
4228

Abstract. – OBJECTIVE: To investigate the 
effect of PKC δ gene on the anti-tuberculosis ac-
tivity of macrophages and the mechanism.

MATERIALS AND METHODS: Bone marrow 
cells of PKC δ knockout mice and wild-type 
mice were cultured and L929 cells were in-
duced to differentiate into macrophages. Li-
popolysaccharide (LPS) and trehalose 6,6’-di-
mycolate (TDM) were used to stimulate mac-
rophages respectively. After 24 and 96 hours, 
cells and the supernatant were collected to 
evaluate the inflammatory cytokines produced 
by macrophages using ELISA method. Re-
al-time PCR was performed to detect the ex-
pression of macrophage mRNA level and ni-
tric oxide (NO) production of macrophages was 
measured by NO assay.

RESULTS: The results showed that, after TDB 
stimulation, IL-1β, IL-6, and other cytokines, as 
well as NO produced by macrophages of PKC 
δ knockout mice, were significantly decreased 
(p < 0.01) compared with the wild-type mice. In 
PKC δ knockout macrophages, the above pro-
tein-coding genes were also decreased signifi-
cantly at the transcriptional level (p < 0.01).

CONCLUSIONS: PKC δ can enhance the an-
ti-tuberculosis capacity of macrophages by in-
ducing to the release of inflammatory factors by 
macrophages.
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Introduction

Pulmonary tuberculosis is one of the three 
major infectious diseases that threaten human 
health, and the second most fatal infectious dis-
ease that is second only to AIDS. The latest sta-
tistics from WHO showed that 1/3 of the global 
population, about 2 billion people, were currently 

infected. On average, more than 2 million peo-
ple die of tuberculosis each year, with the death 
population concentrating mainly in developing 
countries such as China1.

As the first barrier of the immune system, the 
innate immune system mediated by neutrophils 
and macrophages plays an important role in the 
pathological process of infection2. Macrophages 
are the main antigen-presenting cells of My-
cobacterium tuberculosis (MTB) antigen. MTB 
was identified for phagocytosis by macrophages, 
then encapsulated by the plasma membrane and 
finally formed lysosomes. It was degraded and 
processed by Cathepsin (Cath), making the MTB 
antigen some small peptide segments with im-
munogenicity. Some of the peptide segments can 
be transported to the surface of macrophages 
to activate CD4+ T cells after binding with ap-
propriate MHC class II molecules. In addition, 
the activated CD4+ T cells can secrete TNF-α, 
IFN-γ, IL-12 to further enhance the function of 
macrophages3-5.

PKC δ is a member of the Ca2+ insensitive 
protein kinase C family. In resting cells, it is 
mainly distributed in the cytoplasm presenting a 
non-activate conformation. Once diacylglycerol 
(DAG) and phosphatidylserine (PS) exist, PKC 
δ will become a membrane-bound enzyme to 
activate enzymes in the cytoplasm, thereby in-
volving in the regulation of a variety of biochem-
ical reactions. At the same time, it can act on the 
transcription factors in the nucleus to participate 
in the regulation of gene expression. Therefore, 
PKC δ is actually a multifunctional enzyme6. 
Protein kinase C is a multifunctional serine and 
threonine kinase. At present, at least 15 kinds of 
protein kinase C subtypes have been found, and 
PKC δ was found to be the key protein for the 
normal function of innate immune cells7. Waki et 
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al8 found that compared to other PKC subtypes, 
only PKC δ can affect the phagocytosis of neutro-
phils as well as regulate the activity of NADPH 
oxidase. Bey et al9 used inhibitors of different 
PKC subtypes to treat cells, and it was found that 
only PKC δ participated in the phosphorylation 
and cytoplasm-nuclei transportation of p47phox 
subunit, which is a NADPH oxidase of human 
monocyte.

In this study, a PKC δ knockout mouse model 
was used. After stimulation of macrophages with 
trehalose 6,6-dibehenate (TDB) in vitro, changes 
of cytokines and NO secretion production by 
macrophages in wild-type and mutant mice as 
well as RNA transcription levels of the above in-
flammatory mediators were compared. The study 
of the role of PKC δ in macrophages against 
Mycobacterium tuberculosis infection is of great 
significance for exploring the specific molecular 
mechanisms of anti- Mycobacterium tuberculosis 
infection. Meanwhile, it also provides a theoret-
ical basis for tuberculosis prevention and immu-
notherapy.

