DCF-DA and

treated with PMA for 10 min. PMA-induced ROS

production was analyzed with flow cytometry. The

experiment was performed three times with similar

results.

FIGURE 2. ER-targeting peptide decoration en-

hanced the accumulation of curcumin-containing NPs

in the ER region. (A) Representative cryo-TEM image

(upper panel) and the DLS measurement (lower panel)

of the PLGA NPs. The DLS measurement was repre-

sentative of 15 independent NP preparations. (B)

FTIR spectra of PLGA NPs and ER-targeting peptide-

decorated PLGA NPs after subtraction of the buffer

spectrum (blue, PLGA NPs; red, ER-targeting PLGA

NPs). (C) Differentiated HL-60 cells seeded on eight-

well slide were stained with ER-Tracker and treated

with curcumin-loaded PLGA NPs (10 mM) with or

without ER-targeting peptide decoration. The distri-

bution of curcumin-loaded PLGA NPs in treated cells

was detected with confocal microscopy at excitation

wavelength at 488 nm (original magnification 31000).

A representative result at 20 min from three indepen-

dent experiments was shown. The Pearson correla-

tion coefficients of curcumin-loaded PLGA NPs and

ER region in time-lapse images of three independent

experiments were analyzed and shown in (D) (n = 3;

*p , 0.05, **p , 0.01, ***p , 0.001).
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PLGA NP, and ER-targeting peptide-decorated curcumin-loaded

PLGA NP in a calcium-free medium. The intracellular calcium

levels and the ER calcium release rates were measured by

detecting the changes in fluorescence intensity with confocal

microscopy (Fig. 3A–C). The overall calcium release was esti-

mated by integrating the fluorescence intensity and was shown as

the AUC (Fig. 3D). We found that the fluorescence intensities in

cells treated with 10 mM of curcumin at 40, 50, and 60 s were

significantly higher than those of the cells treated with 0.5 or

1 mM of curcumin. (Fig. 3A, left panel). The rate of intracellular

calcium increase, shown as the rate of fluorescence intensity in-

crease, was higher in cells treated with 10 mM of curcumin in

comparison with the cells treated with lower concentrations of

curcumin (Fig. 3A, right panel). These findings indicate that free

curcumin treatment at the concentration of 10 mM induced higher

and faster ER calcium release when compared with treatments at

concentrations of 0.5 and 1 mM. Meanwhile, we found no sig-

nificant differences in the ER calcium release in cells treated with

0.5, 1, and 10 mM of curcumin-loaded PLGA NP or ER-targeting

curcumin-loaded PLGA NP (Fig. 3B, 3C). We also compared the

overall ER calcium release in cells treated with 0.5 or 10 mM

of curcumin, curcumin-loaded PLGA NP, and ER-targeting

curcumin-loaded PLGA NP with thapsigargin, which is a well-

known SERCA inhibitor (Fig. 3D) (12, 13). We found that

curcumin-loaded PLGA NP and ER-targeting curcumin-loaded

PLGA NP at 0.5 mM were capable of elevating the intracellular

calcium levels to the same level of thapsigargin treatment. In-

creasing the encapsulated curcumin to the concentration of 10 mM

did not further raise the intracellular calcium level. However, free

curcumin at 0.5 mM induced significantly lower ER calcium re-

lease when compared with cells treated with 0.5 mM of curcumin-

loaded PLGA NP and ER-targeting curcumin-loaded PLGA NP or

10 mM of free curcumin. There were no significant changes in

fluorescence intensity in untreated cells and in cells treated with

empty PLGA NPs or ER-targeting PLGA NPs (data not shown).

Compatible with the results in Fig. 2C and 2D showing the

colocalization of NP-encapsulated curcumin in the ER, these

findings suggest that NP encapsulation of curcumin at lower

concentrations may induce ER calcium release to the same level

as the cells treated with higher concentrations of free curcumin by

more efficiently inhibiting the SERCA function in the ER.

