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aims: Macropinocytosis is a major endocytic pathway by which dendritic cells (DCs) 
internalize antigens in the periphery. Despite the importance of DCs in the initiation 
and control of adaptive immune responses, the signaling mechanisms mediating DC 
macropinocytosis of antigens remain largely unknown. The goal of the present study 
was to investigate whether protein kinase C (PKC) is involved in stimulation of DC mac-
ropinocytosis and, if so, to identify the specific PKC isoform(s) and downstream signaling 
mechanisms involved.

Methods: Various cellular, molecular and immunological techniques, pharmacological 
approaches and genetic knockout mice were utilized to investigate the signaling mech-
anisms mediating DC macropinocytosis.

results: Confocal laser scanning microscopy confirmed that DCs internalize fluo-
rescent antigens (ovalbumin) using macropinocytosis. Pharmacological blockade of 
classical and novel PKC isoforms using calphostin C abolished both phorbol ester- and 
hepatocyte growth factor-induced antigen macropinocytosis in DCs. The qRT-PCR 
experiments identified PKCδ as the dominant PKC isoform in DCs. Genetic studies 
demonstrated the functional role of PKCδ in DC macropinocytosis of antigens, their 
subsequent maturation, and secretion of various T-cell stimulatory cytokines, including 
IL-1α, TNF-α and IFN-β. Additional mechanistic studies identified NADPH oxidase 2 
(Nox2) and intracellular superoxide anion as important players in DC macropinocytosis 
of antigens downstream of PKCδ activation.

conclusion: The findings of the present study demonstrate a novel mechanism by 
which PKCδ activation via stimulation of Nox2 activity and downstream redox signaling 
promotes DC macropinocytosis of antigens. PKCδ/Nox2-mediated antigen macropino-
cytosis stimulates maturation of DCs and secretion of T-cell stimulatory cytokines. These 
findings may contribute to a better understanding of the regulatory mechanisms in DC 
macropinocytosis and downstream regulation of T-cell-mediated responses.
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inTrODUcTiOn

Dendritic cells (DCs) are professional antigen-presenting cells 
(APCs) that initiate and direct adaptive immune responses (1–3). 
Immature DCs (iDCs) in peripheral tissue constantly sample their 
surroundings for antigens. Following antigen internalization, 
iDCs exhibit dramatic functional and morphological changes, 
called maturation, which optimizes antigen processing and 
maximizes antigen presentation to naïve T cells. During matura-
tion, iDCs acquire a phenotype of professional APCs, synthetize 
and secrete T-cell costimulatory cytokines, increase plasma 
membrane expression of CD86 and CD80, and translocate major 
histocompatibility complex class I and II (MHC I/II) molecules 
from the late endocytic compartments to the plasma membrane 
(4). Mature DCs migrate to draining lymph nodes and present 
the processed antigenic peptides on MHC I/II to T lymphocytes 
to initiate antigen-specific immune responses (2). The ability of 
mature DCs to internalize and process antigens is inhibited to 
restrict their ability to present additional antigens encountered 
after the initial immunogenic stimulus (5).

Immature DCs capture antigens by several distinct mecha-
nisms, including “non-specific” internalization by macropinocy-
tosis and “specific” uptake via receptor-mediated endocytosis and 
phagocytosis (4). Importantly, the endocytic process by which 
antigens are internalized not only determines the intracellular 
trafficking of the antigen but also influences the type of T-cell 
epitope being presented on MHC molecules (6). Previous stud-
ies showed that macropinocytosis is distinct in many ways from 
receptor-mediated endocytosis and phagocytosis (7). Indeed, 
phagocytosis and receptor-mediated endocytosis are strictly 
ligand-receptor-driven processes (4, 8), while macropinocytosis 
is characterized by receptor-independent internalization of 
extracellular fluid and pericellular solutes (4, 9). Phagocytosis is 
initiated by recognition and binding of the particle to the plasma 
membrane, followed by localized actin remodeling, formation 
of a phagocytic cup around the particle and its subsequent 
internalization into the phagosome (7). Unlike phagocytosis, 
receptor-mediated endocytosis is largely an actin-independent 
process in mammalian cells (10). In receptor-mediated endocy-
tosis, specific cell surface receptors, such as C-type lectin recep-
tors, Fcγ and Fcε receptors mediate antigen internalization by 
DCs (11). On the contrary, macropinocytosis involves particle-
independent, global activation of the actin cytoskeleton resulting 
in extensive plasma membrane ruffling over the entire surface 
of the cell. Some of the membrane ruffles curve into O-shaped 
macropinocytotic cups and close or fuse with the non-extended 
plasma membrane, leading to macropinosome formation and 
non-specific internalization of extracellular fluid and associated 
solutes (4, 7, 9).

Previous studies demonstrated that membrane ruffling and 
macropinocytosis can be stimulated by various growth factors, 
including epidermal growth factor (12) and hepatocyte growth 
factor (HGF) (13), cytokines (14, 15), and phorbol esters (15, 16).  
Although the precise signaling mechanisms responsible for 
stimulation of macropinocytosis in DCs and other cell types 
are incompletely defined, phosphatidylinositol phosphates have 
been shown to play an important role (17). Plasma membrane 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] regulates the 
activity of a number of actin-binding proteins and, thus, plays an 
important role in controlling submembranous actin polymeriza-
tion and reorganization during macropinocytosis (10). PI(4,5)P2 
is phosphorylated to PI(3,4,5)P3 by phosphatidylinositol-3-kinase 
(PI3K) followed by recruitment and activation of small GTPase 
Rac1 and Rab5 to mediate cup closure and initiate macropino-
some formation (10, 18). Furthermore, PI(4,5)P2 is a substrate 
for phospholipase C, which produces two important signaling 
molecules: diacylglycerol (DAG) and inositol trisphosphate (IP3) 
(17). Recent studies by our lab and others have demonstrated 
that DAG-mediated protein kinase C (PKC) activation in mac-
rophages plays an important role in macropinocytosis (15, 17). 
The PKC family has been categorized into three groups, namely 
the DAG/Ca2+-dependent classical (α, β, and γ), DAG-dependent 
novel (δ, ε, η, and θ), and DAG/Ca2+-independent atypical (λ, 
ι, μ, and ζ) PKC isoforms. Importantly, the PKC isoforms dif-
fer in their mechanism of activation, substrates, and signaling 
in the cell (19–21). The specific PKC isoform(s) mediating DC 
macropinocytosis of antigens and the signaling mechanisms 
downstream of PKC leading to macropinocytosis are currently 
unknown.

The NADPH oxidases (Noxs) are transmembrane proteins 
that transfer electrons across biological membranes to reduce 
oxygen to superoxide anion ( )O2

•−  or its dismuted form, hydro-
gen peroxide (H2O2) (22). The Nox family consists of seven 
members, namely Nox1–Nox5, dual oxidase (DUOX) 1, and 
DUOX2. Nox2, the prototype isoform of the Nox family, consists 
of flavocytochrome b558, an integral membrane heterodimer 
comprising gp91phox and p22phox, and four cytoplasmic protein 
subunits: p47phox, p67phox, p40phox, and Rac1 (23). Nox2 is dormant 
in resting cells and becomes rapidly activated on stimulation 
by growth factors, cytokines, and phorbol esters (15, 24–26). 
During activation, PKC mediates phosphorylation of p47phox, 
leading to its translocation to the catalytic core of Nox2 along 
with the cytosolic subunits, followed by NADPH-mediated 
electron transfer and O2

•− generation (26). Although signal 
transduction mediators upstream of Nox2 activation, such as 
PKC and Rac1, play an important role in macropinocytosis (10) 
and Nox2 activators also stimulate macropinocytosis (13, 15, 
26, 27), the role of Nox2 in DC macropinocytosis has not been 
previously investigated.

