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PKC 6 gene can induce macrophages to
release inflammatory factors against
Mycobacterium tuberculosis infection
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Abstract. — OBJECTIVE: To investigate the
effect of PKC & gene on the anti-tuberculosis ac-
tivity of macrophages and the mechanism.

MATERIALS AND METHODS: Bone marrow
cells of PKC & 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-1B3, IL-6, and other cytokines, as
well as NO produced by macrophages of PKC
& knockout mice, were significantly decreased
(p < 0.01) compared with the wild-type mice. In
PKC & knockout macrophages, the above pro-
tein-coding genes were also decreased signifi-
cantly at the transcriptional level (p < 0.01).

CONCLUSIONS: PKC & 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 China'.

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 infection?. 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-a,
IFN-y, IL-12 to further enhance the function of
macrophages®3.

PKC § is a member of the Ca®" 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
0 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 ¢ is actually a multifunctional enzyme®.
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 & was found to be the key protein for the
normal function of innate immune cells’. Waki et
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al® found that compared to other PKC subtypes,
only PKC § can affect the phagocytosis of neutro-
phils as well as regulate the activity of NADPH
oxidase. Bey et al’ used inhibitors of different
PKC subtypes to treat cells, and it was found that
only PKC 6 participated in the phosphorylation
and cytoplasm-nuclei transportation of p47phox
subunit, which is a NADPH oxidase of human
monocyte.

In this study, a PKC & 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 & 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 6 knockout mice (PKC &-/-) were es-
tablished with wild-type C57BL/6 mice as con-
trol. The 6-7-week-old mice were sacrificed
by CO, 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
L1929 cell culture. The collected supernatant was
first centrifuged at low speed for impurity re-
moving, then filtrated with a filter equipped with
0.22 uM 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% 1929 supernatant and 5% fetal
bovine serum (FBS) were added to the plate,
which was incubated in 37°C 5% CO, 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 1.929 super-
natant for 7 days. The purity of macrophages was
identified by flow cytometry.

Macrophages were stimulated with 100 ng/
mL LPS and 20 pg/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 pL 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 pL 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 & primers
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for genotype identification: Primer 1: 5’-GAC-
CGCAGCTGAAGTCAGTGTTTC-3* Primer 2:
5’-CCAGCAGGTCATGAACTTGTAAC-3’

Detection of the Expression of II-1f,
II-6 and iINOS 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 1.

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-1J3 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 pg/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 6 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 &
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
m-GAPDH SR
m-IL-1B SF
m-IL-1§ SR
m-IL-6 SF
m-IL-6 SR
m-iNOS SF
m-iNOS SR

AGG TCG GTG TGAACG GAT TTG
TGT AGA CCA TGT AGT TGA GGT CA
GCAACT GTT CCT GAACTC AACT
ATC TTT TGG GGT CCG TCAACT
TAG TCC TTC CTA CCC CAATTT CC
TTG GTC CTT AGC CACTCCTTC
CGAAAC GCT TCA CTT CCAA

TGA GCCTAT ATT GCT GTG GCT
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Figure 1. Identification of genotypes of experimental mice and identification of macrophage by flow cytometry. 4, PCR
identification mouse genotype results. DNA marker: 1 KB; WT: wild type mice; +/-: heterozygous mice; KO: PKC 6 knockout
mice. B, Identification of living cell concentration by flow cytometry. C, Identification of the purity of macrophages by flow

cytometry.

Identification of Cell Purity of L929
Induced Bone Marrow-Derived
Primary Macrophages

After bone marrow cells were induced by 1929
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 0 Regulates the Secretion of TDB

Induced Macrophage Cytokines
Macrophages were stimulated with 100 ng/

mL LPS and 20 pg/mL TDB respectively. After
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24 hours of stimulation, the cell supernatant was
collected and the production of IL-1f and IL-6
was detected by ELISA. The experimental re-
sults showed that under the stimulation of LPS,
wild-type and PKC &-/- macrophage presented
the same cytokine secretion level (Figure 2A&B).
However, after TDB stimulation, the IL-1p and
IL-6 secretion level of PKC &-/- macrophages
declined significantly compared with wild-type
macrophages (Figure 2C-D).

PKC 6 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 pg/mL
TDB respectively. After 6 hours, the cell RNA
was extracted and the transcription levels of IL-
1B and IL-6 were detected by real-time PCR. The
results showed that with the stimulation of LPS,

wild-type and PKC §-/- macrophages presented
the same RNA transcriptional level of IL-1j and
IL-6 (Figure 3A-3B). After TDB stimulation, the
mRNA levels of IL-1p and IL-6 in PKC 4-/- mac-
rophages reduced significantly compared with
wild-type macrophages (Figure 3C-3D).

PKC 6 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 pg/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 6-/- macrophages was con-
sistent (Figure 4A). However, with TDB stimula-
tion, the NO production of PKC 6-/- macrophages
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Figure 2. Production of macrophage inflammatory factors in different genotypes of mice. 4, Secretion of IL-1f in
macrophages after LPS stimulation. B, Production of IL-6 in macrophages after LPS stimulation. C, Secretion of IL-1 3 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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Figure 3. mRNA transcriptional level of mouse macrophages of different genotypes. 4, The transcriptional level of IL-1
f 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 f 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).

decreased significantly compared with wild-type
macrophages (Figure 4B). Therefore, we consid-
ered that PKC 6 could regulate the TDB induced
NO release of macrophages.

PKC o 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 pg/
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 06-/- 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 §-/- macrophages (Figure
4D). Therefore, PKC § 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-
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Figure 4. Production of NO and iNOS mRNA transcriptional level in macrophages of different genotypes of mice. 4, 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).

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 tuberculosis'!". 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
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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 system'*'’. TDM
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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 granuloma'®.

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 family"2*. Ishikawa et al" 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 lungs®. Recently, Miyake et al*!
and Zhao, et al** 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-xB
through the formation of CARD9/Bcl10/MAIT1
complex to up-regulate the expression of Mincle
on the cell membrane. In 2010, Marakalala et al*
prepared mice models with Syk and its down-
stream gene Card9, Bcll0 and Maltl 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-y?’.
Therefore, they came to the conclusion that after
TDM was identified by macrophages, Syk was
activated to induce the formation of Card9-Bcl10-
Maltl complex and activate NF-kB 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 responses?.

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-
gen®3% Dectin-1 is one of the most important
pattern recognition receptors for innate immune
cells to identify fungal. It can identify specific
fungal surface B-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 infection®. Zhu et al** also found
that MCI and Dectin2 could form heterogeneous
dimers in the process of anti-fungal infection and
identify the a-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 & after identifying fungi and induce the
formation of the Card9-Bcl10 complex to phos-
phorylate the downstream TAK]1. As a result, the
NF-«kB signaling pathway was activated, and the
release of pro-inflammatory cytokine was ulti-
mately promoted®.

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
granuloma**. 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 response®’.

Our study showed that, in macrophages of
PKC 6 knockout mice, IL-1p and IL-6 mRNA
transcription and protein expression levels were
significantly decreased after TDB stimulation, in-
dicating that PKC 6 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 & knockout mice also showed a significant
decline, indicating that the killing function of
macrophages in PKC 6 knockout mice declined.
Therefore, we believe that the PKC & gene is
involved in TDM-induced pulmonary inflam-
mation. Through the experimental results, we
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believe that the PKC & 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 & was involved in the
process of macrophages against the infection of
Mycobacterium tuberculosis. In addition, PKC
d 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.
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