NP-encapsulated curcumin induced weaker and delayed

extracellular calcium influx

We next investigated the extracellular calcium influx, which is

triggered by the depletion of ER calcium storage, in cells treated

with 10 mM of free curcumin or with 0.5 mM of curcumin-loaded

PLGA NP with or without ER-targeting peptide decoration for

24 h (Fig. 4A). After 24 h of treatment, cells were loaded with

Fluo-4 AM under a calcium-free condition. The fluorescence

images were taken before and after the addition of 1.25 mM of

CaCl2. A mild surge of calcium influx was observed in untreated

cells when the CaCl2 was added. Thapsigargin treatment at

100 nM that induced early calcium influx was used as a positive

control. We found that 10 mM of free curcumin induced early

extracellular calcium entry that was similar to the calcium entry

induced by thapsigargin (Fig. 4A, two higher panels). In contrast,

0.5 mM of curcumin-loaded PLGA NP or curcumin-loaded PLGA

NP with ER-targeting peptide decoration induced apparent ex-

tracellular calcium entry only after 60 s (Fig. 4A, two lower

panels). When analyzing the calcium influx rate (Fig. 4B), we

found an earlier and more robust induction of calcium entry in

cells treated with thapsigargin and 10 mM of free curcumin. We

found that empty NPs did not induce significant changes in the

FIGURE 3. NP encapsulation and ER-targeting peptide decoration enhanced curcumin-induced ER calcium release. Differentiated HL-60 cells were

seeded on eight-well slides and loaded with calcium indicator Fluo-4AM in calcium-free medium. After treatment with 0.5, 1, or 10 mM of curcumin (A),

curcumin-loaded PLGA NP (B), and ER-targeting curcumin-loaded PLGA NP (C), the changes in fluorescence intensity within 300 s were shown in left

panels. The rate of ER calcium release was estimated by differentiating the curve (right panels). The experiment was performed four times with similar

results as shown in mean value (n = 4; *p , 0.05). (D) The overall calcium flux was estimated as the AUC (n = 4; *p , 0.05, **p , 0.01).
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fluorescence intensity when compared with untreated cells (data not

shown). Despite the similar extents of ER calcium depletion in-

duced by 10 mM of free curcumin and 0.5 mM of curcumin-loaded

PLGA NP with or without ER-targeting peptide decoration (Fig. 3),

the extracellular calcium entry induced by NP-encapsulated

curcumin treatment was reduced regarding the influx rates and

overall calcium entry in comparison with those induced by free

curcumin treatment (Fig. 4B, 4C).

NP-encapsulated curcumin, especially with ER-targeting

peptide decoration, induced weaker ER stress and improved

cell survival in cells treated with curcumin

We next investigated whether delivery of curcumin with

ER-targeting NPs affects ER stress and cell survival. There was a

significant reduction in mitochondrial membrane potential in cells

treated with 10 mM of free curcumin when compared with cells

treated with 0.5 mM of free curcumin or curcumin-loaded PLGA

NP with or without ER-targeting peptide decoration at 0.5 or

10 mM (Fig. 5A). We found a significant increase in the proportion

of Annexin V+ apoptotic cells when cells were treated with 10 mM

of free curcumin (Fig. 5B). In comparison with the cells treated

with 10 mM of free curcumin, the cells treated with curcumin-

loaded PLGA NP and ER-targeting curcumin-loaded PLGA NP

containing the same amount of curcumin showed significantly

lower proportions of apoptotic cells. There were no significant

differences in the percentage of Annexin V+ cells in cells treated

with curcumin-loaded PLGA NP with or without ER-targeting

peptide decoration or 0.5 mM of free curcumin. There were no

significant differences in mitochondrial membrane potential and

the percentage of Annexin V+ cells between untreated cells and

cells treated empty NPs with or without ER-targeting peptide

decoration. These findings suggest that free curcumin at a con-

centration that can inhibit SERCA on ER will induce rapid cal-

cium surge to induce apoptosis, whereas NP-encapsulated curcumin

with equivalent SERCA inhibition activity induces delayed cal-

cium influx and protects the cells from mitochondrial damage

and apoptosis.