The goal of the present study was to identify the specific PKC 
isoform(s) involved in DC macropinocytosis. We also tested 
the hypothesis that Nox2 activation downstream of PKC con-
tributes to DC macropinocytosis of antigens, leading to their 
maturation and secretion of T- cell stimulatory cytokines. The 
data shown herein demonstrate the involvement of a previously 
unidentified mechanism by which DAG-inducible PKCδ via 
stimulation of Nox2 activity promotes DC macropinocytosis 
of antigens. PKCδ–Nox2-mediated antigen macropinocytosis 
induced MHC II translocation to the membrane, increased 
expression of CD86, and secretion of various T-cell stimulatory 
cytokines. These findings may be relevant for various immune 
disorders involving elevated uptake of antigens by DC, and 
ultimately leading to enhanced T-cell-mediated inflammatory 
responses.
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MaTerials anD MeThODs

reagents and antibodies
Mouse recombinant granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), interleukin-4 (IL-4), recombinant murine 
FLT3-Ligand (FLT3L) and HGF were obtained from Peprotech 
(Rocky Hill, NJ, USA). FM™ 4-64 Dye and Alexa Fluor 488- 
conjugated ovalbumin (OVA) was procured from Molecular 
Probes (Eugene, OR, USA). Calphostin C, superoxide dis-
mutase (SOD), diphenyleneiodonium chloride (DPI), LY294002, 
5-(N-ethyl-N-isopropyl) amiloride (EIPA), phorbol 12-myristate 
13-acetate (PMA), cytochalasin D, lipopolysaccharide (LPS), and 
OVA were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Protease and phosphatase inhibitor cocktail tablets were pur-
chased from Roche Diagnostics GmbH (Mannheim, Germany). 
FITC-OVA and dihydroethidium (DHE) were obtained from 
Thermofisher Scientific (Grand Island, New York, NY, USA). 
EUK-134 was purchased from Cayman Chemical (Ann Arbor, 
MI, USA). L-012 was obtained from Wako Chemicals (Richmond, 
VA, USA). PE/Cy7-CD11c (clone N418), APC-CD11c (clone 
N418), FITC-MHCII (clone M5/114.15.2), APC-CD86 (clone 
GL1) monoclonal antibodies, and respective isotype controls were 
purchased from Thermofisher Scientific.

animals
All experimental protocols were approved by the Institutional 
Animal Care and Use Committee of Augusta University and 
conducted in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. Eight- to 
ten-week-old male, C57BL/6 (wild type) and Nox2y/− mice were 
purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 
Breeding pairs of PKCδ+/− mice (kindly provided by Dr. Zheng 
Dong, Augusta University, USA), were used to generate PKCδ+/−, 
PKCδ−/−, and PKCδ+/+ mice. Mice were housed at constant 
temperature (21–23°C) with ad libitum access to standard rodent 
chow and water, and were maintained in 12 h light-dark cycles. 
Mice were anesthetized (isoflurane inhalation, 3%) and sacrificed 
by cervical dislocation and exsanguination.

generation of Mouse Bone Marrow-
Derived immature Dendritic cells 
(BMiDcs) and isolation of splenic Dcs
Bone Marrow-Derived Immature Dendritic Cells
The femur and tibia of sacrificed mice were cleaned of adher-
ent muscle and connective tissue. Bone marrow was flushed 
from bone marrow cavities using a 27-gauge needle syringe 
containing Harvest Buffer [phosphate-buffered saline (PBS) and 
2% heat-inactivated FBS] (28). Cells were plated in RPMI-1640 
medium containing 10% FBS and differentiated into DCs with 
GM-CSF (20 ng/mL) and IL-4 (2 ng/mL) for 7 days. After 7 days, 
non-adherent and loosely attached cells were collected by gentle 
washing and used for experiments. For FLT3L-iDCs, mouse 
bone marrow cells were differentiated in complete RPMI-1640 
medium containing 200 ng/mL mouse recombinant FLT3L for 
9 days without disturbing (29). iDCs were identified by CD11c 
positivity, low- to intermediate expression of MHC II, and low 

expression of CD86. LPS (500 ng/mL, 24 h), a known inducer of 
DC maturation, was used to validate the immature phenotype of 
differentiated DCs.

Splenic DCs
Isolated mouse spleens were minced and digested with collagenase/
dispase solution (collagenase: 0.1  U/mL, dispase: 0.8  U/mL)  
(Roche Diagnostics Corporation, Indianapolis, IN, USA) for 
45  min at 37°C. After digestion, the cell suspension was filtered 
through a 70-µm cell strainer and CD11c+ cells were isolated using 
mouse CD11c MicroBeads (Miltenyi Biotec Inc. Auburn, CA, 
USA) according to the manufacturer’s instructions.

Flow cytometry
Splenic DCs and BMiDCs were incubated with FITC-OVA 
(50  µg/mL; 45,000  MW) in the presence and absence of PMA 
(1  µM) for 1 and 5  h, respectively. In separate experiments, 
BMiDCs were incubated with vehicle or HGF (100 ng/mL) and 
FITC-OVA internalization was investigated. After the incubation 
time, cells were washed twice with ice-cold PBS, stained with 
PE/Cy7- or APC-labeled CD11c (or respective isotype controls) 
monoclonal antibodies, fixed in 2% paraformaldehyde (PFA), 
resuspended in fluorescence-activated cell sorting (FACS) buffer 
(2% BSA and 0.01% sodium azide in PBS) and analyzed using 
a Becton Dickinson FACSCalibur flow cytometer. CD11c+ cells 
were gated and analyzed for FITC-OVA uptake.

confocal Microscopy
Bone marrow-derived immature dendritic cells were plated on 
poly-d lysine-coated glass bottom dishes and allowed to adhere 
for 90 min. Cells were incubated with FM™ 4-64 (5 µg/mL, 10 min) 
to label the plasma membrane and treated with Alexa Fluor 488-
OVA (50 µg/mL; 45,000 MW). Macropinocytosis was stimulated 
by incubation with PMA (1 µM, 30 min). Accumulation of Alexa 
Fluor 488-OVA in membrane-derived macropinosomes was 
visualized using a Zeiss 780 inverted confocal microscope in  
live cells.

