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Unmethylated CpG motif-containing
genomic DNA fragment of Bacillus
calmette-guerin promotes macrophage
functions through TLR9-mediated
activation of NF-jB and MAPKs
signaling pathways

Junli Li1,2,3,4,5 , Lili Fu1, Guozhi Wang1, Selvakumar Subbian6,
Chuan Qin2,3,4,5 and Aihua Zhao1

Abstract

The potency of synthetic CpG-oligo-deoxynucleotides (CpG-ODNs) adjuvants in modulating the immune cell functions

through the TLR pathway has been tested and reported previously. However, the cellular signaling involved in the

stimulation of macrophages by natural, CpG motif-containing adjuvant and the effector functions modulated by such

stimulation has not been well studied. Here, we used in vitro and ex vivo murine macrophage assay systems, and mouse

model of in vivo stimulation to explore the signaling pathway and the effector functions mediated by BC01. Results show

that BC01 can induce the production of TNF-a and MCP-1 in macrophages by up-regulating the activation of NF-jB and

MAPKs signaling pathway, and elevated the expression of MHC-II, CD40, CD80, and CD86. Upon stimulation with

BC01, the peritoneal macrophages isolated from TLR9�/� mice produced significantly low levels of pro-inflammatory

cytokines, attenuated the activation of NF-jB and MAPKs signaling pathways, and showed reduced phagocytosis.

Following in vivo stimulation with BC01, the TLR9�/� mice produced significantly lower levels of pro-inflammatory

cytokines in the serum and lymph nodes showed reduced cell proliferation. These results indicate that BC01 is an

efficient agonist of TLR9 that can significantly enhance the host-protective immune functions of macrophages.
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Introduction

Adjuvants are immune modulators that have been used
for many decades in the treatment of various clinical
manifestations. The incorporation of adjuvants into
vaccine formulations is aimed at enhancing, accelerat-
ing, and prolonging antigen-specific immune responses.
However, most of the vaccine adjuvants available for
human or animal use were developed empirically, with-
out a clear understanding of their cellular and molec-
ular mechanism of action. Studies have shown that
most of these adjuvants enhance the host T- and
B-cell responses by engaging the components of the
innate immune system, rather than directly affecting
the respective lymphocytes themselves.1–4

TLRs have been well demonstrated to play a critical
role in the induction of innate and inflammatory
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responses during infectious and non-infectious condi-
tions.5–11 TLRs onAPCs, such asmacrophages and den-
dritic cells, can recognize incorporation of PAMPs
expressed on a wide array of microbes, as well as endog-
enous danger-associated molecular patterns (DAMPs)
released from dying cells; both PAMP and DAMP are
capable of activating the host innate immune
responses.12–14 Therefore, there has been an increasing
focus on TLR research to develop and use the natural
ligands or synthetic agonists as an adjuvant for immune
stimulation,andseveralof thesepotentialTLRadjuvants
are in clinical or late pre-clinical stages at present.15,16

TLR9 is thought to be able to activate the innate
immune cells by detecting the unmethylated CpG dinu-
cleotides, which are common in the genomes of most of
the bacteria and DNA viruses. These CpG motif-
containing regions are highly methylated in the verte-
brate genomes.17–21 BC01, used in this study, was
derived from unmethylated CpG motif-containing
DNA fragment from the genome of BCG (BCG CpG
DNA Combination adjuvants system 01). It has the fol-
lowing characteristics: (1) unmethylated CpG motifs:
15.75%–24.75%; (2) relative MW range: 3000–10,000
base pairs; (3) natural bases and more stable; and
(4) no species differences. However, it has been well
documented that synthetic oligonucleotides, such as
CpG-oligo-deoxynucleotides (CpG-ODNs), contain
unmethylated CpG dinucleotides, in particular
sequence contexts (CpG motifs). These CpG motifs
are present at a 20-fold higher frequency in bacterial
DNA compared with mammalian DNA. Their relative
MW range is 20–30 bases, such as ODN 2395 (50-tcgt
cgttttcggcgcgcgccg-30, 22mer); although these synthe-
sized CpG are phosphorothioate-modified to improve
their function and bioavailability, they are easily
degradable and show species differences simultaneous-
ly. Nonetheless, ODNs containing unmethylated CpG
motifs can act as immune adjuvants to up-regulate and
activate Th1 response, associated with production of
pro-inflammatory cytokines, and support the matura-
tion of APCs in humans and animal models.22–25

Successful engagement of TLR ligands with cognate
receptors triggers a signal transduction cascade that
results in the activation of NF-jB and MAPKs path-
ways,26 which induce a pro-inflammatory response.
Upon engagement with a ligand, all TLRs, except for
TLR3, recruit the adaptor protein MyD88 to the TIR
domain on IRAK-4, resulting in phosphorylation of
IRAK-1, which through a series of steps involving
TRAF-6, leads to the activation of NF-jB.27,28

Translocation of NF-jB from the cytoplasm into the
nucleus regulates the expression of genes involved in
various cellular processes, such as cell survival, prolif-
eration, and the regulation of pro-inflammatory cyto-
kines.29 In addition, depending on the type and nature,

TLR signaling can also activate MAPKs, including p38
kinase, c-Jun-N-terminal kinase (SPAK/JNK) and
extracellular-regulated kinase (Erk1/2),13,28,30,31 all of
which are capable of activating pro-inflammatory cas-
cades, either directly or indirectly through various tran-
scription networks in host immune cells.32–34

The adjuvant reported in this study, BC01, exhibits
strong adjuvant properties and without species differ-
ences in eliciting significantly improved immunogenic-
ity when combined with a recombinant/sub-unit
protein, polysaccharide, or inactivated vaccines derived
from bacteria, viruses, and parasites.35–38 Though the
ability of BC01 as an adjuvant component to recombi-
nant tuberculosis vaccine is being tested in clinical
trials, the mechanisms and signaling pathway underly-
ing the host immune activation by BC01 remain
unclear. Therefore, the main objective of this study
was to identify and explore the molecular signaling
mechanism of BC01 in the activation of macrophages,
which are primary APCs of the innate host immunity.
We wanted to test the effect of BC01 on macrophage
responses, explicitly mediated by the NF-jB and
MAPK pathways since these are major regulatory
factors involved in host inflammation and
innate immunity.

Materials and methods

Mice and cell line

Specific Pathogen-Free (SPF) C57BL/6 mice and
TLR9�/� mice were purchased from the Institute for
Laboratory Animal Resources, National Institutes for
Food and Drug Control, Beijing, China (C57BL/6 and
TLR9�/� mice: Female, 8 wk old, 18–22 g). Mice were
housed in the experimental animal center at NIFDC
and fed commercial mouse chow and water ad libitum.
All the experimental procedures were in accordance
with the institutional guidelines for the ethical handling
of animals and were approved by the institutional
ethical committee. The mouse macrophage cell line
(RAW 264.7) was purchased from Procell Life
Science & Technology Co. Ltd, Wuhan, China and
cultured in DMEM, supplemented with 10% FBS,
100U/ml penicillin and 100 mg/ml streptomycin and
maintained at 37�C in a humidified incubator with
5% CO2 supply.