To test whether the calcium imbalance and ER stress are in-

volved in the curcumin-induced apoptosis, we examined the ER

stress–related protein Bip expression and calcium-related ERK

phosphorylation. We found that free curcumin and curcumin-

loaded PLGA NP enhanced Bip expression and ERK phos-

phorylation when compared with untreated group, whereas

ER-targeting peptide-decorated NPs reduced curcumin-induced

Bip expression and ERK phosphorylation (Fig. 5C, 5D). Mean-

while, we found that caspase-3 cleavage, which indicates activa-

tion of apoptosis, was enhanced in cells treated with 10 mM of free

curcumin. The cleavage form of caspase-3 was reduced when

the curcumin was delivered with PLGA NPs with or without

ER-targeting peptide decoration. Taken together, our results in-

dicate that localizing curcumin-containing NPs to the ER region

with ER-targeting peptide may reduce curcumin-induced ER

stress and cell death.

Curcumin delivered with ER-targeting NPs was effective in

rescuing the mutant H338Y-gp91
phox

protein in immune cells

and enhancing NOX2 function in CybbC1024T transgenic

Cybb2/2 mice

We then focused on the effects of curcumin-loaded PLGA NP with

or without the ER-targeting peptide decoration on the expression

and maturation of gp91phox protein in CybbC1024T transgenic

Cybb2/2 mice by treating the mice i.p. with different preparations

with equal amounts of curcumin at 20 mg/kg. To elicit neutro-

phils, we collected peritoneal exudate cells from mice injected

with thioglycollate for 4 h based on previous studies (26, 27).

There were no significant differences in the percentages of neu-

trophil in thioglycollate-induced exudates from mice treated with

free curcumin, curcumin-loaded PLGA NP, and ER-targeting

peptide-decorated curcumin-loaded PLGA NP. We found in-

creased expression of more maturely glycosylated forms of

gp91phox in thioglycollate-induced neutrophils isolated from mice

treated with curcumin-loaded PLGA NP for 24 h (Fig. 6A, lane 4).

ER-targeting peptide-decorated curcumin-loaded PLGA NP fur-

ther improved the expression of gp91phox in neutrophils isolated

FIGURE 4. Extracellular calcium entry was delayed

in cells treated with NP-encapsulated curcumin. Dif-

ferentiated HL-60 cells were treated with curcumin

(10 mM), curcumin-loaded PLGA NP (0.5 mM), and

ER-targeting curcumin-loaded PLGA NP (0.5 mM) for

24 h. Cells were then labeled with Fluo-4 AM and

seeded on eight-well slides. (A) The time-lapse images

were captured by confocal microscopy (original mag-

nification 31000) before and after 1.25 mM of CaCl2
treatment (red line). The images were representative of

three independent experiments. (B) The rate of calcium

flux was analyzed by differentiating the curve of the

changes in fluorescence intensity. (n = 3; *p , 0.05,

**p , 0.01). (C) The overall calcium flux was esti-

mated as the AUC. (n = 3; *p , 0.05).
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from treated mice (Fig. 6A, lane 5). However, there was no

marked increase in the level of glycosylated gp91phox in cells

isolated from free curcumin-treated mice (Fig. 6A, lane 3). Similar

results were found when we analyzed the ratios of glycosylated

versus underglycosylated gp91phox (Fig. 6B). There were no

changes in gp91phox glycosylation in neutrophils isolated from

CybbC1024T transgenic Cybb2/2 mice treated with empty NPs with

or without ER-targeting peptide decoration. We also found higher

PMA-induced ROS production in neutrophils isolated from ER-

targeting peptide-decorated curcumin-loaded PLGA NP-treated

mice than in cells from free curcumin-treated mice (Fig. 6C). These

data suggest that treating H338Y- gp91phox-expressing CybbC1024T

transgenic Cybb
2/2 mice with ER-targeting nanoformulation of

curcumin facilitates the maturation of mutant protein in leukocytes.

The long-term toxic effects of the curcumin-loaded PLGA NPs

were also investigated. We found no significant changes in body

weight (Supplemental Fig. 4A), serum urea (Supplemental Fig. 4B),

serum glutamic oxaloacetic transaminase (GOT) (Supplemental

Fig. 4C), and peripheral blood WBC counts (Supplemental

Fig. 4D) and RBC counts (Supplemental Fig. 4E) in mice

treated with empty PLGA NPs or curcumin-loaded PLGA NPs

(Supplemental Fig. 4).