In separate experiments, BMiDCs were treated with FITC-
OVA, incubated with vehicle or PMA for 5 h, and centrifuged at 
300 × g for 10 min to sediment on gelatin-coated coverslips. Cells 
were fixed in 2% PFA, permeabilized with 0.1% Triton X-100, 
and stained with TRITC-phalloidin (Sigma-Aldrich, St. Louis, 
MO, USA) and Hoechst 33342 (Life Technologies, Grand Island, 
NY). Images were captured using a Zeiss 780 inverted confocal 
microscope. Image fluorescence analysis was performed with the 
NIH Image J software.

real-Time Pcr
Total RNA was isolated using the RNA purification kit from IBI 
Scientific (Peosta, IA, USA). The TaqMan® Reverse Transcriptase 
kit (Applied Biosystems, Carlsbad, CA, USA) was used to gener-
ate complementary DNA from 500 ng of RNA template as per the 
manufacturer’s instructions. Real-time PCR was performed using 
SYBR Green Supermix (Applied Biosystems). All amplification 
reactions were performed in triplicate, and GAPDH was used as 
internal control. The primer sequences used for real-time PCR 
are shown in Table S1 in Supplementary Material.
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Western Blot
Western blotting was performed as previously described using 
the Odyssey CLx Infrared Imaging System (Li-Cor Biosciences) 
(30). The membranes were probed with the following primary 
antibodies: phospho-PKCδ (tyr311), total PKCδ, and GAPDH. 
Phospho-PKCδ (tyr311) was obtained from Cell Signaling 
Technology (Danvers, MA, USA). Total PKCδ and anti-GAPDH 
antibodies were procured from Santa Cruz Biotechnology 
(Dallas, TX, USA). The IRDye-conjugated secondary antibodies 
(Li-Cor Biosciences) were used to detect the primary antibodies.

reactive Oxygen species (rOs) 
Measurement
L-012 Chemiluminescence
L-012 (400 μM, Wako Chemicals), a luminol-based chemilumi-
nescent probe, was used to determine O2

•− generation as described 
previously (15). Fifty thousand CD11c+ BMiDCs were plated in 
white flat bottom 96-well microplates in sterile PBS and superox-
ide production by stimulated by PMA (1 µM). The chemilumi-
nescence signal was measured every 2 min for 2 h at 37°C using 
a Clariostar Monochromator Microplate Reader (BMG Labtech, 
Cary, NC, USA). The specificity of L-012 for O2

•− was confirmed 
by the addition of SOD (150 U/mL).

Dihydroethidium
CD11c+ BMiDCs were plated in 24-well plates and preincubated 
with 5  µM DHE for 30  min at 37°C. Cells were treated with 
vehicle or PMA (1  µM) for 30  min. The reaction was stopped 
by placing the culture plate on ice. The cells were washed twice 
with ice-cold PBS, fixed in 2% PFA, and fluorescence (excitation/
emission: 518 nm/605 nm) was measured using flow cytometry.

Maturation of Dcs
Dendritic cells were treated with vehicle  +  unlabeled OVA 
(50 µg/mL), PMA (1 µM) + OVA, or PMA alone for 24 h. DCs 
were then washed twice with ice-cold PBS and stained with PE/
Cy7-CD11c, FITC-MHC II, and APC-CD86 monoclonal anti-
bodies or respective isotype controls for 30 min at 4°C. FACS 
analysis was performed to determine CD86 and MHCII expres-
sion in CD11c+ iDCs.

Proinflammatory cytokine gene 
expression and cytokine secretion
CD11c+ BMiDCs/splenic iDCs were incubated with vehicle or 
treated with PMA in the presence or absence of OVA for 24 h. Cells 
were harvested and used to determine mRNA levels of various 
cytokines using real-time PCR. Cytokine secretion into the media 
was quantified using the LEGENDplex™ (mouse inflammation 
panel) bead-based immunoassay (BioLegend, San Diego, CA, 
USA) according to the manufacturer’s instructions. Data were 
acquired using four-color BD FACSCalibur (BD Biosciences, 
San Jose, CA, USA) and analyzed using the LEGENDplex Data 
Analysis software (BioLegend).

statistical analysis
The data are expressed as mean  ±  SD. Statistical analysis was 
performed using GraphPad Prism (La Jolla, CA, USA). Student’s 

t-test and one- or two-way ANOVA, followed by a Bonferroni 
post hoc test, were used as appropriate for the particular experi-
ment and treatment groups. A p-value less than 0.05 was consid-
ered statistically significant.

resUlTs

PKc Promotes Macropinocytosis of 
antigens in stimulated iDcs
Although previous studies demonstrated that DCs use macro-
pinocytosis to internalize antigens (5, 31), the signaling 
mecha nisms involved remain poorly understood. iDCs were 
characterized by high-level expression of CD11c (CD11c+), 
low- to intermediate-level expression of MHC II, and low-level 
expression of CD86 (Figures S1 and S2 in Supplementary 
Material). LPS from Escherichia coli, a known DC matura-
tion agent, was used as a positive control to determine the 
maturation status of DCs. FACS analysis demonstrated that 
PMA treatment stimulated internalization of fluorescent OVA in 
wild-type (WT) BMiDCs compared to vehicle-treated controls 
(Figure 1A). Gating strategy for FACS analysis is shown in Figure  
S1 in Supplementary Material. PMA-induced internalization 
of OVA was confirmed by confocal laser scanning microscopy 
(Figure 1B). Membrane ruffle formation and internalized Alexa 
Fluor 488-OVA in membrane-derived macropinosomes (~2–3 µm 
in diameter) following PMA treatment indicate macropinocyto-
sis as the endocytic mechanism responsible for antigen uptake 
(Figure 1C). Macropinocytosis is pharmacologically character-
ized by its sensitivity to inhibitors of actin polymerization (32, 33), 
PI3K (30, 34), and sodium–hydrogen (Na+/H+) exchangers (15, 
35). As shown in Figures 1D,E and Figure S3 in Supplementary 
Material, preincubation of BMiDCs with the actin perturbant, 
cytochalasin D (1 µM, 30 min), PI3K inhibitor, LY294002 (10 µM, 
30 min), and Na+/H+ blocker, EIPA (25 µM, 30 min) completely 
blocked PMA-induced antigen internalization. Taken together, 
these data demonstrate that PMA stimulates internalization of 
antigens in DCs via macropinocytosis. Next, we investigated the 
role of PKC in DC macropinocytosis. BMiDCs were preincubated 
with vehicle or calphostin C (100 nM, 30 min), an inhibitor of 
classical and novel PKC isoforms (36), and macropinocytosis was 
stimulated using PMA. As shown in Figures 1F,G, calphostin C 
pretreatment inhibited PMA-stimulated macropinocytosis. To 
confirm the physiological importance of PKC in macropinocy-
tosis, BMiDCs were incubated with HGF (100  ng/mL, 5  h), a 
physiologically relevant stimulator of macropinocytosis (13) and 
OVA uptake was analyzed by FACS analysis. HGF-stimulated 
OVA internalization in BMiDCs was inhibited by calphostin C 
pretreatment (100 nM, 30 min) (Figure 1H). These data demon-
strate that activation of PKC in iDCs is required for stimulated 
macropinocytosis of OVA.