Preparation of BC01

BC01 was derived from genomic DNA fragments of
Mycobacterium bovis BCG. Briefly, the bacteria were
grown for 14–20 d in Sauton’s broth, pelleted, washed
and suspended at 200mg/ml concentration in deionized,
sterile distilled water. The cells were homogenized with a
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tissue homogenizer as three pulses of 3min each, and the

homogenate was subjected to high-speed freeze ultra-

centrifugation, and the supernatant was collected. The

double-stranded DNA fragments extracted from BCG

were purified by Q Sepharose HP ion-exchange chroma-

tography, and the purified BC01 was concentrated by

ultrafiltration and stored at �20�C. Biochemical analy-

sis of BC01 for quality and constituents in breakthrough
peak and eluted peaks was done with Lowry method

(protein), Anthrone measurement (polysaccharides)

and 0.8% agarose gel electrophoresis (RNA). For

some experiments, 1mg/ml of BC01 was incubated

with 1KU DNase I at 37�C for 12 h and inactivated

for 10 min at 65�C. The quality and quantity of purified

DNA, with or without DNase treatment, was evaluated

using 0.7% agarose gel electrophoresis.

Isolation of mouse peritoneal macrophages

TLR9�/� or C57BL/6 mice were injected intraperitone-
ally with 2ml of 4% thioglycolate 3 d before sacrifice,

and the peritoneal cavities were flushed with 8ml of

RPMI 1640 medium. Cells from the peritoneal wash

were collected by centrifugation and washed in fresh

media. After washing, 5� 105 cells/well were plated in

24-well cell culture plates with RPMI 1640 media

and incubated for 4 h at 37�C with 5% CO2 supply.

Non-adherent cells were removed from the plates by

washing twice with DMEM media, and the small peri-

toneal macrophages were treated with 7.5 mg/ml of

BC01, or other stimulants (see below) in DMEM

media containing 10% FBS, 100 U/ml penicillin, and

100 mg/ml streptomycin at 37�C with 5% CO2 supply.

Cytokine ELISA

Cytokine ELISA MAXTM Deluxe Kit (BioLegend,

USA) was used to measure the cytokine levels, and the

experiments were performed as per the manufacturer’s

instructions. The following inhibitors were used to block

various signaling molecules in RAW 264.7 cells: 2 mMof

an antagonist-inhibitory ODN 2088 (for TLR9), 10 mM
of JSH-23 (for NF-jB), 1 mM of SB203580 (for p38

kinase), 10 mM of SP600125 (for SPAK/JNK kinase),

5 mMof PD98059 (for Erk1/2 kinase). In these inhibitor
assays, 5� 105 cells/well RAW 264.7 cells were pre-

treated for 12 h at 37�Cwith respective chemical blocker

followed by stimulation of the cells with 7.5 mg/ml BC01

and ODN 2395 (Invivogen, USA). In another experi-

ment RAW 264.7 cells were pre-treated for 0.4 h at

37�C with 7.5 mg/ml BC01 followed by incubation with

the same concentration of chemical blocker for 24 h.

Cell culture supernatants were collected after 24 h incu-

bation with BC01 or ODN 2395 and TNF-a, andMCP-

1 levels were measured using ELISA. All the inhibitors,

except ODN 2088 were purchased from Sigma-Aldrich

Co. LLC., St. Louis, USA; ODN 2088 was obtained

from Invivogen, USA, and used as recommended by

the manufacturers. Each experiment was repeated at

least three times independently.

Total RNA isolation

RAW246.7 cells were stimulated for various time points

(0.5 to 48 h) with different concentrations (0, 0.75,

1.5, 7.5, 15 or 75 lg/ml) of BC01 either pre-treated

(7.5 lg/ml) with DNase I or without any treatment.

After stimulation, the cells were washed twice with

PBS and 1ml of TransZol UP (TransGen Biotech

Company, China) was added to each well and vigorous-

ly mixed to lyse the cells. The lysate was mixed with

200 ml chloroform, incubated for 3 min at 25�C and cen-

trifuged to separate the aqueous phase from the organic

phase. Isopropanol was added to the aqueous phase

(1:1), and samples were incubated at �20�C for 2 h
and centrifuged to precipitate the total RNA. The pre-

cipitate was washed twice with 1 ml of ice-cold 75%

ethanol, air-dried and dissolved in RNase-free water.

The quantity and quality of isolated total RNA were

checked using agarose gel electrophoresis.

RT-PCR and qRT-PCR analysis

The total RNA was used for first-strand cDNA synthe-

sis via reverse transcription using TransScript One-Step

gDNA Removal and cDNA Synthesis SuperMix kit

(TransGen Biotech Company, China). Reverse
transcription-PCR (RT-PCR) was carried out using

TransTap High Fidelity PCR SuperMix I Kit

(TransGen Biotech Company, China) in an Applied

Biosystems PCR system 2400 (Thermo Fisher

Scientific, USA). The amplified target gene product

was visualized using 1.0% agarose gel electrophoresis

with a Vilber Infinity 3026 (Vilber Lourmat, France).

Quantitative real-time PCR (qRT-PCR) reactions were

carried out in a CFX96 Real-Time PCR Detection

System (Biorad, USA). Each 20 ml reaction mixture

was comprised of 10 ml of ChamQ SYBR qPCR

Master Mix (Vazyme, China), 7.5 ml of deionized

water, 2 ml of 10-fold diluted template, and 0.5ml of
each amplification primer. The cycling conditions

were set as follows: initial denaturation of 95�C for

30 s, followed by 40 cycles of denaturation at 95�C
for 5 s, annealing at 60�C for 30 s. The melting curves

were then performed by heating the amplicon from 65

to 95�C. Negative controls without template were also

included at the same time to ensure amplification qual-

ity. Transcript levels of reference genes were performed

in three independent biological samples, each with

three technical replicates. The amplification efficiency
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(E, E¼ 10[�1/slope] �1) and the correlation coefficients

(R2) for each primer were calculated by utilizing stan-

dard curves with ten-fold serial dilutions. The b-actin
was used as the internal standard. All gene-specific pri-

mers were synthesized by Sangon (Shanghai, China),

and their sequences (50-30) are as follows: b-actin
(TGTTACCAACTGGGACGACA and CTGGGTC

ATCTTTTCACGGT), TNF-a (CCCACGTCGTAG
CAAACCA and GGCAGAGAGGAGGTTGACTT),

MCP-1 (TCTGTGCTGACCCCAAGAAG and AGG

CATCACAGTCCGAGTCA).