Materials and Methods

Animal and Cell Culture
PKC δ knockout mice (PKC δ-/-) were es-

tablished with wild-type C57BL/6 mice as con-
trol. The 6-7-week-old mice were sacrificed 
by CO2 asphyxia and placed in 75% alcohol 
for 2-3 minutes. The mice were placed on the 
KIMTECH paper with the whole leg bones cut 
off. The leg bone was put in a sterile Petri dish 
with joints cut. 5 mL Dulbecco’s Modified Ea-
gle Medium (DMEM) complete medium was 
taken into the syringe, the syringe needle was 
inserted into the marrow cavity for flushing. 15 
mL centrifuge tube and cell filter were taken 
for cell collecting, and the cell suspension was 
added to the filter screen. Then, the suspension 
was collected into 15 mL centrifuge tube. The 
bone was cut into pieces and 2 mL DMEM was 
added to wash the culture dish and filter screen. 
Then the suspension was centrifuged for 3 
minutes at room temperature, with the super-
natant discarded. 1ml erythrocyte lysis buffer 
was added to the tube, then the red cell was 
completely cracked and 5 mL DMEM complete 
culture medium was added to the lysate. Once 
more, the lysate was added to the filter screen 
for removing the red cell membrane. The cells 
were centrifuged for 3 minutes at room tem-

perature, and the supernatant was abandoned. 
The precipitate of cells was the stem cells of 
the bone marrow.

L929 cells can secrete macrophage colony 
stimulating factor (M-CSF), which can induce 
bone marrow cells to differentiate into mac-
rophages. In the process of L929 cell culture, 
cells released this cytokine into the supernatant 
of the culture medium. Therefore, we collected 
M-CSF from the supernatant after 5-7 days of 
L929 cell culture. The collected supernatant was 
first centrifuged at low speed for impurity re-
moving, then filtrated with a filter equipped with 
0.22 μM filter membrane, and stored at -20°C. 
This study was approved by the Animal Ethics 
Committee of The People Hospital of Weifang 
Animal Center.

An appropriate amount of DMEM medium 
was added, and the extracted bone marrow cells 
were seeded into the cell culture plate. At the 
same time, 30% L929 supernatant and 5% fetal 
bovine serum (FBS) were added to the plate, 
which was incubated in 37°C 5% CO2 concentra-
tion saturated humidity environment. The bone 
marrow hematopoietic stem cells were induced 
and developed into mature primary macrophages 
under the mediate of M-CSF in the L929 super-
natant for 7 days. The purity of macrophages was 
identified by flow cytometry.

Macrophages were stimulated with 100 ng/
mL LPS and 20 μg/mL TDB respectively. After 
stimulated for 24 hours and 96 hours, the cells 
and cell supernatant were collected for exam-
ination.

Mouse Genotyping by Polymerase 
Chain Reaction (PCR)

About 5 mm mouse tail was cut and put into 
a 1.5 mL centrifuge tube, and 100 μL 25 mM 
NaOH was added in the tube. The tube was put 
into the boiling water for 1 hour. Subsequently, 
the tail was shaked, mashed and kept in boiling 
water for 30 minutes to make sure it was com-
pletely digested. 100 μL 40 mM Tri-HCl (pH 
5.4) was added to neutralize NaOH and mixed 
upside down. The tube was then centrifuged at 
room temperature for 10 minutes. The mouse 
genome DNA in the supernatant was used as a 
template to detect the mouse genotypes by PCR. 
The results of genotyping were observed in the 
ultraviolet transmission reflectance analyzer after 
electrophoresis. With the comparison of DNA 
marker, the size of the target DNA fragment was 
semi quantitatively analyzed. PKC δ primers 
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for genotype identification: Primer 1: 5’-GAC-
CGCAGCTGAAGTCAGTGTTTC-3’ Primer 2: 
5’-CCAGCAGGTCATGAACTTGTAAC-3’

Detection of the Expression of Il-1β, 
Il-6 and iNOS mRNA in Cells by 
Fluorescence Quantitative PCR

A proper amount of chloroform (chloroform: 
TRIzol 1:5) was dissolved in cell samples treated 
with TRIzol and mixed at room temperature for 
5 minutes. After centrifugation at 4°C for 15 min-
utes, the supernatant was transferred to a new 1.5 
mL centrifuge tube, then isopropanol was added 
to the tube and mixed at room temperature for 
5-10 minutes. After centrifugation at 4°C for 15 
minutes, the supernatant was abandoned and 1 
mL 70% Ethanol (DEPC water) was added to the 
white precipitate for cleaning. Then the tube was 
centrifuged for 15 minutes. The supernatant was 
abandoned and the precipitated RNA was dried at 
room temperature for several minutes. At last, the 
concentration of RNA was detected.