PKcδ activation Plays a critical role in 
Macropinocytosis of antigens by iDcs
To identify the potential PKC isoform(s) involved in DC 
macropinocytosis, we first examined mRNA expression of clas-
sical and novel PKC isoforms in WT CD11c+ BMiDCs using 
real-time PCR. As shown in Figure  2A, the DAG-dependent 
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FigUre 1 | Protein kinase C activation promotes macropinocytosis of antigens in stimulated immature DCs (iDCs). (a) Wild-type (WT) bone marrow-derived 
immature dendritic cells (BMiDCs) were incubated with FITC-OVA (50 µg/mL; 45,000 MW) and treated with or without phorbol 12-myristate 13-acetate (PMA, 1 µM) 
for 5 h. Cells were stained with PE/Cy7-conjugated CD11c (or respective isotype control) monoclonal antibodies, fixed in 2% paraformaldehyde, and FITC 
fluorescence analyzed in PE/Cy7-gated CD11c+ cells using a Becton Dickinson FACSCalibur flow cytometer. Gating strategy for flow cytometry analysis is shown in 
Figure S1 in Supplementary Material. Bar diagram shows the mean fold change in percentage of FITC fluorescence+ cells among CD11c+ population (n = 7). (B) WT 
CD11c+ BMiDC were incubated with FITC-OVA (50 µg/mL, green) and stimulated with vehicle or PMA (1 µM) for 5 h. Cells were fixed in 2% PFA, and stained with 
TRITC-phalloidin (red) and Hoechst 33342 (blue). Images were taken using a Zeiss 780 inverted confocal microscope (63×). Similar findings have been observed in 
three independent experiments. Scale bar: 5 µm. Bar diagram represents quantified mean FITC fluorescence normalized to cell area in vehicle- and PMA-treated 
cells. (c) WT CD11c+ BMiDCs were treated with PMA (1 µM) for 30 min and incubated with the plasma membrane dye FM™ 4-64 (green) and Alexa Fluor 488-OVA 
(AF-OVA, 50 µg/mL, red) for 10 min. Live cell imaging was performed using a Zeiss 780 inverted confocal microscope. Yellow arrows indicate membrane ruffles, 
white arrows indicate membrane-derived macropinosomes, and blue arrows point to internalized extracellular solutes in macropinosomes. Images are representative 
of three independent experiments. Scale bar: 5 µm. (D) WT BMiDC were preincubated with vehicle, cytochalasin D (Cyto. D, 1 µM, 30 min) or LY294002 (10 µM, 
30 min), treated with PMA (1 µM), and incubated with FITC-OVA for 5 h. FITC-OVA uptake was analyzed by fluorescence-activated cell sorting (FACS) (n = 3).  
(e) WT BMiDC were preincubated with vehicle or EIPA (25 µM) for 30 min, and challenged with PMA (1 µM, 5 h) in the presence of FITC-OVA. FITC-OVA 
internalization was analyzed by FACS (n = 5). (F,g) WT BMiDC were preincubated with vehicle or calphostin C (Calp. C, 100 nM, 30 min), treated with PMA, and 
FACS was performed as described above (n = 3). (h) WT BMiDC were preincubated with vehicle or calphostin C (Calp. C, 100 nM, 30 min), treated with HGF 
(100 ng/mL) in the presence of FITC-OVA for 5 h and FACS was performed to analyze FITC-OVA internalization. Bar diagram represents the mean fold change in 
FITC fluorescence+ cells (n = 3). Data represent the mean ± SD. *p < 0.05 vs. vehicle, #p < 0.05 vs. PMA/HGF.
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FigUre 2 | PKCδ activation mediates macropinocytosis of antigens by iDCs. (a) WT CD11c+ BMiDCs were subjected to qRT-PCR to determine mRNA expression 
of classical and novel protein kinase C (PKC) isoforms. GAPDH was used as an internal control. The transcript levels were calculated using delta–delta-CT method. 
Bar graph represents mRNA levels of classical and novel PKC isoforms in comparison to PKCθ (gene with lowest expression). Data represent the mean ± SEM. 
*p < 0.05 vs. PKCθ. (B) WT BMiDCs were treated with vehicle or PMA (1 µM) for 30 min. Cell lysates were used for Western blot analysis of phospho- PKCδ 
(tyr311), total PKCδ, and GAPDH protein expression. Representative Western blot images are shown. Bar graph represents averaged protein levels determined 
using densitometric analysis and expressed as a ratio of phospho- to total PKCδ (n = 6). (c) CD11c+ BMiDCs from three PKCδ+/+, PKCδ+/−, and PKCδ−/− mice were 
pooled and Western blot was performed with cell lysates to validate deletion of PKCδ in DCs. (D) PKCδ+/+, PKCδ+/−, and PKCδ−/− BMiDC were incubated with 
FITC-OVA (50 µg/mL) with or without PMA (1 µM) for 5 h. FITC fluorescence was analyzed using a Becton Dickinson FACSCalibur flow cytometer. (e) Bar diagram 
shows the fold change in mean FITC fluorescence+ cells among CD11c+ PKCδ+/+, PKCδ+/−, and PKCδ−/− DCs (n = 6). (F) PKCδ+/+ and PKCδ−/− BMiDC were 
preincubated for 30 min with EIPA (25 µM), and treated with hepatocyte growth factor (HGF, 100 ng/mL) for 5 h in the presence of FITC-OVA. FITC-OVA 
internalization was analyzed by fluorescence-activated cell sorting (FACS) (n = 4). (g) WT CD11c+ splenic iDCs were subjected to qRT-PCR for determination of 
various PKC isoforms. GAPDH was used as an internal control. Bar graph represents mRNA levels of PKC isoforms in comparison to PKCθ (gene with lowest 
expression). Data represent the mean ± SEM. *p < 0.05 vs. PKCθ. (h) Splenic iDCs from PKCδ+/+ and PKCδ−/− mice were treated as described in Figure 2D for 1 h, 
and FITC fluorescence analyzed using FACS (n = 3). Data represent the mean ± SD. *p < 0.05 vs. vehicle, and #p < 0.05 vs. PKCδ+/+ PMA/HGF.
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novel PKC isozyme, PKCδ, is the dominant PKC isoform in 
BMiDCs. Western blot results show that incubation of BMiDCs 
with PMA (1  µM, 30  min) activates PKCδ as demonstrated 
by its increased Tyr311 phosphorylation (Figure  2B) (37). To 
determine the functional role of PKCδ in DC macropinocytosis, 
we evaluated the ability of BMiDCs derived from WT PKCδ+/+ 
controls, heterozygous PKCδ+/−, and homozygous PKCδ−/− mice 
to internalize antigens following PMA stimulation. The genotype 
of mice was confirmed by PCR analysis of genomic DNA (Figure 
S4 in Supplementary Material). PKCδ deletion in BMiDCs was 
confirmed by Western blotting (Figure 2C). FACS data demon-
strated that PMA-induced antigen internalization is significantly 
attenuated in both PKCδ+/− and PKCδ−/− BMiDCs compared to 
PKCδ+/+ controls (Figures 2D,E). To test the physiological rel-
evance of PKCδ in antigen macropinocytosis in iDCs, PKCδ+/+ 
and PKCδ−/− BMiDCs were incubated with HGF (100  ng/mL, 
5  h) and FITC-OVA internalization was investigated. HGF-
stimulated internalization of FITC-OVA in PKCδ+/+ iDCs, how-
ever, we observed no stimulation in PKCδ−/− iDCs (Figure 2F). 
The macropinocytosis inhibitor EIPA (25 µM, 30 min) abolished 
HGF-induced FITC-OVA uptake in PKCδ+/+ iDCs confirming 
the uptake mechanism as macropinocytosis. Consistent with our 
results in BMiDCs, RT-PCR experiments demonstrate that PKCδ 
is the dominant PKC isoform expressed in wild-type CD11c+ 
splenic and FLT3L-differentiated BM-derived DCs (Figure 2G; 
Figure S5A in Supplementary Material). Similar to BMiDCs, 
PMA stimulated FITC-OVA internalization in CD11c+ PKCδ+/+ 
splenic iDCs, but not in PKCδ−/− splenic iDCs (Figure 2H). Taken 
together, these results suggest for the first time that stimulated 
iDC macropinocytosis involves PKCδ activation.