Analysis of subcellular NF-jB localization

RAW 264.7 cells were seeded into 8-well culture plates

with glass coverslips and were treated either directly with

7.5mg/ml BC01 for 0, 15, 30, 60, 120, 180, and 240 min

or after 12 h pre-treatment with the inhibitors ODN

2088 and JSH-23. Cells were washed thrice with sterile

PBS, fixed with 4% paraformaldehyde for 15 min, per-
meabilized in sterile PBS, containing 5% Triton X-100

for 20 min, and were washed with PBS. To avoid non-

specific binding of Abs, the cells were primarily incubat-

ed with 5% blocking serum for 30 min before the incu-

bation with rabbit anti-mouse NF-jB Ab (Santa Cruz,

USA). After 12h incubation, the cells were washed,

FITC-conjugated goat anti-rabbit IgG (Santa Cruz,

USA) was added, and the cells were incubated for an

additional 1 h at 37�C. After washing with PBS, the cells

were incubated with 500 ng/ml DAPI for 5 min at 25�C.
The coverslips with cells were observed and photo-

graphed using UItra VIEW Vox-3D Live Cell Imaging

System (PerkinElmer, Inc, UK) at �100, oil immersion
objective, and each experiment was repeated at least

three times independently.

Phospho-specific protein microarray analysis

Phosphoprotein detection assays were performed in

cooperation with Wayen Biotechnology, Shanghai,

China. Briefly, 100mg lysate of RAW 264.7 cells treated

for 45 min with 7.5lg/ml BC01 or ODN 2395 was

labeled with biotin and hybridized with the NF-jB
Pathway Phosphorylation Antibody Array Kit

(Full Moon Biosystems Inc, USA). This ELISA-based
microarray is suitable for protein phosphorylation

profiling. The slides were scanned with a Gene Pix

4000B scanner, and the fluorescence intensity was

measured using Gene Pix Pro 6.0 software. The raw

data were analyzed using Grubbs’ method and the phos-

phorylation ratio was computed as follows: Phospho

Ratio¼ (phosphorylated(Exp.)/unphosphorylated(Exp.))/

(phospho rylated(Con.)/unphosphorylated(Con.)) where

Exp. represents the test samples and Con. represents

the control. Each of the Abs has six replicates that are

printed on a coated glass microscope slide, along with
multiple empty or positive markers and nega-
tive controls.

Image Stream analysis

For the Image Stream analysis, 5� 105 cells/well of
RAW 264.7 cells were pre-treated with or without the
inhibitors of p38, SPAK/JNK or Erk1/2 for 12 h fol-
lowed by stimulation with BC01 for 45min at 37�C.
The cells were incubated 12 h at 4�C with 100 ll prima-
ry Ab diluted 1:200 in permeabilization buffer. The
cells were fixed with 4% paraformaldehyde for 15min
at 25�C. After washing with PBS, the cells were incu-
bated with 100 ll FITC-conjugated mouse anti-rabbit
IgG (Santa Cruz, USA) for 1 h at 37�C. The cells were
washed, suspended in 200 ll of 500 ng/ml DAPI for
5min at 25�C, and the fluorescent images were visual-
ized using Amnis Image Stream 100 (EMD Millipore
Corp, Darmstadt, Germany).

In vitro phagocytosis assay

The phagocytosis assay was performed according to
the following two methods: (1) for Image Stream
(Amnis) analysis, 5� 105 cells/well of RAW 264.7
cells were stimulated for 24 h with BC01 and were incu-
bated with 1� 106 FlouroSpheresTM Carboxylate-
Modified Microspheres for 2 h. After incubation, the
cells were washed with PBS and were labeled with
APC-F4/80 Ab at 37�C for 30 min and examined
under Amnis Image Stream Data Analyzer, equipped
with the Amnis INSPIRE software. The percentages of
cells for internalization was analyzed using the Amnis
IDEAS software (EMD Millipore Corp, Darmstadt,
Germany); (2) for laser scanning confocal microscopy,
5� 105 cells/well of peritoneal macrophages from
C57BL/6 or TLR9�/� mice were seeded into the 8-
well culture plates. After 24 h pre-treatment with
7.5 mg/ml BC01, the cells were incubated with 1� 106

FlouroSpheresTM Carboxylate-Modified Microspheres
for 2 h. Then, the cells were labeled with APC-
conjugated anti-mouse F4/80 Ab at 37�C for 30 min.
Finally, the cells were blocked with an anti-fluorescence
quenching agent and observed using Ultra VIEW Vox-
3D Live Cell Imaging System (PerkinElmer, Inc, UK)
at �100, oil immersion objective, and each experiment
was repeated at least three times independently.

Protein preparation and Western blot analysis

RAW 264.7 cells and mouse peritoneal macrophages
(5� 105 cells/condition/time point) were stimulated
for various time points (0, 15, 30, 45, 60, and 120
min) and then treated with the cell lysis buffer supple-
mented with 1 mg/ml aprotinin (Amresco, USA). The
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cell lysates were centrifuged at 12,000 g for 30 min at

4�C, and the protein concentration in the supernatant

was measured using the BCA protein assay (Solarbio,

China). Equal amounts (10 lg) of protein were separat-

ed by SDS-PAGE and transferred to polyvinylidene

fluoride membranes. After blocking with 5% goat

blocking serum, the membranes were incubated 12 h

at 4�C with primary Abs, including p38 MAPK Ab,

phospho-p38 MAPK Ab, SAPK/JNK Ab, Phospho-

SAPK/JNK Ab, p44/42 MAPK (Erk1/2) Ab and

phospho-p44/42 MAPK (Erk1/2) Ab, according to

the manufacturer’s instructions (Cell Signaling

Technology, USA). After washing with TBST buffer,

the membranes were incubated with the appropriate

HRP-conjugated mouse anti-rabbit IgG secondary

antibodies for 1 h at 37�C. Finally, the membranes

were treated with Pro-light HRP Chemiluminescent

solution (Millipore, Germany), and the chemical lumi-

nescence was measured.

Flow cytometric analysis

RAW 264.7 cells and mouse peritoneal macrophages

(5� 105 cells/well) were incubated in 24-well plates

with 7.5 mg/ml BC01 for 12, 24, or 48 h. The cells were

harvested and washed with sterile PBS and were incu-

bated with FITC-conjugated anti-mouse CD40 (Clone:

HM40-3, Biolegend, USA), APC-conjugated anti-

mouse CD80 (Clone: 16-10A1, Biolegend, USA), PE-

conjugated anti-mouse CD86 (Clone: GL-1,

Biolegend, USA), and Percp/Cy5.5-conjugated anti-

mouse I-A/I-E (Clone: M5/114.15.2, BioLegend,

USA) for 30 min in the dark. Finally, the cells were

fixed with 1% paraformaldehyde and were analyzed

using a FACScan flow cytometer. In the experiments

designed to block TLR9, the RAW 264.7 cells were

pre-treated with a specific 2 mM ODN 2088 inhibitor

for 12 h at 37�C.