PCR programs were as follows, 95°C pre-de-
naturation for 3 minutes, 95°C denaturation for 
15 seconds, 58°C annealing for 20 seconds, 72°C 
extension for 15 seconds, with 40 cycles. After 
the end of Real-Time PCR reaction, the ex-
pression level of mRNA could be calculated 
according to the parameters of amplification effi-
ciency and circulation number. The number and 
sequence of primers were found in supplemental 
data of Table I.

Detection of Trehalose 6,6-dibehenate 
(TDB) Induced Cytokine Production in 
Macrophages by ELISA

The cell supernatant was taken, and ELISA 
was used to detect the secretion of IL-1β and IL-
6 in macrophages. The operation was carried out 

strictly according to the instructions with each 
sample two repeat wells, and the difference be-
tween the two was no more than 20%.

Nitric Oxide (NO) Experiment
The macrophages were stimulated with 100 

ng/mL LPS and 20 μg/mL TDB respectively. The 
cell supernatant was collected after 96 hours, 
and the production of NO was detected by Griess 
reaction.

Statistical Analysis
The measured data were expressed as mean 

± standard deviation (`x + SD), and statistical 
product and service solutions (SPSS18.0, SPSS 
Inc., Chicago, IL, USA) software was used for 
statistical analysis. Kolmogorov-Smirnov method 
was used to test whether the data in each group 
was in accordance with a normal distribution. 
Single factor analysis of variance was used when 
the data fitted normal distribution, while the 
non-parametric test was used if the data did 
not fit. LSD method (homogeneity of variance) 
and Tamhane T2 (variance inhomogeneous) were 
used for multiple comparisons of single factor 
analysis of variance, and p < 0.05 was considered 
statistically different.

Results

Identification of Mice Genotypes
The PKC δ gene was amplified by PCR, then 

1% agarose gel electrophoresis was performed 
to observe the target DNA bands. Wild-type 
DNA strip was 2400bp in size, and the PKC δ 
knockout DNA strip is 1300 bp. The experimen-
tal results are in accordance with the predicted 
size (Figure 1A).

Table I. Numbers and sequences of primers used in PCR experiment.

 Primer name Primer’s sequences (5’-3’)

m-GAPDH SF AGG TCG GTG TGAACG GAT TTG
m-GAPDH SR TGT AGA CCA TGT AGT TGA GGT CA
m-IL-1β SF GCAACT GTT CCT GAA CTC AAC T
m-IL-1β SR ATC TTT TGG GGT CCG TCAACT
m-IL-6 SF TAG TCC TTC CTA CCC CAA TTT CC
m-IL-6 SR TTG GTC CTT AGC CAC TCC TTC
m-iNOS SF CGAAAC GCT TCA CTT CCAA
m-iNOS SR TGA GCCTAT ATT GCT GTG GCT
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Identification of Cell Purity of L929 
Induced Bone Marrow-Derived 
Primary Macrophages

After bone marrow cells were induced by L929 
supernatant for seven days, the mature macro-
phages were stained with specific flow antibody 
anti-CD11b-Per CP-cy5-5 and anti-F480-APC, 
and the results were analyzed by flow cytometry 
and Flow Jo software (Figure 1B-C). The exper-
imental results showed that the number of living 
cells accounted for 80.6%, and the macrophages 

accounted for 99.3% of the total number of living 
cells. Therefore, we suggested that using L929 
supernatant to induce bone marrow cells to dif-
ferentiate into macrophages could achieve a high 
purity of macrophages, which was a desirable 
method.

PKC δ Regulates the Secretion of TDB 
Induced Macrophage Cytokines 

Macrophages were stimulated with 100 ng/
mL LPS and 20 μg/mL TDB respectively. After 

Figure 1. Identification of genotypes of experimental mice and identification of macrophage by flow cytometry. A, PCR 
identification mouse genotype results. DNA marker: 1 KB; WT: wild type mice; +/-: heterozygous mice; KO: PKC δ knockout 
mice. B, Identification of living cell concentration by flow cytometry. C, Identification of the purity of macrophages by flow 
cytometry.
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24 hours of stimulation, the cell supernatant was 
collected and the production of IL-1β and IL-6 
was detected by ELISA. The experimental re-
sults showed that under the stimulation of LPS, 
wild-type and PKC δ-/- macrophage presented 
the same cytokine secretion level (Figure 2A&B). 
However, after TDB stimulation, the IL-1β and 
IL-6 secretion level of PKC δ-/- macrophages 
declined significantly compared with wild-type 
macrophages (Figure 2C-D).