Stimulation of Nox2 Activity Facilitates 
Macropinocytosis of Antigens in iDCs
As stimulation of PKC with phorbol esters and growth factors 
phosphorylates the Nox organizer subunit p47phox, leading to 
Nox2 activation and subsequent O2

•− generation (26, 27, 38, 39), 
we postulated that (a) O2

•− is involved as a signaling molecule 
in iDC macropinocytosis and (b) Nox2 activation contributes 
to antigen macropinocytosis by iDCs. Interestingly, a recent 
study by our laboratory has demonstrated the role of Nox2 in 
macrophage macropinocytosis of native LDL, leading to lipid 
accumulation and foam cell formation (15). To our knowledge, 
no prior studies have investigated the role of Nox enzymes 
and O2

•− generation in DC macropinocytosis. Pretreatment of 
BMiDCs with diphenyleneiodonium (DPI; 10  µM, 30  min), a 
flavoenzyme inhibitor of Nox enzymes and other oxidases, and 
EUK-134 (10 µM, 30 min), a cell-permeable O2

•− scavenger, inhib-
ited PMA-induced antigen macropinocytosis (Figure  3A). As 
shown in Figure 3B, Figures S5B,C in Supplementary Material, 
Nox2 is the most highly expressed Nox isoform in GM-CSF/
IL-4- and FLT3L-differentiated murine BMiDCs and splenic 
iDCs [Nox5 is not expressed in rodents (40)]. No significant 
difference was observed in Nox2 expression between PKCδ+/+ 
and PKCδ−/− BMiDCs (Figure S5D in Supplementary Material). 
Control experiments also demonstrated that PKCδ expression 
in Nox2y/+ and Nox2y/− BMiDCs is not different (Figure S5E in 
Supplementary Material). L-012 chemiluminescence and DHE 

fluorescence assays demonstrate that treatment of WT (Nox2y/+) 
iDCs with PMA stimulates O2

•− generation, but there was no induc-
tion in Nox2y/− iDCs (Figures 3C,D; Figure S6 in Supplementary 
Material). Furthermore, time-course L-012 chemiluminescence 
experiments demonstrate that Nox2-derived O2

•− generation 
precedes or occurs concomitantly with PMA-induced PKCδ 
Tyr311 phosphorylation in iDCs (Figures S7A,B in Supplementary 
Material). The specificity of L-012 for O2

•− was confirmed by the 
addition of SOD (150 U/ml) (not shown). The functional role of 
PKCδ in PMA-induced O2

•− generation is demonstrated in Figure 
S7C in Supplementary Material.

To investigate the role of Nox2 in DC macropinocytosis of 
antigens, we treated splenic iDCs and BMiDCs isolated from WT 
and Nox2 knockout mice with fluorescently labeled OVA, stimu-
lated cells with PMA and analyzed fluorescence using FACS. As 
shown in Figure 3E and Figure S8 in Supplementary Material, 
PMA-induced antigen accumulation was significantly attenuated 
in both Nox2y/− splenic and BM-derived iDCs compared to WT 
controls. Finally, loss of Nox2 in BMiDCs inhibited HGF-induced 
macropinocytosis of antigens (Figure 3F). Taken together, these 
observations suggest that the PKCδ/Nox2/O2

•− signaling pathway 
plays an important role in antigen macropinocytosis by iDCs.

PKcδ- and nox2-Mediated antigen 
Macropinocytosis Facilitates Maturation 
of iDcs
Immature DCs internalize antigens and present the processed 
antigenic peptides loaded on MHC II molecules to naïve T-cells 
in lymphoid organs to initiate adaptive immune responses  
(41, 42). During this process, iDCs acquire a phenotype of 
mature DCs, which includes translocation of MHC II from 
intracellular endocytic compartments to the plasma membrane 
and increased surface expression of costimulatory molecules, 
such as CD86 (43). Next, we sought to investigate whether 
PKCδ–Nox2-mediated macropinocytosis of antigens by iDCs 
stimulates their maturation into mature and antigen-presenting 
DCs. PMA treatment in the presence of OVA stimulated 
plasma membrane expression of MHC II and CD86 in WT 
DCs, demonstrating that antigen macropinocytosis induces 
DC maturation (Figures 4A,D). Importantly, the results of our 
FACS analysis also indicate that PMA in the presence of OVA  
did not stimulate MHC II and CD86 plasma membrane expres-
sion in PKCδ−/− and Nox2y/− DCs (Figures 4B,C,E,F). Altogether, 
these data suggest that iDCs derived from PKCδ−/− and 
Nox2y/− mice have reduced maturation and antigen-presenting 
capacity due to their attenuated ability to internalize antigens via 
macropinocytosis.

PKcδ- and nox2-Mediated antigen 
Macropinocytosis Plays an important  
role in Dc secretion of T-cell- 
regulatory cytokines
The antigen-specific T-cell receptor-mediated signaling, the co-
stimulatory signals-mediated by DC CD80/CD86, and soluble 
cytokines secreted by DCs determine T-helper cell polarization 
and the functional consequences of antigen internalization (44). 
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FigUre 3 | Nox2 activation induces macropinocytosis of antigens in iDCs. (a) WT BMiDCs were preincubated with EUK-134 (10 µM) or DPI (10 µM) for 30 min, 
and treated with PMA (1 µM) in the presence of FITC-OVA for 5 h. Percentage of CD11c+ FITC-OVA+ cells was analyzed by fluorescence-activated cell sorting 
(FACS) (n = 3). (B) qRT-PCR was used to determine mRNA expression of Nox1, Nox2, Nox3, and Nox4 in iDCs. GAPDH was used as an internal control. Data are 
representative of three independent experiments done in triplicate. (c) Nox2y/+ and Nox2y/− BMiDCs were treated with vehicle or PMA (1 µM) and O2

•− production was 
monitored using L-012 chemiluminescence (n = 3). (D) Intracellular O2

•− production in vehicle and PMA-treated Nox2y/+ and Nox2y/− BMiDCs was measured using 
dihydroethidium (DHE, 5 µM, 30 min.). Dihydroethidium (DHE) fluorescence was determined using fluorescence-activated cell sorting (FACS) analysis. Representative 
FACS histograms and bar graph are shown (n = 3). (e,F) Nox2y/+ and Nox2y/− splenic (e) and BMiDCs (F) were incubated with vehicle, PMA, or HGF in the presence 
of FITC-OVA. FITC fluorescence was analyzed using FACS (n = 4). Data represent the mean ± SD. *p < 0.05 vs. vehicle and #p < 0.05 vs. Nox2y/+ PMA/HGF.
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DCs secrete TH1-cell-polarizing factors, such as interleukin 
(IL)-12, interferons (IFNs) (44), TNF-α (45), and IL-27 (46). TH2 
cell polarizing factors include monocytic chemotactic protein 1 
(MCP1, also known as CCL2) and OX40 ligand (44); and IL-6, 
TGF-β, IL-1 (47), and IL-23 (48, 49) are known as TH17-cell-
inducing cytokines. Hence, we next investigated the ability of 
DCs to produce various T-cell polarizing cytokines following 
PKCδ/Nox2-mediated antigen macropinocytosis. As shown in 
Figures  5A–C, OVA macropinocytosis stimulated secretion of 
IL-1α, TNF-α, and IFN-β proteins in WT iDCs. IL-1α, TNF-α, and 
IFN-β secretion by PKCδ−/− and Nox2y/− iDCs was significantly 
decreased compared to WT controls (Figures 5A–C). Similarly, 
IL-6 mRNA levels were stimulated by OVA macropinocytosis in 
WT, but not in PKCδ−/− and Nox2y/−, iDCs (Figure 5D). Levels 