To test the bacterial clearance ability, we i.p. treated the

CybbC1024T transgenic Cybb2/2 mice with 20 mg/kg of free cur-

cumin, curcumin-loaded PLGA NP, and ER-targeting peptide-

decorated curcumin-loaded PLGA NP for 24 h and injected the

treated mice with 1 3 107 of S. aureus. Four hours later, the

peritoneal cavities were lavaged, and the bacterial counts (CFU)

were analyzed (Fig. 6D). We found that although the WT mice

had very low bacterial counts, CybbC1024T transgenic mice with

ER-targeting peptide-decorated curcumin-loaded PLGA NP treat-

ment had significantly lower bacteria counts when compared with

the untreated or free curcumin-treated group. CybbC1024T transgenic

Cybb2/2 mice treated with empty NPs with or without ER-targeting

peptide decoration showed similar bacterial counts when compared

with untreated mice. Therefore, our findings indicate that ER-targeting

NP-based delivery of curcumin rescues mutant gp91phox protein

expression and recovers NOX2 functions in mice mimicking hu-

man CGD with trafficking-defective gp91phox protein expression

(Fig. 7).

Discussion
Short of immune function–correcting procedures, including HSCT

and gene therapy, patients with CGD are at a constant threat

of severe infections due to their low production of ROS by the

leukocytes (10). As some patients are not suitable for immediate

function-correcting therapies because of different clinical condi-

tions, these patients are in dire need of effective medical treat-

ments to improve their ROS-producing functions. In this study, we

showed that delivery of curcumin with ER-targeting NPs recovers

NOX2 expression and function in the mice expressing the mutant

Cybb gene encoding the ER-retained H338Y mutant gp91phox

protein. Our formulation of curcumin, with the combination of

NPs encapsulation and surface modification, increased the effi-

cacy of drug delivery to the target organelle (ER) and reduced the

cytotoxicity at the same time. Our results strongly suggest that

organelle-targeting nanovehicle may be a promising strategy to

improve the therapeutic potential of curcumin as the treatment for

PIDD caused by ER retention of the mutant proteins.

FIGURE 5. NP encapsulation downregulated curcumin-induced ER

stress and apoptosis. Differentiated HL-60 cells were treated with curcu-

min, curcumin-loaded PLGA NP, and ER-targeting curcumin-loaded

PLGA NP for 24 h. (A and B) The fluorescence intensity of TMRM

and Annexin V–PE-positive cells were detected by flow cytometry (n = 4;

*p , 0.05, **p, 0.01). (C) A representative image from four independent

experiments showing the levels of Bip, phospho-ERK, and cleavaged-

caspase-3 in lysates of treated cells. The relative intensities of the Western

blot results from four independent experiments were shown in (D) (n = 4;

*p , 0.05).

FIGURE 6. Delivery of curcumin with ER-targeting NPs rescued mu-

tant gp91phox protein glycosylation and restored neutrophil functions in

Cybb
C1024T transgenic Cybb

2/2 mice. Neutrophils from mice treated with

20 mg/kg of free curcumin, curcumin-loaded PLGA NP, or ER-targeting

curcumin-loaded PLGA NPs were isolated from thioglycollate-induced

exudates. (A) gp91phox protein expression and (B) relative levels of the

glycosylated versus the unglycosylated form of gp91phox were analyzed

(n = 4 in each group; *p , 0.05). (C) Neutrophils isolated from treated

CybbC1024T transgenic Cybb2/2 mice were loaded with ROS sensitive dye

H2DCF-DA. PMA-induced ROS production was analyzed with flow

cytometry and was shown as ROS production index (n = 4 in each group;

**p , 0.01). (D) CybbC1024T transgenic Cybb2/2 mice were injected i.p.

with 1 3 107 CFU of S. aureus. After 4 h, the peritoneal cavity was

lavaged to analyze the number of viable bacteria. (n = 4 in each group;

*p , 0.05, **p , 0.01).