PKC δ Regulates the Transcription of 
TDB Induced Macrophage Cytokines 

LPS stimulated cells were used as positive 
control, while the cells without any stimulation 
were set as negative control. Macrophages were 
stimulated with 100 ng/mL LPS and 10 μg/mL 
TDB respectively. After 6 hours, the cell RNA 
was extracted and the transcription levels of IL-
1β and IL-6 were detected by real-time PCR. The 
results showed that with the stimulation of LPS, 

wild-type and PKC δ-/- macrophages presented 
the same RNA transcriptional level of IL-1β and 
IL-6 (Figure 3A-3B). After TDB stimulation, the 
mRNA levels of IL-1β and IL-6 in PKC δ-/- mac-
rophages reduced significantly compared with 
wild-type macrophages (Figure 3C-3D).

PKC δ Regulates the Release of NO from 
Macrophages Induced by TDB

Similarly, LPS stimulated cells were still used 
as a positive control and the cells without any 
stimulation were set as negative control. Macro-
phages were stimulated with 100 ng/mL LPS and 
20 μg/mL TDB respectively, and the cell super-
natant was collected after 96 hours. Then Griess 
reaction was performed to detect the production 
of NO. The experimental results indicated that 
with the stimulation of LPS, the NO production 
of wild-type and PKC δ-/- macrophages was con-
sistent (Figure 4A). However, with TDB stimula-
tion, the NO production of PKC δ-/- macrophages 

Figure 2. Production of macrophage inflammatory factors in different genotypes of mice. A, Secretion of IL-1β in 
macrophages after LPS stimulation. B, Production of IL-6 in macrophages after LPS stimulation. C, Secretion of IL-1 β in 
macrophages after TDB stimulation. D, Production of IL-6 in macrophages after TDB stimulation (Note: **compared with 
WT mice p < 0.01).
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decreased significantly compared with wild-type 
macrophages (Figure 4B). Therefore, we consid-
ered that PKC δ could regulate the TDB induced 
NO release of macrophages.

PKC δ Regulates TDB Induced iNOS Tran-
scription in Macrophages

Inducible NO (iNOS) is NO synthetase in mac-
rophages, but it does not exist when macrophages 
are in resting state. After macrophage was acti-
vated, iNOS gene transcription level was upregu-
lated and a large number of NO was produced to 
play a role of immune killing. The macrophages 
were stimulated with 100 ng/m LPS and 10 μg/
mL TDB respectively. RNA was extracted after 
6 hours, and iNOS transcriptional level was de-
tected by real-time PCR. It was found that with 

the stimulation of LPS, iNOS transcriptional level 
of PKC δ-/- macrophages was lower than that of 
wild-type macrophages, but the difference was 
not statistically significant (Figure 4C). Never-
theless, with TDB stimulation, the level of iNOS 
in wild-type macrophages increased significantly 
compared with PKC δ-/- macrophages (Figure 
4D). Therefore, PKC δ was considered to be able 
to regulate the transcription level of TDB induced 
iNOS in the macrophage.

Discussion

Tuberculosis is a very serious infectious dis-
ease caused by Mycobacterium tuberculosis. Af-
ter infection, the pathogen can induce the acti-

Figure 3. mRNA transcriptional level of mouse macrophages of different genotypes. A, The transcriptional level of IL-1 
β mRNA in macrophages after LPS stimulation. B, The transcriptional level of IL-6 mRNA in macrophages after LPS 
stimulation. C, The transcriptional level of IL-1 β mRNA in macrophages after TDB stimulation. D, The transcriptional level 
of IL-6 mRNA in macrophages after TDB stimulation. (Note: **compared with WT mice p < 0.01).
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vation of the immune system to identify and kill 
the pathogenic bacteria. The macrophage is an 
important member of the innate immune system, 
which plays an important role in the infection of 
Mycobacterium tuberculosis.

Mycobacterium tuberculosis can be recognized 
by the innate immune system after infection, and 
Macrophage, as a member of the body’s innate 
immune cells, plays an important role in the in-
fection of Mycobacterium tuberculosis10,11. When 
the body is infected by Mycobacterium tubercu-
losis, macrophages first identify and engulf the 
pathogens, and then the pathogenic bacteria that 
are not removed can lurk and parasitize in the cell 
of macrophages. Macrophages are the first barrier 
against the infection of Mycobacterium tubercu-
losis. Meanwhile, they are also the main places 
causing the latent infection of Mycobacterium 

tuberculosis in the body. The interaction between 
macrophages and Mycobacterium tuberculosis 
has a great impact on the occurrence and devel-
opment of tuberculosis. Therefore, exploring the 
interaction between them is of great significance 
for the research and treatment of tuberculosis. 
The occurrence and effect of innate immunity 
also involve complex identification mechanism. 
Pattern-recognition receptor (PRR) is a class of 
recognition molecules expressed on the surface 
of innate immune cells, which are non-clonal and 
pathogen-identifiable. It can identify the import-
ant and conservative components of pathogenic 
micro-organisms, namely Pathogen-Associated 
Molecular Pattern (PAMP), thereby activating the 
downstream signal transduction pathway of the 
pattern recognition receptor and triggering the 
activation of the innate immune system12-17. TDM 