In vivo stimulation of mice and isolation of APCs

Wild type and TLR9�/� (n¼ 10 per strain) female mice

(n¼ 10) were injected with BC01 at 0, 3, and 7 d. Mice

in the test group underwent intramuscular (i.m.) injec-

tion of 100 ll of sterile PBS containing 750 lg/ml of

BC01. Mice in the negative control group were injected

i.m. with 100 ll of sterile PBS. The mice were eutha-

nized by cervical dislocation 3 d after the final injection.

APCs from the inguinal lymph node were isolated and

analyzed using the flow cytometry. The serum was sep-

arated from the whole blood to measure the levels of

inflammatory cytokines.

Statistical analysis

Results are reported as the mean�S.D. (n¼ 3).

Analytical testing was conducted by one-way

ANOVA, followed by Tukey test, using Statistical

Program for Social Sciences 19.0 (SPSS Inc.,

Chicago, USA). For all analyses, P< 0.05 was consid-

ered statistically significant.

Results

Characterization of BC01

The BC01 used in this study is a double-stranded

DNA fragment of BCG with a size between 3 and

10 kbp. The DNA fragments were extracted from

the BCG vaccine by Q Sepharose HP ion-exchange

chromatography (Figure S2). To demonstrate that

these DNA fragments contain unmethylated CpG

motif, first, we treated the BC01 with CpG methyl-

transferase (M.SssI), an enzyme that methylates all

cytosine residues in a double-stranded DNA fragment.

This was followed by restriction digestion of M.SssI-

treated BC01 with HpaII (a specific restriction endo-

nuclease that recognizes the sequence 50-CCGG-30).
The rationale for this step is that nucleotides in the

DNA that have been methylated by M.SssI will not

be cleaved/restricted by HpaII. As shown in

Supplemental Figure 1 treatment with HpaII cleaved

the native BC01 (lanes 3 and 7) from the size between

3–10 kbp to 100–250 bp (lanes 4 and 8). However, in

BC01 methylated with M.SssI, the larger DNA frag-

ment (3–10 kbp) remains intact and not cleaved by

HpaII (lanes 2 and 6). We also show that M.SssI

treatment did not shear the 3–10 kb DNA fragments

(lanes 1 and 5). Based on these observations, we

believe that BC01 contains a large amount of unme-

thylated CpG motif-containing DNA of BCG. The

purity values of BC01 as determined by spectropho-

tometer are A260/280¼ 1.8 and A260/230¼ 2.2. The

detailed biochemical analysis of BC01 is shown in

Figure S2 and Table S1.

BC01 stimulation triggers the production of

pro-inflammatory cytokines by murine macrophages

To determine the effect of BC01 on the activation of

macrophages, the number of pro-inflammatory

markers, TNF-a and MCP-1, at the protein and gene

transcription levels, was measured using ELISA or

qRT-PCR assays. As shown in Figure 1, BC01 stimu-

lation significantly enhanced the production of TNF-a
and MCP-1 at both the protein (P< 0.001 and

P< 0.001, Figure 1(a)) and gene expression (P< 0.001

and P< 0.001, Figure 1(b)) levels, in a dose-dependent
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manner up to 7.5 mg/ml (Figures S3a and S3c).
The protein and transcript of these two cytokines
were detected at 3 h post-stimulation with BC01 and
peak levels were noted at 24 h (P< 0.01, P< 0.01,
Figure S3b, and P< 0.01, P< 0.01, Figure S3d). To
confirm that the observed results are due to the stimu-
lation by CpG DNA present in BC01 and not due to

any contaminating components, BC01 (7.5mg/ml) was
treated with DNase I and the experiment were repeat-
ed. The results show that DNase I treatment signifi-
cantly abrogated the BC01-induced production of
TNF-a and MCP-1 at the protein and gene transcrip-
tion levels (all P> 0.05, lane 2 in Figure 1(a), (b), and
(c)), compared with no treatment control, confirming
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10000bp

3000bp

2000bp

1000bp

Marker Marker

BC01
+

DNase I
BC01

2500
(a) (b)

***

***

***

***

15

25

20

15

10

5

0

10

5

0

2000

1500

T
N

F
-a

 (
pg

/m
l)

M
C

P
-1

 (
pg

/m
l)

T
N

F
-a

T
ra

ns
cr

ip
tio

na
l l

ev
el

 (
fo

ld
-in

cr
ea

se
)

M
C

P
-1

T
ra

ns
cr

ip
tio

na
l l

ev
el

 (
fo

ld
-in

cr
ea

se
)

1000

500

0

20000

15000

10000

5000

0
Medium BC01 + DNase I BC01 Medium BC01 + DNase I BC01

Figure 1. BC01 stimulation induces secretion of cytokines by murine macrophages. RAW 264.7 cells were stimulated with BC01for
24 h at 7.5 lg/ml of BC01 with or without DNase I pre-treatment. (a) Culture supernatants were collected, and the amount of TNF-a
and MCP-1 levels were measured using ELISA. (b) qRT-PCR estimation of TNF-a and MCP-1 mRNA levels in RAW 264.7 cells.
(c) Image of agarose gel electrophoresis of BC01 with (lane 2) or without (lane 3) DNase I pre-treatment. Data in (a) and (b) are
expressed as mean� SD from at least three independent experiments, ***P< 0.001. Data in (c) are representative images of three
independent experiments.
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that the nucleic acid component in BC01 was respon-

sible for the induced production of TNF-a and MCP-1.

BC01 stimulation promotes translocation of NF-jB
subunits to the nucleus

NF-jB, one of the crucial transcription factors acti-

vated during TLR signaling, works as a dimer formed

by the interactions of two of the five Rel family pro-

teins. In resting cells, NF-jB is restricted in the cyto-

plasm by its binding with the inhibitory factor IjBa.
Activation of the TLR signaling pathway degrades

IjBa and releases the NF-jB, and the phosphorylated

NF-jB translocates to the nucleus to function as a

transcription factor. In this study, the effect of BC01

on the translocation and activation of NF-jB was

examined using confocal laser scanning microscope

and phosphoprotein microarray. The confocal micro-

scopic images revealed the localization of NF-jB p65

to the nucleus in the BC01-treated cells. Compared

with the untreated cells, active translocation of NF-

jB p65 into the nuclei was noticed at 15 min after the

BC01 stimulation that reached a maximum at 60 min;

however, the level was decreased after 120 min of

stimulation (Figure 2(a)). Next, we tested the extent

of phosphorylation of molecules in the NF-jB path-

way between BC01-treated and ODN 2395-treated

cells. Consistent with the confocal laser scanning

microscope findings, RAW 264.7 cells stimulated

with 7.5 lg/ml BC01 had significantly increased phos-

phorylation of molecules in NF-jB signaling, includ-

ing NF-jB p65, NF-jB p105/p50, and NF-jB p100/

p52 (Figure 3(a)), compared with the unstimulated

controls. Among the up-regulated phosphorylation

signal molecules, expression of six was generally

increased in both BC01 and ODN 2395-stimulated

cells (Figure 3(b)); however, the phosphorylation sig-

nals were decreased for four of the 13 molecules

(Figure 3(c)).