of IL-1β, IL-10, IL-12p70, IL-23, IL-27, IL-17A, and IFN-γ 
cytokines were also examined in cell culture supernatant, but we 
found either no stimulation of these cytokines following OVA 
macropinocytosis or were undetectable (data not shown). These 
changes in cytokines were also confirmed employing CD11c+ 
splenic DCs from WT, PKCδ−/−, and Nox2y/− mice. As shown in 
Figures 5E–G PMA-stimulated OVA macropinocytosis induced 
mRNA expression of IL-6, TNF-α, and IL-1α in WT splenic DCs; 
however, there was no increase in cytokine levels in PKCδ−/− 
and Nox2y/− splenic DCs. Overall, these data demonstrate that 
PKCδ- and Nox2-mediated macropinocytosis of antigens plays 
an important role in DC secretion of TH1- and TH17-cell polar-
izing cytokines and may influence downstream T-cell function 
and signaling.
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FigUre 4 | PKCδ- and Nox2-mediated antigen macropinocytosis stimulates maturation of iDCs. WT (C57BL/6J), PKCδ−/−, and Nox2y/− BMiDCs were treated with 
vehicle + unlabeled OVA (50 µg/mL), PMA (1 µM) + OVA, or PMA alone for 24 h. FACS analysis was performed to determine CD86 (a–c) and MHCII (D–F) 
expression in CD11c+ iDCs. Bar graphs show fold changes in the percentage of CD86high/MHCIIhigh cells compared to “vehicle + OVA” treatment (n = 3). Data 
represent the mean ± SD. *p < 0.05 vs. vehicle + OVA, #p < 0.05 vs. PMA + OVA.
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DiscUssiOn

Dendritic cell macropinocytosis is a major mechanism of 
receptor-independent and indiscriminate sampling of extracel-
lular proteins for antigen presentation (4, 5). Although our 
knowledge of the regulatory mechanisms in macropinocytosis 
has greatly increased in recent years (10, 31, 50), the precise 
signaling pathways responsible for the initiation and completion 
of DC macropinocytosis remain unknown. The present study 
demonstrates for the first time that PKCδ-mediated Nox2 
activation stimulates DC macropinocytosis of antigens, lead-
ing to their maturation and secretion of specific inflammatory 
cytokines that may influence T-helper cell polarization and 
adaptive immunity. As such, these results may contribute to a 
better understanding of antigen macropinocytosis in DCs and 
downstream regulation of adaptive immune responses.

Recent studies by our lab and others have demonstrated that 
DAG-induced activation of PKC in macrophages stimulates 
macropinocytosis (15, 17). However, the role of PKC in DC macro-
pinocytosis is currently unknown. The goal of the present study 
was to examine whether PKC activation stimulates DC macropi-
nocytosis and, if so, to investigate the particular PKC isoform(s) 
involved and downstream signaling mechanisms leading to 
macropinocytosis. The members of PKC family are classified into 
three groups on the basis of their structure and cofactor require-
ments. Classical PKCs (α, β, and γ) are activated by DAG and Ca2+, 

novel PKCs (δ, ε, η, and θ) require only DAG for activation, while 
atypical PKC isoforms (λ, ι, μ, and ζ) are DAG-/Ca2+-independent 
enzymes (51, 52). Classical PKC isoforms contain tandem C1A/
C1B motifs that bind DAG and a C2 domain that binds anionic 
phospholipids in a calcium-dependent manner. Novel PKCs also 
contain twin C1A/C1B domains and a C2 domain; however, the 
positions of the C1A/C1B and C2 domains are switched and novel 
PKC C2 domains do not bind calcium (53). Previous studies 
reported that growth factors and phorbol esters stimulate activa-
tion of DAG-dependent PKCs and peripheral actin reorganization  
(54, 55), suggesting a potential role for classical and/or novel PKC 
isoforms in DC macropinocytosis. To investigate the role of PKCs 
in DC macropinocytosis, we first pretreated iDCs with calphostin 
C, a known inhibitor of classical and novel PKCs, incubated cells 
with fluorescently labeled OVA and stimulated macropinocyto-
sis. FACS data indicated that calphostin C inhibited both growth 
factor (HGF)- and phorbol ester-induced antigen internalization, 
suggesting a role of classical or novel PKC isoforms in DC macro-
pinocytosis. The qRT-PCR experiments identified PKCδ as the 
dominant PKC isoform in FLT3L- and GM-CSF/IL-4-induced 
BMiDCs and splenic iDCs. Next, we investigated the role of PKCδ 
in DC macropinocytosis of OVA. Our results demonstrated that 
loss of PKCδ in iDCs completely inhibited OVA macropino-
cytosis in response to HGF- and PMA-treatments. These data 
indicate the role of novel PKC isoform, PKCδ as a signaling 
molecule in stimulated DC macropinocytosis. Consistent with 
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FigUre 5 | PKCδ- and Nox2-mediated antigen macropinocytosis regulates DC secretion of T-cell regulatory cytokines. (a–c) Wild-type (WT) (C57BL/6J), 
PKCδ−/− and Nox2y/− BMiDCs were treated with vehicle or PMA in the presence of unlabeled OVA (50 µg/mL) or PMA alone for 24 h. Cell culture supernatants were 
collected and levels of secreted cytokines determined using LEGENDplex™ bead-based immunoassay assay. Bar graphs show fold changes in cytokine secretion 
compared to “vehicle + OVA” treatment. Data are representative of three independent experiments and values are expressed as mean ± SD. (D) BMiDCs were 
treated as described above. The mRNA levels of IL-6 were determined by qRT-PCR. Bar graphs show fold change in the expression of IL-6 compared to 
“vehicle + OVA” treatment (n = 3) and data represent the mean ± SD. (e–g) WT, PKCδ−/−, and Nox2y/− CD11c+ splenic iDCs were treated with vehicle + OVA, 
PMA + OVA, or PMA alone for 24 h. The mRNA levels of cytokines were determined by qRT-PCR. Data are representative of three independent experiments 
performed in triplicate and represent the mean ± SEM. Bar graphs show fold change in the expression compared to “vehicle + OVA” treatment. *p < 0.05 vs. 
vehicle + OVA, and @p < 0.05 vs. WT PMA + ova.
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our observations, previous studies demonstrated that rottlerin, 
which has been used as a PKCδ inhibitor, inhibit virus-induced 
macropinocytosis in endothelial cells (56) and attenuate parasite 
macropinocytosis by macrophages (57). It is important to add, 
however, that a number of studies questioned the selectivity 
of rottlerin as a PKCδ inhibitor and reported that it inhibits 
other kinases and non-kinase proteins and not PKCδ (58–60). 
Interestingly, previous findings also suggest a potential role of 
classical PKCs in macrophage and cancer cell macropinocytosis. 
Welliver and Swanson showed that PKCα levels are increased in 
macropinocytotic cups in macrophages following M-CSF stimu-
lation (61). A more recent study by Yamamoto et  al. reported 
that phorbol ester-induced macropinocytosis is inhibited in 
cancer cells expressing a mutant PKCγ isoform (62). We speculate 
that differences between these studies and our present work are 
related to the cell types used to study macropinocytosis, different 
PKC isoform expression, and differences in the mechanisms of 
macropinocytosis stimulation.