Figure 4. Production of NO and iNOS mRNA transcriptional level in macrophages of different genotypes of mice. A, The 
production of NO in macrophages after LPS stimulation. B, The production of NO in macrophages after TDB stimulation. 
C, Transcription of iNOS m RNA in macrophages after LPS stimulation. D, The transcriptional level of iNOS m RNA in 
macrophages after TDB stimulation. (Note: *compared with WT mice p < 0.01).
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is a kind of glycolipid component that exists on 
the surface of Mycobacterium tuberculosis cell 
wall, and is the main pathogenic substance of 
Mycobacterium tuberculosis. It can induce strong 
inflammatory response and make immune effec-
tor molecules and immune cells gathered in the 
inflammatory section to participate in the forma-
tion of pneumonia granuloma18.

Multiple pattern recognition receptors of mac-
rophages play an important role in the identifi-
cation of Mycobacterium tuberculosis infection, 
among which C type lectin receptors (CLRs) are 
the most crucial. Mincle and MCL are model 
recognition receptors that exist on the surface 
of macrophages and both of them belong to the 
CLRs family19-24. Ishikawa et al19 found that Min-
cle can specifically identify TDM on the cell wall 
of Mycobacterium tuberculosis through the car-
bohydrate recognition domain (CRD) of its extra-
cellular region, there by activating macrophages. 
Activated macrophages produce a large number 
of inflammatory cytokines and NO through a 
series of intracellular signal transduction. At the 
same time, they can also induce a large number 
of immune cells and inflammatory factors to ac-
cumulate in inflammatory sites, forming typical 
granuloma in the lungs25. Recently, Miyake et al21 
and Zhao, et al22 found that MCL plays the same 
role with Mincle in the above pathological pro-
cess. At the same time, they also found that the 
expression of Mincle on macrophages was very 
low at resting state. When TDM was identified 
by MCL, it could induce the activation of NF-κB 
through the formation of CARD9/Bcl10/MAlT1 
complex to up-regulate the expression of Mincle 
on the cell membrane. In 2010, Marakalala et al26 
prepared mice models with Syk and its down-
stream gene Card9, Bcl10 and Malt1 knockout re-
spectively. Bone marrow-derived macrophages of 
the above knockout mice were stimulated by the 
purified TDB in vitro. They found that compared 
with the wild-type mice, both the production of 
various cytokines and NO in the mutant macro-
phages decreased significantly. At the same time, 
they also found that the phosphorylation of Syk 
was dependent on its upstream protein FcR-γ27. 
Therefore, they came to the conclusion that after 
TDM was identified by macrophages, Syk was 
activated to induce the formation of Card9-Bcl10-
Malt1 complex and activate NF-κB signaling 
pathway, leading to a significant increased ex-
pression of inflammatory cytokines that trigger 
innate immune responses or activate T cells to 
induce adaptive immune responses28.

In the process of anti-fungal infection, the in-
nate immune cells also depend on the C-type lec-
tin receptor on its surface to identify the patho-
gen29,30. Dectin-1 is one of the most important 
pattern recognition receptors for innate immune 
cells to identify fungal. It can identify specific 
fungal surface β-glucan and then the activated 
innate immune cells phosphorylate the ITAM of 
immune receptor in the cytoplasm. Through a 
series of signal transduction pathways, NO and 
various cytokines were produced for activating 
adaptive immune response to play the role of 
anti-fungal infection31. Zhu et al32 also found 
that MCl and Dectin2 could form heterogeneous 
dimers in the process of anti-fungal infection and 
identify the α-mannan on the surface of Candida 
albicans to activate the innate immune cells and 
initiate the innate immune response. It was found 
in the latest study that dendritic cells can activate 
PKC δ after identifying fungi and induce the 
formation of the Card9-Bcl10 complex to phos-
phorylate the downstream TAK1. As a result, the 
NF-κB signaling pathway was activated, and the 
release of pro-inflammatory cytokine was ulti-
mately promoted33.