3400 ER-TARGETING NP-CURCUMIN RAISES NOX2 FUNCTION

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1801599/-/DCSupplemental
http://www.jimmunol.org/


Many inherited diseases, including nephrogenic diabetes

insipidus and cystic fibrosis, are caused by the ER retention of

misfolded mutant proteins (28). Misfolded proteins accumulate in

the ER and lead to ER stress (29). To handle the accumulated

proteins and ER stress, UPR is initiated in the cells expressing

the mutant proteins. In UPR, chaperone proteins including Bip,

calnexin, and calreticulin retain misfolded proteins that may then

successfully undergo proteolysis. However, UPR may also ag-

gravate cell dysfunction and even lead to cell death due to ER

stress in many cases (30, 31). Based on the fact that the interaction

of chaperones with misfolded proteins is Ca2+ dependent (32–34),

SERCA inhibitors, including thapsigargin and curcumin, have

been used to reduce ER calcium concentration, which leads to

lower chaperone activity and allows the mutant proteins to escape

from the ER (12). Previous studies showed that DF508 cystic fi-

brosis transmembrane conductance regulator (CFTR), similar to

H338Y-gp91phox, becomes functional if it can be released from ER

after treatment with thapsigargin or curcumin (35, 36). However,

the toxicity issue of thapsigargin made it challenging to use this

drug as a clinical treatment (37). In this study, we aimed to find a

new way of treatment with curcumin to modulate ER calcium

homeostasis to regulate ER UPR response and facilitate the mat-

uration of the mutant proteins. We used a novel CGD mouse

model in which an ER-retained mutant H338Y-gp91phox protein

is expressed in the leukocytes to show that in vivo ER-targeting

curcumin-loaded PLGA NP treatment enhanced the leukocyte

ROS production and bacterial clearance ability. Our results

showed that delivery of curcumin with ER-targeting peptide

decoration enhances the expression of the gp91phox protein

(Fig. 6). Moreover, we documented that ER-targeting curcumin-

loaded PLGA NP effectively lowered ER stress when compared

with nondecorated curcumin-loaded PLGA NP. These results

suggest that selective delivery of curcumin to the ER region is a

superior way to alter ER calcium homeostasis and restore leuko-

cyte functions when compared with other ways of delivery.

Curcumin is a natural compound derived from Curcuma longa

that has been known as a SERCA inhibitor and reported to be a

promising drug candidate for many different diseases (38, 39).

However, curcumin is poorly water-soluble and is degraded rap-

idly in the body (40). Several studies indicated that high doses of

curcumin intake did not elevate blood curcumin levels in healthy

volunteers (41). Thus, bioavailability is among the most crucial

issues that need to be addressed before curcumin can be used

effectively as a drug for systemic diseases. Researchers have been

focusing on improving the bioavailability through different ap-

proaches, including identifying new curcumin analogs and de-

veloping novel drug delivery systems. The NP-based delivery

system has been used to enhance the bioavailability of hydro-

phobic chemicals (42, 43). Curcumin delivery with NPs was

previously shown to improve absorption with increased concen-

tration in the blood circulation (41, 44). PLGA forms biodegrad-

able polymers with minimal toxicity and has been approved by the

U.S. Food and Drug Administration in various drug delivery

systems in humans (45). Moreover, it was shown that most of the

PLGA NPs in the bloodstream are engulfed by phagocytes, which

are the primary cell type that produces the gp91phox protein (46).

PLGA nanovehicle delivery hence is a reasonable system to de-

liver curcumin to H338Y-gp91phox–expressing neutrophils in

CGD. By using PLGA NPs containing curcumin, we were able to

enhance the efficacy of curcumin as a SERCA inhibitor to deplete

ER calcium contents (Fig. 3). To further improve its pharmaco-

logical function as an inhibitor of SERCA, which is expressed on

the ER membrane, we decorated the NPs with KDEL peptide for

ER-targeted delivery of curcumin (Fig. 2). Although NP curcumin

both with or without ER targeting increased the efficiency of

calcium depletion from the ER (Fig. 3), we were able to show

significant enhancement in H338Y-gp91phox expression in

CybbC1024T transgenic Cybb2/2 mice treated with ER-targeting

curcumin-loaded PLGA NP in the biochemical analysis (Fig. 6).