Activation of NF-jB signaling pathway underlies

BC01-mediated macrophage activation

The NF-jB signaling pathway is one of the key pro-

cesses in the innate immune responses, and NF-jB is a

pivotal transcription factor that plays an important

role in the production of pro-inflammatory cytokines.

To determine whether BC01 stimulation of macro-

phage activation is achieved by the NF-jB signaling

pathway, we treated RAW 264.7 cells with a specific

NF-jB inhibitor, JSH-23, before its stimulation with

BC01. The results showed that the nuclear transloca-

tion of NF-jB was blocked by JSH-23 (Figure 4(c)),

which leads to a significantly attenuated production of

TNF-a and MCP-1 (Figures 4(a), P< 0.01, and 4(b),

P< 0.01). Consistent with these results, JSH-23 treat-

ment of RAW 264.7 cells after BC01 stimulation sig-

nificantly reduced the levels of TNF-a and MCP-1

(Figures 4(d), P< 0.001, and 4(e), P< 0.001).

TLR9 mediates NF-jB nuclear translocation and

cytokine production in BC01-stimulated

macrophages

After establishing the effect of BC01 in promoting

NF-jB activation and its nuclear translocation, we

determined whether TLR9 is involved in these process-

es. Hence, macrophages were treated with a TLR9

antagonist, ODN 2088, which significantly attenuated

the nuclear translocation of NF-jB (Figure 5(c)).

Consequently, the production of TNF-a and MCP-1

was significantly reduced upon pre-treatment of
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Figure 2. BC01 stimulation promotes nuclear translocation of NF-jB in murine macrophages. Confocal microscopy (original
magnification �100, oil immersion objective) was used to determine the effect of BC01 stimulation on the translocation of NF-jB
from the cytoplasm to the nucleus in RAW 264.7 cells. (a) RAW 264.7 cells in growth medium alone (0 min) or 7.5 lg/ml BC01 for the
pre-determined time points (15–240 min). (b) The histogram represents relative nuclear FITC fluorescence intensity at various time
points. Data in (b) are expressed as mean� SD from at least three independent experiments. NC denotes negative control;
*P< 0.05, **P< 0.01.
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macrophages with ODN 2088 for 12 h followed by

stimulation with BC01 or ODN 2395, a known stimu-

lant of TLR9 (Figures 5(a), P< 0.01 and 5(b),

P< 0.01). Furthermore, we used C57BL/6 and

TLR9�/� mice to analyze whether TLR9 mediated

the production of these pro-inflammatory cytokines

upon stimulation by BC01. Peritoneal macrophages

isolated from C57BL/6 and TLR9�/� mice and were

stimulated with BC01 or ODN 2395. We observed a

significantly lower production of TNF-a and MCP-1 in

the macrophages of TLR9�/�, compared with the

C57BL/6 mice, after BC01 stimulation (Figures 5(d),

P< 0.01 and 5(e), P< 0.01). In these cells, the results

obtained with the ODN 2395 stimulation were similar

to those observed with BC01 stimulation. These results

indicate that the effects of BC01 on macrophage func-

tion, including NF-jB activation and its nuclear trans-

location as well as induction of TNF-a and MCP-1

secretion, involve TLR9 signaling.

BC01 stimulation promotes phosphorylation of p38,
SPAK/JNK, and Erk1/2

To determine whether BC01 activates the MAPK
pathway, we performed Western blot analysis on macro-

phages after stimulation with BC01. The phosphoryla-
tion status of MAPKs pathways was detected in the
Western blot analysis. Treatment of RAW 264.7 cells
with BC01 induced a robust phosphorylation of p38,
SPAK/JNK, and Erk1/2 after 15–45 min; peak phos-
phorylation of p38, SPAK/JNK, and Erk1/2 occurred
within 45, 30, and 15 min of stimulation, respectively,

and then returned to baseline at/after 60 min of stimu-
lation with BC01 (Figure 6).

BC01-induced cytokine expression involves activation

of the MAPK signaling pathway

To investigate the role of MAPK in BC01-mediated
activation of the innate immune response,
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Figure 3. Phosphoprotein analysis of NF-jB signaling pathway in BC01-stimulated murine macrophages. (a) Phosphorylated signal
proteins in RAW 264.7 cells that were either unstimulated or stimulated with 7.5 lg/ml BC01 or ODN 2395 were measured using an
Ab microarray system and comprehensively analyzed. The phosphorylation ratio was computed as follows: PhosphoRatio¼ (phos-
phorylated(Exp.)/unphosphorylated(Exp.))/(phosphorylated(Con.)/unphosphorylated(Con.)), where Con. denotes no stimulation and
Exp. denotes BC01 or ODN 2395 stimulation. Relative phosphate level> 1 means increased phosphorylation, and a relative phos-
phate level< 1 means decreased phosphorylation. (b) The phosphorylation signal molecules that were induced in the BC01 or ODN
2395-stimulated samples. (c) The phosphorylation signal molecules that were dampened in the BC01 or ODN 2395-stimulat-
ed samples.
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macrophages were treated with p38 (SB203580, 1 mM),

SPAK/JNK (SP600125, 10 mM), or Erk1/2 (PD98059,

5 mM) inhibitors, before and after BC01 stimulation,

and the production of TNF-a and MCP-1 was mea-

sured (Figure 7). While BC01 treatment alone induced

the expression of TNF-a and MCP-1, pre-treatment of

macrophages with SP600125 significantly reduced the

levels of these cytokines (Figures 7(a), P< 0.01, and

7(b), P< 0.001). The expression of TNF-a, and

not MCP-1, was partially inhibited by PD98059

(Figure 7(a), P< 0.01). However, pre-treatment of

cells with SB203580 did not show significant inhibition

on the expression of these cytokines by the treated

macrophages. These results were also confirmed by

independent experiments in which RAW 264.7 cells

were stimulated with BC01 for 0.4 h followed by treat-

ment with the inhibitors at same concentration as

described above (Figures 7(c), P< 0.05, P< 0.001,

P< 0.01, and 7(d), P< 0.001, P< 0.01). The cytokine

ELISA data are consistent and confirmed by protein

analysis using Western blot, which showed that

SB203580, SP600125, or PD98059 inhibited the activity

of respective kinases and abolished BC01-induced
phosphorylation of p38, SPAK/JNK, and Erk1/2,
respectively (Figure 8(a)). To quantitatively analyze
the degree of p38, SPAK/JNK, and Erk1/2 phosphor-
ylation followed by BC01 treatment, we collected the
fluorescent cell images using the Image Stream 100.
Consistent with the Western blot analysis, the percen-
tages of phosphorylated SPAK/JNK and Erk1/2 in the
nucleus peaked at 31.3% and 40.3% after 30 min of
stimulation with BC01 (Figures 7(f) and 7(g)).
However, the SPAK/JNK and Erk1/2 phosphorylation
was significantly decreased to 4.65% and 18.1% in the
cells which were pre-treated with the inhibitors, com-
pared with the untreated cells (Figures 7(f) and 7(g)).
These results link a causal role for phosphorylation of
MAPK signaling pathway in BC01-induced production
of pro-inflammatory cytokine by macrophages.