TDM, as a kind of glycolipid component, 
exists on the surface of Mycobacterium tuber-
culosis cell wall. Additionally, TDM is the main 
pathogenic substance of Mycobacterium tuber-
culosis, which can induce a strong inflammatory 
response and gather immune effector molecules 
as well as immune cells in the inflammatory part 
so as to participate in the formation of pneumonia 
granuloma34. Trehalose-6,6-dibehenate (TDB) is 
an in vitro synthetic product of TDM. Research-
ers found that when TDB was used to replace 
TDM to stimulate mice, it could produce the 
same immune response35.

Our study showed that, in macrophages of 
PKC δ knockout mice, IL-1β and IL-6 mRNA 
transcription and protein expression levels were 
significantly decreased after TDB stimulation, in-
dicating that PKC δ was involved in the TDB-in-
duced production of macrophage cytokines. NO 
produced by macrophages can kill pathogenic 
bacteria and has an immunomodulatory effect. 
It was found that, after TDB stimulation, the 
production of iNOS and NO in macrophages of 
PKC δ knockout mice also showed a significant 
decline, indicating that the killing function of 
macrophages in PKC δ knockout mice declined. 
Therefore, we believe that the PKC δ gene is 
involved in TDM-induced pulmonary inflam-
mation. Through the experimental results, we 
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believe that the PKC δ gene exists in the signal 
transduction pathway of TDM-induced anti-tu-
berculosis ability of macrophages macrophage 
anti-MTB macrophage resistant Mycobacterium 
tuberculosis infection.

Conclusions

We showed that PKC δ was involved in the 
process of macrophages against the infection of 
Mycobacterium tuberculosis. In addition, PKC 
δ can affect macrophage’s immune function by 
regulating the production of various cytokines 
and effector molecules, thereby regulating the 
innate immune response of the body to enhance 
the anti-tuberculosis ability of macrophages.

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

 1) Yu WY, Lou C, Liu FJ, He DW. Clinical efficacy of 
one stage posterior debridement joint graft fixa-
tion for lumbar vertebral fractures in spinal tuber-
culosis patients with compression. Eur Rev Med 
Pharmacol Sci 2016; 20: 3161-3167.

 2) CoLe J, AberDein J, JubrAiL J, DoCkreLL DH. The role 
of macrophages in the innate immune response 
to Streptococcus pneumoniae and Staphylococ-
cus aureus: Mechanisms and contrasts. Adv Mi-
crob Physiol 2014; 65: 125-202.

 3) rAJArAm mV, ni b, DoDD Ce, SCHLeSinger LS. Macro-
phage immunoregulatory pathways in tuberculo-
sis. Semin Immunol 2014; 26: 471-485.

 4) Xu g, WAng J, gAo gF, Liu CH. Insights into battles 
between Mycobacterium tuberculosis and macro-
phages. Protein Cell 2014; 5: 728-736.

 5) An Q, Jin mW, An XJ, Xu Sm, WAng L. Macrophage 
activation syndrome as a complication of juvenile 
rheumatoid arthritis. Eur Rev Med Pharmacol Sci 
2017; 21: 4322-4326.

 6) DuQueSneS n, LezouALC’H F, CrozAtier b. PKC-del-
ta and PKC-epsilon: foes of the same family 
or strangers? J Mol Cell Cardiol 2011; 51: 665-
673.

 7) meLLor H, PArker PJ. The extended protein kinase 
C superfamily. Biochem J 1998; 332 (Pt 2): 281-
292.

 8) Li L, okuSA mD. Macrophages, dendritic cells, 
and kidney ischemia-reperfusion injury. Semin 
Nephrol 2010; 30: 268-277.

 9) beY eA, Xu b, bHAttACHArJee A, oLDFieLD Cm, zHAo 
X, Li Q, SubbuLAkSHmi V, FeLDmAn gm, WientJeS Fb, 

CAtHCArt mk. Protein kinase C delta is required for 
p47phox phosphorylation and translocation in ac-
tivated human monocytes. J Immunol 2004; 173: 
5730-5738.

10) SiA Jk, georgieVA m, rengArAJAn J. Innate immune 
defenses in human tuberculosis: an overview of 
the interactions between mycobacterium tuber-
culosis and innate immune cells. J Immunol Res 
2015; 2015: 747543.

11) Lerner tr, boreL S, gutierrez mg. The innate im-
mune response in human tuberculosis. Cell Mi-
crobiol 2015; 17: 1277-1285.