Phorbol esters mimic endogenously produced DAG and 
stimulate PKC activation, leading to a robust and long-lasting 
activation of Nox2 in phagocytes (24). Similarly, growth factors 
and M-CSF are known to stimulate Nox2-derived O2

•− generation 
via PKC activation (15, 27, 39). Although these Nox2 activators 
are considered as the prototype stimulators of macropinocytosis, 
information regarding the role of Nox enzymes in DC macro-
pinocytosis and downstream redox regulation of the multistep 
signaling process leading to macropinosome formation remains 
scant. To address this gap in knowledge, we investigated whether 
Nox-derived ROS in DCs contribute to stimulation of macropi-
nocytosis in response to phorbol ester and growth factor treat-
ments. The qRT-PCR data demonstrated that Nox2 is the major 
Nox isoform expressed in both BMiDCs (FLT3L- or GM-CSF/
IL-4-induced) and bonafide splenic iDCs. Consistent with the 
role of Nox2 as the major source of ROS in DCs, two independent 
O2

•− detection techniques (L-012 chemiluminescence and DHE 
fluorescence) demonstrated that PMA-induced O2

•− production is 
significantly inhibited in Nox2 knockout iDCs compared to WT 
controls. It is important to note that increased DHE fluorescence 
in PMA-treated WT, but not in PKCδ−/− or Nox2y/− iDCs indicate 
that PKCδ-mediated Nox2 activation stimulates intracellular 
O2

•− generation. Next, we demonstrated that DPI, a promiscu-
ous inhibitor of flavin-containing oxidases, and EUK-134, a 
membrane-permeant O2

•− scavenger, inhibited antigen uptake in 
iDCs, suggesting a potential role for Nox and intracellular O2

•− 
signaling in macropinocytosis. To further extend these findings 
and to use a more specific approach, we incubated WT and Nox2 
knockout splenic and bone marrow-derived iDCs with OVA 
and stimulated macropinocytosis with PMA and HGF. Our data 
demonstrated that both HGF- and PMA-induced macropinocy-
tosis of fluorescently labeled OVA was significantly attenuated in 
Nox2y/− iDCs compared with WT cells. To our knowledge, these 
results are the first to demonstrate the role of Nox2 in DC macro-
pinocytosis. Nox2 enzymes expressed in internal membrane 
structures produce ROS intracellularly and play an important role 
as initiators and modulators of redox sensitive signaling pathways 
(63). Relevant to this point, we have recently demonstrated that 
Nox2 activation in macrophages stimulates intracellular ROS, 

leading to dephosphorylation of the actin-binding protein cofilin, 
membrane ruffling, and macropinocytosis (15). Interestingly, 
previous studies showed that endogenous ROS derived from Nox 
enzymes release slingshot phosphatase-1L (SSH-1L) from the 
inhibitory interaction with regulatory 14-3-3 proteins, leading to 
cofilin dephosphorylation and actin cytoskeleton reorganization 
(64). Based on these studies, we speculate that SSH-1L-mediated 
cofilin activation downstream of PKCδ/Nox2 signaling con-
tributes to macropinocytosis stimulation. In addition to this 
potential mechanism, a number of other proteins involved in 
cytoskeletal reorganization are potential targets for oxidative 
modification and glutathiolation, including Src, Csk, actin, and 
protein tyrosine phosphatases that could be also playing a role in 
macropinocytosis (65).

Immature DCs after internalization of antigens undergo 
maturation and become professional APCs. During maturation, 
DCs lose their ability to endocytose antigens, increase surface 
expression of co-stimulatory molecules, such as CD86 and 
CD80, translocate MHCII to the plasma membrane, and change 
their morphology (66). We next investigated whether PKCδ/
Nox2-mediated antigen macropinocytosis stimulates maturation 
of iDCs. Our results demonstrated that incubation of WT iDCs 
with PMA in the presence of OVA increased plasma membrane 
expression of CD86 and MHCII compared to PMA and OVA 
treatment alone, suggesting that macropinocytosis of antigens 
stimulates DC maturation. By contrast, PMA  +  OVA treat-
ment did not stimulate plasma membrane expression of CD86 
and MHCII in PKCδ and Nox2 knockout DCs. These findings 
indicate that iDCs derived from PKCδ−/− and Nox2y/− mice have 
decreased maturation capacity due to their reduced macropino-
cytic potential. Previous studies showed that pharmacological 
stimulation of PKC activity, and increased intracellular ROS 
production in the absence of antigens induce DC maturation and 
production of T-cell stimulatory cytokines (67–69). Consistent 
with these results, we found that PMA treatment alone (no OVA) 
stimulates IL-1α and TNF-α secretion in WT DCs (Figure S9 in 
Supplementary Material). New findings provided by the present 
study demonstrate that administration of PMA and OVA together 
significantly stimulates IL-1α and TNF-α secretion in WT DCs 
compared to PMA treatment alone. Based on these results, we 
propose that PKC–Nox2 signaling contributes to DC maturation 
through multiple mechanisms, including direct O2

•−-mediated 
signaling and stimulation of antigen macropinocytosis. It should 
also be noted that contrary to our observation a previous study 
found no stimulation of OVA internalization in DCs following 
PMA treatment (70). In this study, OVA was added 3 h after PMA 
treatment at which time point no stimulation of macropinocyto-
sis is observed (15).

CD4+ T-cells play a major role in immune response and aid 
B cells to make antibodies, activate phagocytes, and recruit other 
immune cells to the site of infection/inflammation. Naïve CD4+ 
T-cells can differentiate into TH1, TH2, or TH17 cells, depending 
on pro-/anti-inflammatory cytokines present in the microen-
vironment (71). Mature DCs produce various cytokines and 
chemokines to orchestrate an efficient TH-cell response against 
infection (72). A variety of cytokines are produced by mature 
DCs, including IL-1, 6, 12 (73, 74), 23 (75), 27 (76, 77), TNF-α 
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(73, 74), TGF-β (78), and IFNs (74), which play an important 
role in TH-cell polarization (44, 47). Macropinocytosis of OVA 
in WT BMiDCs stimulated secretion of IL-1α, TNF-α, and 
IFN-β and increased mRNA expression of IL-6. The observed 
increase in production of proinflammatory cytokines in WT cells 
were completely inhibited (IL-1α, TNF-α, IFN-β, and IL-6) or 
attenuated (IL-1α, IFN-β, and IL-6) in BMiDCs lacking PKCδ 
and Nox2, respectively. These findings suggest that IL-1α, IFN-β, 
and IL-6 secretion are mediated by Nox2-dependent and Nox2-
independent pathways downstream of PKC. DC-derived TNF-α 
and IFNs have been shown to stimulate TH1 cell polarization and 
induce cytotoxic T lymphocyte-mediated immune responses (44, 
79). Similarly, upregulation of transcript levels of IL-1α, TNF-α, 
and IL-6 were observed in WT splenic DCs and PKCδ/Nox2 
deletion from these cells abrogated elevation of these cytokines. 
IL-1 and IL-6 promote differentiation and function of TH17 cells 
(80, 81). TH17 cells secrete IL-17 (IL-17A and IL-17F) cytokines, 
which are crucial for clearance of Candida albicans infection (82). 
Secretion of IL-17, IL-21, and IL-22 by TH17 cells correlates with 
the pathogenesis of several autoimmune (rheumatoid arthritis, 
systemic lupus erythematosus, multiple sclerosis, and psoriasis) 
and inflammatory diseases (inflammatory bowel disease and 
allergy and asthma) (83–89). The observed changes in the 
pattern of cytokine release and production suggest that PKCδ/
Nox2-mediated antigen macropinocytosis may play a regulatory 
role in the development of specific TH1 and TH17 cells. In that 
respect, we expect future studies to investigate the role of DC 
antigen macropinocytosis in T-cell polarization, which is outside 
the scope of the present study.