Localizing the curcumin intracellular administration by NP en-

capsulation, therefore, appears to have the expected beneficial

effects in rescuing the mutant protein while lowering the overall

dosage of the treatment.

Cellular Ca2+ homeostasis is pivotal in maintaining cellular

functions including proliferation, signal transduction, migration,

and cell death (47–50). To support the homeostasis, ER serves as a

Ca2+ reservoir that keeps cytoplasmic Ca2+ concentration at a low

level. One of the essential Ca2+ channels that sustain ER Ca2+

content is SERCA, which retrieves Ca2+ from the cytoplasm to the

ER lumen (48). Inhibition of SERCA function hence depletes ER

Ca2+ content and consequently induces extracellular calcium entry

and leads to elevation of cytoplasm Ca2+ level. The transient el-

evation flux of cytoplasmic calcium level then serves as a second

messenger that facilitates cellular signal transduction (51). How-

ever, the prolonged high concentration of Ca2+ in the cytoplasm

may lead to ER stress, ERK phosphorylation, mitochondri-

al damage, and cell death (48, 52). The intracellular calcium

fluctuation-induced cytotoxicity may become a limiting factor

when using SERCA inhibitors as drugs (48, 53). In our study,

we found that NP encapsulation not only promotes curcumin-

mediated ER calcium release but also delays the extracellular

calcium entry (Fig. 4). Consequently, the overall calcium levels in

curcumin-loaded PLGA NP-treated cells were lowered. It was

previously reported that curcumin treatment may inhibit extra-

cellular calcium entry (54, 55). Our results, however, showed that

extracellular calcium entry was reduced in cells treated with

curcumin-loaded PLGA NPs but not in cells treated with free

curcumin. The findings in this study suggest that localizing

curcumin to the intracellular regions close to ER may critically

modulate the role of curcumin as a regulator of cellular calcium

mobilization. Previous studies have shown that the interaction

between plasma membrane calcium release-activated channel

(CRAC) and ER calcium sensor stromal interaction molecule 1

(STIM1) is crucial for the extracellular calcium entry induced by

FIGURE 7. ER-targeting nanovehicle-encapsulated curcumin recovers

the NOX2 function by rescuing the mutant gp91phox protein and preventing

treatment-induced apoptosis. Free curcumin at an effective concentration

for SERCA inhibition may lead to ER stress and cell death induced by

rapid calcium surge (left side of the figure). In contrast, ER-targeting

NP-encapsulated curcumin at a lower concentration may induce equivalent

ER calcium depletion and recover NOX2 function without excessive

damage to the cell viability (right side of the figure).
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ER calcium depletion (49, 51, 56). Given that STIM1 is localized

to the junction between the ER and plasma membrane, whether

the organelle-targeting delivery of curcumin to the ER region

reduces the STIM1/CRAC interaction and delays the extracellular

calcium entry should be further investigated.

Based on our results showing that NP encapsulation lowers

curcumin-induced mitochondrial damage and cellular apoptosis

(Fig. 5), we reason that the delayed and reduced calcium in-

flux induced by encapsulated curcumin may contribute to the

improved cell survival of the treated cells. Therefore, modu-

lation of intracellular curcumin distribution and hence the

kinetics of calcium by NP encapsulation may have the bene-

ficial effects in rescuing the functions of the mutant immune

cells not only through rescuing the mutant protein from the

ER but also through decreasing the unintended cell death

caused by of the treatment. Our in vivo verification using a

mouse model carrying an equivalent mutation on the CYBB

gene which leads to a phenotype corresponding to human

CGD patients may expedite the use of this novel treatment in

human diseases.

In conclusion, our study showed that organelle-targeting NP

encapsulation improves the bioavailability and efficacy of curcumin

as a SERCA inhibitor to rescue the ER-retained H338Y- gp91phox

protein compared with free-form curcumin. As ER not only plays

essential roles in cellular biosynthesis but also participates in dif-

ferent cellular functions including protein quality control, calcium

homeostasis, and cell viability, our formulation of ER-targeting NP

vehicles for drug delivery promises to be a novel approach to treat

certain PIDD including CGD.
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