12) JeAnnin P, mAgiStreLLi g, goetSCH L, HAeuW JF, tHie-
bLemont n, bonneFoY JY, DeLneSte Y. Outer mem-
brane protein a (OmpA): a new pathogen-associ-
ated molecular pattern that interacts with antigen 
presenting cells-impact on vaccine strategies. 
Vaccine 2002; 20 Suppl 4: A23-A27.

13) SCHubertH HJ, DAHnke J, LeiboLD W, SeYFert Hm, zer-
be H. [Bacterial pathogen associated molecular 
pattern and superantigens indirectly induce the 
accelerated death of bovine neutrophilic granu-
locytes]. Berl Munch Tierarztl Wochenschr 2004; 
117: 464-471.

14) Vuong C, Durr m, CArmoDY Ab, PeSCHeL A, kLe-
bAnoFF SJ, otto m. Regulated expression of patho-
gen-associated molecular pattern molecules in 
Staphylococcus epidermidis: quorum-sensing 
determines pro-inflammatory capacity and pro-
duction of phenol-soluble modulins. Cell Microbi-
ol 2004; 6: 753-759.

15) miSHinA te, zeier J. Pathogen-associated molec-
ular pattern recognition rather than development 
of tissue necrosis contributes to bacterial induc-
tion of systemic acquired resistance in Arabidop-
sis. Plant J 2007; 50: 500-513.

16) CHintAkuntLAWAr AV, zHou X, rAJAiYA J, CHoDoSH J. 
Viral capsid is a pathogen-associated molecu-
lar pattern in adenovirus keratitis. PLoS Pathog 
2010; 6: e1000841.

17) Stone Ae, giugLiAno S, SCHneLL g, CHeng L, LeAHY 
kF, goLDen-mASon L, gALe mJ, roSen Hr. Hepati-
tis C virus pathogen associated molecular pattern 
(PAMP) triggers production of lambda-interferons 
by human plasmacytoid dendritic cells. PLoS Pat-
hog 2013; 9: e1003316.

18) Hunter rL, oLSen mr, JAgAnnAtH C, ACtor Jk. Multi-
ple roles of cord factor in the pathogenesis of pri-
mary, secondary, and cavitary tuberculosis, in-
cluding a revised description of the pathology of 
secondary disease. Ann Clin Lab Sci 2006; 36: 
371-386.

19) iSHikAWA e, iSHikAWA t, moritA YS, toYonAgA k, YAmADA 
H, tAkeuCHi o, kinoSHitA t, AkirA S, YoSHikAi Y, YA-
mASAki S. Direct recognition of the mycobacte-
rial glycolipid, trehalose dimycolate, by C-type 
lectin Mincle. J Exp Med 2009; 206: 2879-
2888.

20) SCHoenen H, boDenDorFer b, HitCHenS k, mAnzAnero 
S, WerningHAuS k, nimmerJAHn F, Agger em, Stenger 
S, AnDerSen P, ruLAnD J, broWn gD, WeLLS C, LAng 



PKC δ gene can enhance the anti-tuberculosis ability of macrophages

4237

r. Cutting edge: mincle is essential for recogni-
tion and adjuvanticity of the mycobacterial cord 
factor and its synthetic analog trehalose-dibehen-
ate. J Immunol 2010; 184: 2756-2760.

21) miYAke Y, toYonAgA k, mori D, kAkutA S, HoSHino Y, 
oYAmADA A, YAmADA H, ono k, SuYAmA m, iWAkurA 
Y, YoSHikAi Y, YAmASAki S. C-type lectin MCL is an 
FcRgamma-coupled receptor that mediates the 
adjuvanticity of mycobacterial cord factor. Immu-
nity 2013; 38: 1050-1062.

22) zHAo XQ, zHu LL, CHAng Q, JiAng C, You Y, 
Luo t, JiA Xm, Lin X. C-type lectin recep-
tor dectin-3 mediates trehalose 6,6’-dimyco-
late (TDM)-induced Mincle expression through 
CARD9/Bcl10/MALT1-dependent nuclear factor 
(NF)-kappaB activation. J Biol Chem 2014; 289: 
30052-30062.

23) YonekAWA A, SAiJo S, HoSHino Y, miYAke Y, iSHikA-
WA e, SuzukAWA m, inoue H, tAnAkA m, YoneYAmA 
m, oH-HorA m, AkASHi k, YAmASAki S. Dectin-2 is 
a direct receptor for mannose-capped lipoarab-
inomannan of mycobacteria. Immunity 2014; 41: 
402-413.