BC01 activation of MAPK signaling pathway
involves TLR9

To determine the role of TLR9 in the BC01-activated
MAPK signaling pathway, we measured the
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Li et al. 191



phosphorylation levels of p38, SPAK/JNK, and Erk1/2

in the peritoneal macrophages isolated from C57BL/6

or TLR9�/� mice by Western blot analysis. As shown

in Figure 8, BC01-mediated phosphorylation of the

above kinases was attenuated in the peritoneal macro-

phages of TLR9�/� mice. Similarly, a minimal level of

phosphorylation was observed in the macrophages

obtained from wild type C57BL/6 mice upon pre-

treatment with a TLR9 antagonist, ODN 2088. These

results suggest that the activation of the MAPK signal-

ing pathway is potentially mediated by TLR9 signaling.

BC01 enhances macrophage phagocytosis

through TLR9

To determine the effect of BC01 on macrophage phago-

cytosis, Amnis cellular imaging technology was used.

This method has been used to observe and visualize

the interactions between the phagocytes and the target

microspheres and is capable of quantitating phagocytes

positive for internalized targets. We have adopted this

technique to verify the role of TLR9 in BC01-mediated

phagocytosis by macrophages. A representative image

of RAW 264.7 cells with engulfed FluoroSpheresTM

Carboxylate-Modified microsphere is shown in Figure

9(a). Quantitative imaging analysis of phagocytosis

using Amnis IDEAS software indicated that BC01 and

ODN 2395 significantly enhanced macrophage phago-

cytosis (52.5% and 58.7%, respectively), compared with

the untreated cells (27.7%; P< 0.01 and P< 0.01;

Figure 9(b)). This TLR9-mediated phagocytosis was

further confirmed by ODN 2088 treatment of macro-

phages, which significantly reduced the internalization

of the fluorescent beads (52.3% versus 36.7%, P< 0.01;

Figure 9(b)). In addition, we determined the percent

phagocytosis from the number of macrophages that

consumed at least one fluorescent microsphere to the

total number of cells in the same visual field, using con-

focal microscopy (Figure 10). The results indicate that

the phagocytic rate of the peritoneal macrophages iso-

lated from C57BL/6 mice was significantly higher

(mean: 63.2%; P< 0.01) than the TLR9�/� mice

(mean: 41.1%) (Figure 10(b)). Similarly, evaluation of

the phagocytic index of individual macrophages in the
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Figure 5. TLR9 mediates the NF-jB nuclear translocation, and cytokine production in BC01-stimulated murine macrophages. (a)
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same visual field revealed that the number of micro-

spheres phagocytized by the peritoneal macrophages

isolated from TLR9�/� mice was significantly lower

(mean: 7.6; P< 0.01), compared with that of C57BL/6

mice (mean: 14.1) (Figure 10(c)). These results indicate

the involvement of TLR9 in BC01-induced macrophage

phagocytosis.

BC01 induced expression of cell-surface molecules in

macrophages in TLR9-mediated manner

Next, we investigated the effect of BC01 on the expres-

sion MHC-II, and cell-surface co-stimulatory mole-

cules, such as CD40, CD80, and CD86 by murine

macrophages. Cells were stimulated with 7.5 lg/ml of

BC01 for 12, 24, or 48 h, and analyzed by flow cytom-

etry. Thus, BC01 stimulation of macrophages increased

the expression of MHC-II by two folds at 24 and 48 h,

compared with the control-stimulated cells (P< 0.01

and P< 0.01, Figure 11(a)). Similarly, stimulation of

macrophages with BC01 significantly enhanced the

expression of CD80 at 24 h (P< 0.01, Figure 11(c));

however, no significant effect was observed on the

expression of CD86 (P> 0.05, Figure 11(c)).

Interestingly, the expression of CD40 peaked at 12 h,

followed by gradual reduction until 48 h (P< 0.01 and

P< 0.01, Figure 11(b)). Also, we have detected a signif-

icant up-regulation in the expression ofMHC-II, CD40,

CD80, and CD86 in BC01-treated peritoneal macro-

phages isolated from C57BL/6 (Figure 12(e), P< 0.01;

Figure 12(f), P< 0.01; Figure 12(g), P< 0.001, and

Figure 12(h), P< 0.01). These results suggested that

BC01 can activate the immune response of macrophages

by up-regulating the expression of MHC-II and other

cell-surface co-stimulatory molecules.
To determine the role of TLR9 on BC01-mediated

expression of MHC-II, CD40, CD80, and CD86 mol-

ecules, the RAW 264.7 were pre-treated with ODN

2088 and stimulated with BC01. The flow cytometry

analysis of these cells showed an elevated expression

of MHC-II and CD40 in the BC01 alone-stimulated

cells, compared with the media control. Though

ODN 2088 pre-treatment followed by BC01 stimula-

tion also increased the expression of MHC-II and not

CD40, the level of induction of these molecules in the

ODN 2088 pre-treatment group was significantly lower
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Data shown are expressed as the mean� SD from three independent experiments; NC denotes negative control. ***P< 0.001.

Li et al. 195



than the cells treated with only BC01 (Figure 12(a),
P< 0.01). No significant difference was noted in
CD80 and CD86 between the control and BC01-
stimulated, with or without ODN 2088 pre-treatment
groups (Figure 12(c), P> 0.05, and Figure 12(d),
P> 0.05). However, results obtained with primary
macrophages were slightly different than those
obtained with murine cell lines. Importantly, the
expression levels of MHC-II, CD40, CD80, and
CD86 molecules were significantly reduced in the peri-
toneal macrophages of TLR9�/� mice, compared with
the wild type C57BL/6 mice (Figure 12(e), P< 0.001,
Figure 12(f), P< 0.001, Figure 12(g), P <0.001, and
Figure 12(h), P< 0.01). These results suggest that
TLR9 plays a role in BC01-mediated induction of
MHC-II and co-stimulatory molecules expression,
and also highlights the subtle variations in the pattern
of expression of these molecules between primary cells
and cell lines.