In summary, our findings identified a previously unknown 
mechanism by which the novel PKC isoform, PKCδ via stimula-
tion of Nox2 activity promotes macropinocytosis of antigens in 
DCs. The work presented herein shows that genetic blockade 
of PKCδ and Nox2 in DCs inhibit phorbol ester-stimulated 
macropinocytosis of antigens. Importantly, the role of PKCδ 
and Nox2 in DC macropinocytosis of antigens was also dem-
onstrated in response to treatment with HGF, a physiologically 
relevant stimulator of macropinocytosis. PKCδ/Nox2-mediated 
antigen macropinocytosis stimulated DC maturation and 
induced secretion of various TH cell regulatory cytokines. To 
our knowledge, these results are the first to describe redox 
regulation of macropinocytosis in DCs. As such, the present 
study may contribute to a better understanding of the regula-
tory mechanisms in DC macropinocytosis and downstream 
T-cell-mediated processes.
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FigUre s1 | Gating strategy used for multicolor flow cytometry analysis. WT 
bone marrow-derived cells were incubated with FITC-OVA for 5 h, stained either 
with PE/Cy7-labeled CD11c (B) or respective IgG control (a) monoclonal 
antibodies, fixed in 2% paraformaldehyde, and processed for flow cytometry 
analysis. The cells were first gated on size and then doublets excluded using 
forward scatter area and forward scatter height. Cells were gated on CD11c+ 
population to identify dendritic cells (R1; green). Ovalbumin internalization was 
determined by measuring FITC fluorescence in R1 population (green) (c).

FigUre s2 | Confirmation of immature phenotype of BMDCs. CD11c+ cells 
were incubated with vehicle or lipopolysaccharide (LPS) (500 ng/mL) for 24 h, 
fixed, and incubated with FITC-MHCII (clone M5/114.15.2), APC-CD86 (clone 
GL1) or respective IgG control monoclonal antibodies. CD86 (a) and MHC II  
(B) expression in CD11c+ dendritic cells were determined using flow cytometry. 
*p < 0.05 vs. vehicle.

FigUre s3 | EIPA inhibits FITC-OVA uptake in bone marrow-derived immature 
dendritic cells (BMiDCs). (a) Wild-type (WT) CD11c+ BMiDCs were treated with 
vehicle or phorbol 12-myristate 13-acetate (PMA, 1 µM, 5 h), or pretreated with 
EIPA (25 µM, 30 min.) followed by PMA treatment in the presence of FITC-OVA. 
FITC-OVA internalization (green) was analyzed by confocal microscopy. Scale 
bar: 5 µm. (B) Bar diagram shows quantified FITC fluorescence intensity 
normalized to cell area (n = 3). At least five images per treatment were analyzed 
for each independent experiment using Image J. *p < 0.05 vs. vehicle, #p < 0.05 
vs. PMA.

FigUre s4 | Representative Agarose gel electrophoresis image showing mice 
genotyping for PKCδ expression.

FigUre s5 | PKCδ and Nox2 is the dominant PKC and Nox isoform in 
FLT3L-induced immature DCs (iDCs). (a) WT FLT3L-differentiated CD11c+ iDCs 
were subjected to qRT-PCR for determination of various PKCs levels. GAPDH 
was used as an internal control. Data are representative of three independent 
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experiments performed in triplicate. Bar graph represents mRNA levels in 
comparison to PKCθ. *p < 0.05 vs. PKCθ. (B) Transcript levels of Nox1, Nox2, 
Nox3, and Nox4 in WT FLT3L-differentiated CD11c+ iDCs. Bar graph represents 
mRNA levels in comparison to Nox1 (gene with lowest expression). *p < 0.05 vs. 
Nox1. (c) Nox1, Nox2, Nox3, and Nox4 mRNA expression in WT CD11c+ 
splenic iDCs. *p < 0.05 vs. Nox1. (D) PKCδ expression in Nox2y/+ and 
Nox2y/− BMiDCs (n = 3). (e) Nox2 expression in PKCδ+/+ and PKCδ−/− BMiDCs 
(n = 3). Data represent the mean ± SEM (a–e).

FigUre s6 | Nox2 activation stimulates reactive oxygen species production in 

iDCs. Nox2y/+ (wild type) and Nox2y/− BMiDCs were treated with vehicle or PMA 

(1 µM) and O2
•− production was monitored using L-012 chemiluminescence. The 

diagram represents the mean fold change of L-012 chemiluminescence area 
under the curve obtained in three independent experiments. *p < 0.05 vs. 
vehicle, #p < 0.05 vs. Nox2y/+ PMA.

FigUre s7 | Stimulation of Nox2-derived O2
•− generation in PMA-treated 

immature DCs precedes or occurs simultaneously with PKCδ activation. (a) O2
•− 

generation was measured in vehicle- and PMA-treated Nox2y/+ (wild type) and 
Nox2y/− BMiDCs using L-012 chemiluminescence (n = 3). (B) WT BMiDCs were 
treated with vehicle (30 min) or incubated with PMA (1 µM) for 5, 15, and 30 min. 
Cells were lysed and subjected to Western blot analysis for phospho-PKCδ 
(tyr311), total PKCδ, and GAPDH protein expression. Representative Western blot 
images are shown. The bar graph represents the ratio of phospho- to total PKCδ 
from three to six independent experiments. (c) Dihydroethidium (DHE) 

fluorescence was quantified in vehicle- and PMA (1 µM, 30 min.)-treated PKCδ+/+ 
and PKCδ−/− BMiDCs using fluorescence-activated cell sorting analysis. 
Representative histograms showing DHE fluorescence are presented (left and 
middle panels). Bar diagram indicates fold change in mean fluorescence intensity 
(n = 3). *p < 0.05 vs. vehicle, #p < 0.05 vs. PKCδ+/+ PMA.

FigUre s8 | Loss of Nox2 in BMiDCS attenuates PMA-stimulated 
macropinocytosis of ovalbumin (OVA). Nox2y/+ and Nox2y/− BMiDCs were 
incubated with vehicle or stimulated with PMA (1 µM, 5 h) in the presence of 
FITC-OVA. FITC fluorescence was analyzed in CD11c+ cells using 
fluorescence-activated cell sorting (FACS) (n = 3). *p < 0.05 vs. vehicle, 
#p < 0.05 vs. Nox2y/+ PMA.

FigUre s9 | “PMA + OVA” treatment induces a more pronounced secretion of 
DC-derived T-cell regulatory cytokines compared to PMA treatment alone. (a–B) 
WT BMiDCs left untreated or treated with PMA or PMA + OVA for 24 h. Cell 
culture supernatants were collected and levels of secreted cytokines determined 
using the LEGENDplex™ bead-based immunoassay. *p < 0.05 vs. vehicle, and 
@p < 0.05 vs. PMA. (c–D) WT, PKCδ−/−, and Nox2y/− BMiDCs were left untreated 
or treated with PMA for 24 h. Cell culture supernatants used for cytokine 
estimation as described in (a–B). Data are representative of three independent 
experiments and values are expressed as mean ± SD. *p < 0.05 vs. vehicle and 
@p < 0.05 vs. WT PMA.

TaBle s1 | List of primers used for mRNA quantitation using real-time-PCR.
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