24) LobAto-PASCuAL A, SAetHer PC, FoSSum S, DiSSen e, 
DAWS mr. Mincle, the receptor for mycobacterial 
cord factor, forms a functional receptor complex 
with MCL and FcepsilonRI-gamma. Eur J Immu-
nol 2013; 43: 3167-3174.

25) bekierkunSt A, LeViJ iS, YArkoni e, ViLkAS e, ADAm A, 
LeDerer e. Granuloma formation induced in mice 
by chemically defined mycobacterial fractions. J 
Bacteriol 1969; 100: 95-102.

26) mArAkALALA mJ, grAHAm Lm, broWn gD. The role 
of Syk/CARD9-coupled C-type lectin receptors 
in immunity to Mycobacterium tuberculosis infec-
tions. Clin Dev Immunol 2010; 2010: 567571.

27) groSS o, geWieS A, Finger k, SCHAFer m, SPArWASSer 
t, PeSCHeL C, ForSter i, ruLAnD J. Card9 controls a 
non-TLR signalling pathway for innate anti-fungal 
immunity. Nature 2006; 442: 651-656.

28) SHenDeroV k, bArber DL, mAYer-bArber kD, gurCHA 
SS, JAnkoViC D, Feng Cg, oLAnD S, HienY S, CASPAr 
P, YAmASAki S, Lin X, ting JP, trinCHieri g, beSrA gS, 
CerunDoLo V, SHer A. Cord factor and peptidogly-
can recapitulate the Th17-promoting adjuvant ac-
tivity of mycobacteria through mincle/CARD9 sig-

naling and the inflammasome. J Immunol 2013; 
190: 5722-5730.

29) FerWerDA b, FerWerDA g, PLAntingA tS, WiLLment JA, 
VAn SPrieL Ab, VenSeLAAr H, eLberS CC, JoHnSon mD, 
CAmbi A, HuYSAmen C, JACobS L, JAnSen t, VerHeiJen k, 
mAStHoFF L, morre SA, VrienD g, WiLLiAmS DL, Per-
FeCt Jr, JooSten LA, WiJmengA C, VAn Der meer JW, 
ADemA gJ, kuLLberg bJ, broWn gD, neteA mg. Hu-
man dectin-1 deficiency and mucocutaneous fun-
gal infections. N Engl J Med 2009; 361: 1760-
1767.

30) tAYLor Pr, tSoni SV, WiLLment JA, DenneHY km, roSAS 
m, FinDon H, HAYneS k, SteeLe C, botto m, gorDon 
S, broWn gD. Dectin-1 is required for beta-glucan 
recognition and control of fungal infection. Nat 
Immunol 2007; 8: 31-38.

31) WeVerS bA, kAPtein tm, ziJLStrA-WiLLemS em, tH-
eeLen b, boekHout t, geiJtenbeek tb, gringHuiS Si. 
Fungal engagement of the C-type lectin mincle 
suppresses dectin-1-induced antifungal immuni-
ty. Cell Host Microbe 2014; 15: 494-505.

32) zHu LL, zHAo XQ, JiAng C, You Y, CHen XP, JiAng YY, 
JiA Xm, Lin X. C-type lectin receptors Dectin-3 and 
Dectin-2 form a heterodimeric pattern-recognition 
receptor for host defense against fungal infection. 
Immunity 2013; 39: 324-334.

33) StrASSer D, neumAnn k, bergmAnn H, mArAkALALA 
mJ, guLer r, roJoWSkA A, HoPFner kP, brombACHer 
F, urLAub H, bAier g, broWn gD, LeitgeS m, ruLAnD 
J. Syk kinase-coupled C-type lectin receptors en-
gage protein kinase C-sigma to elicit Card9 adap-
tor-mediated innate immunity. Immunity 2012; 36: 
32-42.

34) Abbott An, guiDrY tV, WeLSH kJ, tHomAS Am, kLing 
mA, Hunter rL, ACtor Jk. 11Beta-hydroxysteroid 
dehydrogenases are regulated during the pulmo-
nary granulomatous response to the mycobacte-
rial glycolipid trehalose-6,6’-dimycolate. Neuroim-
munomodulat 2009; 16: 147-154.

35) DeSeL C, WerningHAuS k, ritter m, JozeFoWSki k, 
WenzeL J, ruSSkAmP n, SCHLeiCHer u, CHriStenSen D, 
Wirtz S, kirSCHning C, Agger em, PrAzereS DCC, 
LAng r. The Mincle-activating adjuvant TDB in-
duces MyD88-dependent Th1 and Th17 respons-
es through IL-1R signaling. Plos One 2013; 8: 
e53531.