BC01 induced inflammatory cytokine expression in a
TLR9-dependent manner in mice

Inflammatory cytokines, such as TNF-a, IFN-c, IL-6,
and IL-17 activate immune cells including APCs and
lymphocytes, regulate the metabolic activities of these
cells, promote the synthesis and release of other cyto-
kines, and play an essential role in regulating the host
immunity. As TLR9 is a critical receptor in the APC
and as BC01-mediated APC activation involves TLR9,
we wanted to determine the contribution of TLR9 on
the BC01-mediated host immune activities. As shown
in Figure 13(a), wild type C57BL/6, and TLR9�/� mice
were injected with BC01; 3 d after the final injection
animals were necropsied, and the levels of inflammato-
ry cytokines/chemokines were determined in the serum.
As shown in Figure 13(b), BC01-injected C57BL/6
mice showed significantly higher levels of all the
tested inflammatory cytokines/chemokines, except for
IL-1a, in the serum, whereas the levels of the same
cytokines were remarkably attenuated in TLR9�/�

Brightfield(a)

(b)

F4/80 Microspheres Merge

M
ed

iu
m

B
C

01
O

D
N

 2
39

5
O

D
N

 2
08

8 
+

 B
C

01

80
**

**

60

40

P
er

ce
nt

ag
e 

of
 c

el
ls

 (
%

)

20

0
–
–
– –

–
–
–
+

+
+
–

+BC01
ODN 2088
ODN 2395
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Figure 9. Continued.
with or without BC01, ODN2395 or a TLR9 antagonist, ODN
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mice. Expression of IL-1a was elevated in the TLR9�/�

mice compared with the wild type. These results indi-

cate that BC01-mediated induction of inflammatory

cytokines/chemokines is dependent, at least in part,

on TLR9. These in vivo findings also reinforce the

vital role of TLR9 in BC01-induced activation of the

innate immune system.

TLR9 is required for BC01-induced APC proliferation

As part of the host’s innate immune system, APCs are

crucial for the effective control of infectious disease in

humans and other experimental animals. We noticed

that BC01 stimulated APC function in vitro and ex

vivo in a TLR9-dependent manner. We also observed

elevated levels of pro-inflammatory cytokines/chemo-

kines in BC01-immunized mice that were dependent

on TLR9. To determine the impact of these changes

on the immune cell distribution in vivo, we measured

the B lymphocytes, dendritic cells, and macrophages in

the single-cell suspensions prepared from the lymph

nodes of BC01-immunized mice using flow cytometry

(Table 1). The obtained results showed that the per-

centage of APCs was significantly increased in both

wild type and TLR9�/� mice after three doses of immu-

nization with BC01. In addition, the percentages of

B lymphocytes (32.3%) and macrophages (2.4%)

were significantly increased in the lymph nodes of
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C57BL/6 mice, compared with the TLR9�/� mice,

28.6% and 1.0% respectively, (P< 0.05 and P< 0.05,

Table 1). However, no significant effect of immuniza-

tion with BC01 was observed on the percentage of den-

dritic cells in any of the groups (P> 0.05 and P> 0.05,

Table 1).

Discussion

The innate immune response plays an essential role in

the non-specific, anti-infective immunity of the host

and the initiation, regulation, and effector phases of a

more specific, adaptive immune response. Therefore,

the ability to optimally activate the innate immune

response has been one of the critical indicators for eval-

uating the performance of vaccines and adjuvants.
Engagement of TLRs by exogenous and endogenous

signaling molecules, such as PAMPs and DAMPs,

respectively, leads to activation of macrophage effector

functions, which play crucial roles in regulating the

host innate and adaptive immunity during disease

conditions. In the present study, we showed that the

activation of murine macrophages with an adjuvant,

BC01, significantly increased the production of TNF-

a and MCP-1. In addition, the loss of macrophage-

stimulating activity of BC01 after digestion with

DNase I indicates that BC01-induced production of

pro-inflammatory cytokines was not due to the

presence of proteins or polysaccharides, but rather a

specific property of the unmethylated CpG motif-

containing DNA fragments extracted from BCG

genome. Consistent with Diesel et al., our data suggest

that binding of BCG DNA to TLR receptors is a key

signaling event that induces cytoskeletal changes and

associated macrophage cell activation.39 However, the

precise mode of action of TLR agonists (BC01, ODN

2395) and antagonists (ODN 2088) and the structural

requirement of these molecules in stimulating TLR sig-

naling and subsequently inducing pro-inflammatory

molecules remains unknown. Unraveling the mecha-

nism of action of TLR agonists/antagonists and com-

paring their nanoparticulate structures associated with
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induction of large amounts of TNF-a is worth further

exploration. Such studies can help to devise better
immune-stimulatory molecules.40

TLR-mediated signaling pathways predominately
activate NF-jB, which is a critical transcription factor
that regulates the gene expression during the innate and

adaptive immune responses.41,42 Engagement of TLRs

by cognate ligands ultimately activates NF-jB, which
translocates from the cytoplasm into the nucleus and
modulates the expression of genes involved in the
immune responses.43,44 In this study, we showed
significant induction in the nuclear translocation of
NF-jB p65. This observation is consistent with the
induction of pro-inflammatory cytokines, such as
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TNF-a and MCP-1. These activities were inhibited sig-
nificantly when BC01 was co-incubated with JSH-23,
which indicates the BC01 induced the NF-jB p65 nucle-
ar translocation, which in turn activated the NF-jB
signal pathway, and promoted pro-inflammatory cyto-
kine secretion.

In mammalian cells, the structure of NF-jB struc-
ture consists of five homologous subunits, and all NF-
jB family members have a Rel homology domain,
which is necessary for homo- and hetero-
dimerization, nuclear localization, and DNA and
IjBa binding.43,45 NF-jB works as dimers formed by
the interactions of two of the five Rel family proteins.46

Recently, the phosphorylation and acetylation of p65
were shown to be crucial for DNA binding and trans-
activation of NF-jB.47–49 In addition, a shift in NF-jB
subunits from p50-p65 to p50 homodimers has been
shown to be associated with the resolution of inflam-
mation,50 and IKK has also been reported to phos-
phorylate NF-jB p65.48,51 Our study showed that
stimulation of macrophages with BC01 or ODN 2395
significantly increased the phosphorylation levels of
NF-jB p65, NF-jB p105/p50, and NF-jB p100/p52
molecules which are components of the NF-jB path-
way. Thus, we confirm that the macrophage stimula-
tion of BC01 involves activation of the NF-jB
signaling pathway.

TLR9 is the only endosomal PRR that mediates
potent innate response, specifically to bacterial and
viral DNA.52 TLR9 preferentially recognizes DNA
sequence motifs containing the CpG dinucleotide.
Synthetic ODNs, such as ODN 2395 used in this
study, have been studied previously as adjuvants
either as soluble, nanoparticle formulations53 or as
virus-like particles.54 Previous studies have shown
that synthetic ODNs containing unmethylated CpG
motifs activate cells that express TLR9 to mount an
innate immune response, characterized by the produc-
tion of pro-inflammatory Th1 cytokines mediated by
NF-jB signaling.55 Besides, DNA isolated from
M. tuberculosis H37Ra and M. bovis BCG activates
macrophages via TLR9 signaling to mount an

antibacterial response against MTB in human and

murine alveolar macrophages.56 Moreover, a fraction

complex extracted from M. bovis BCG, which con-
tained more than 90% of nucleic acids and less than

2% of bacterial proteins, was found to possess intense

antitumor activity in murine and guinea pig

models.57,58 Although these studies highlighted the
immune-stimulatory activities of mycobacterial nucleic

acids through TLR9 signaling, the methylation status

of the stimulant used was not described. Similarly, no

immune-regulatory studies have been performed previ-

ously using BC01, which are unmethylated, CpG
motif-containing DNA fragments derived from the

genome of BCG as described in this study.
In addition to NF-jB, the MAPKs pathway is

another signaling cascade that regulates immune
response to external stimuli. In mammalian cells, the

MAPK system comprises a family of protein-serine or

threonine kinases. The p38, SPAK/JNK, and Erk1/2

kinases link the extracellular signals from activated
receptors, located in the plasma membrane, to the

nucleus. This signal initiates various cellular responses

such as cell proliferation and differentiation, survival,

death, and apoptosis.31,59,60 Studies have shown that
infection of macrophages by M. tuberculosis com-

plex61–63 or Mycobacterium avium64 activates the

MAPKs signaling cascade to protect the host from

the invasion/survival of these pathogens.

Phosphorylation of molecules involved in the
MAPKs signaling pathway ultimately results in the

expression of pro-inflammatory cytokines. Our studies

indicate that BC01 stimulation of macrophages can

activate SPAK/JNK and Erk1/2 that can induce
TNF-a and MCP-1 expression via the TLR9 pathway.

Further, specific inhibitors in this pathway significantly

attenuated the phosphorylation of SPAK/JNK

andErk1/2 kinases, and ultimately reduced the expres-
sion of TNF-a and MCP-1 in the RAW 264.7 cells. In

addition, the levels of phosphorylated p38, SPAK/

JNK, and Erk1/2 were increased in the RAW 264.7

cells following the BC01 stimulation. Consistently,

low, basal-level phosphorylation was observed in the
peritoneal macrophages of C57BL/6 mice that were

pre-treated with p38, SPAK/JNK, or Erk1/2 inhibitors.

Moreover, the MAPK-mediated pro-inflammatory

cytokine induction was abolished in RAW 264.7 cells,
when TLR9 inhibitor was added along with BC01 in

the culture, and the peritoneal macrophages obtained

from TLR9�/� mice. Taken together, our findings sug-

gested that BC01 stimulation is capable of activating
several innate immune signaling pathways in murine

macrophages, by primarily engaging TLR9, which

culminates in the elevated pro-inflammatory cyto-

kine production.

Table 1. APCs composition in mice lymph nodes.

C57BL/6 TLR9�/�

PBS BC01 PBS BC01

B Lymphocyte 22.5� 5.1 32.3� 5.3 23.6� 2.3 28.6� 4.7

Dendritic cells 2.3� 0.4 2.5� 0.4 3.1� 0.5 2.9� 0.7

Macrophage 0.9� 0.3 2.4� 0.3 0.9� 0.2 1.0� 0.2

Flow cytometry was used to determine the percentage of various APCs

in the single-cell suspensions of lymph nodes from wild type and TLR9-/-

mice (10,000 events per condition). Data shown are mean� SD.

Numbers in bold italics have a P< 0.05.
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Among various innate immune responses,
macrophage-mediated phagocytosis is a crucial process
to remove pathogens65,66 and cell debris.67 Therefore,
the ability to enhance macrophage function has become
an important indicator to assess the performance of
adjuvants that are capable of stimulating innate immu-
nity. In this study, we evaluated BC01 ability to
enhance the phagocytic activity of macrophages, and
our results indicated that BC01 and ODN 2395 could
significantly improve phagocytosis by macrophages
from 27.7% (untreated) to 52.3% (BC01) and 58.7%
(ODN 2395). However, when the macrophages were
pre-treated with a TLR9 antagonist, their phagocytic
activity was significantly decreased. These results were
also consistent with similar experiments performed
using primary cells, in which we observed that BC01
enhanced the phagocytic activity of peritoneal macro-
phages in a TLR9 pathway-dependent manner.
Consistent with these phagocytosis experiments, BC01
stimulation of macrophages increased the expression of
MHC-II and cell-surface co-stimulating molecules in a
TLR9-mediated manner. This phenomenon was also
confirmed in experiments performed with peritoneal
macrophages from C57BL/6 and TLR9�/� mice.

In our studies, the purpose of in vivo experiments in
mice was to verify and extend our in vitro findings that
BC01 treatment can activate a signaling pathway that
induces pro-inflammatory chemokines and cytokines in
mice. In addition, we used TLR9 knockout mice to
show that the BC01-mediated immune changes on the
host are associated with TLR9.

In the pilot experiments, we have studied the expres-
sion levels of various cytokines in mice at different
time points after single-dose administration of BC01
(Figure S4). Surprisingly, we found that a single dose
was not sufficient to stimulate the TLR9 knockout
mice to mount an immune response. In addition, a pre-
vious study has shown that BC01 treatment promotes
the proliferation of mouse T and B lymphocytes,
enhances NK cell killing activity, increases the content
of CD3þ, CD4þ, and CD8þ T cells in the spleen, and
restores the immune function of T and B lymphocytes
in the immune-compromised animals.68 Therefore,
it appears that, in addition to acting as a vaccine adju-
vant, BC01 can also function as an immunomodulatory
molecule. Based on this knowledge, we performed a
booster dose to test if we can improve the immune
response induced by BC01. However, as shown in
Figure 13(b), the cascade of systemic pro-
inflammatory cytokines produced by booster
stimulation with BC01 was significantly lower in the
TLR9�/� compared with the wild type mice, which fur-
ther proves that TLR9 function is essential for the
BC01-mediated activation of the host innate immune
response. In addition, evaluation of the composition of

APCs in the lymph node of mice indicated that BC01

stimulation significantly induces B lymphocyte and

macrophage proliferation in the wild type C57BL/6

mice compared with the TLR9�/� mice.
In conclusion, our study demonstrates that BC01 is

a potent TLR9 agonist, induces innate immunity, and

up-regulates the production of pro-inflammatory cyto-

kines upon stimulation of macrophages in vitro or

ex vivo, and in a mouse model of in vivo stimulation.

We also show that the innate immune activation prop-

erties of BC01 involve NF-jB and MAPKs signaling

pathways. These observations provide a better under-

standing of the immunoregulatory mechanisms of

BC01 that is vital to accelerate the clinical utility of

this molecule to boost innate host immunity against

invading pathogens.
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