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EXECUTIVE SUMMARY

The aim of this research project is to encourage an integrated basic
rescarch on melioidosis and its causative agent, Burkholderia psuedomallei,
at the Faculty of Science, Mahidol University. Three strategic approaches
were selected including providing an infrastructure for a safe and efficient
research to meet an international standard for a category B agent (one with
potential for bioterrorism), recruiting young investigators and graduate
students for research in melioidosis and gathering original research data
sufficient for future research support from granting agencies. To achieve the
first commitment, the Faculty of Science at Mahidol University has allocated
funding for constructing a fully equipped biosafety laboratory P3 level with a
total budget of almost 20 million bath. Additional accessory facilities
including a fully equipped tissue culture room and a modern molecular biology
and immunology laboratory were established in the Central Research Facilities
section. The number of investigators grew from the initial 8 members to more
than 20 by the end of the 3 year period. In addition, more than 15-20 graduate
students at either Ph.DD. or M.Sc. level were attracted to work in the projects on
melioidosis and B. pseudomallei for their thesis requirement. The network
itself has expanded from 4 institutes initially involved to over 10 by the end of
the period. A large number of young staff at various institutes were able to
obtain different types of research grants of their own to supplement some of
the work being carried out in the network. Several doctoral candidates
received Royal Golden Jabilee Ph.DD. scholarships to carry on their research in

the laboratories of investigators within the network.



The last objective of the research project is to carry on research work
concerning largely with the pathogenesis of the disease melioidosis. It was
arbitrarily subdivided into 5 subprojects. Some of these were a continuation of
the ongoing work in the laboratory of some members within the network.
Some are new areas that were initiated because we felt that it was crucial for
the understanding on pathogenesis (e.g., subproject no. 4) and that preliminary
data to be obtained should provide significant insight to which future research
direction should be attended and new research proposals submitted and
approved. It should be mentioned that the group was fortunate enough to
receive a new research grant from NSTDA to work on melioidosis for the next
3 years beginning in September 2005. We were also proud at our achievement
as the existing project has already generated 15 original research papers
published in reputed journals and with 5 more are in progress. Members of the
network were invited to give plenary and symposium presentation at different
international and local scientific conferences. A total of at least 38 oral and
poster presentation of original research work were given by staff and students
in the network. In summary, we feel that we have achieved the original goal
agreed upon by the TRF granting agency and the Faculty of Science. Mahidol
University. Research data generated by our group from this 3 years program
provide significant insights into our understanding on the pathogenesis of

melioidosis.



ABSTRACT

The main objective of this research project is to establish an integrated
research program on melioidosis and Burkholderia psuedomallei at the Faculty
of Science, Mahidol University. To accomplish this goal, the faculty agreed to
construct a fully equipped biosafety laboratory P3 level to meet an
international standard for working on the Category B agents (i.e. those with
potential for bioterrorism). Accessory facilities including for example tissue
culture and molecular biology-immunology laboratories were also provided.
During the 3 years of operation, the initial group of 8 investigators had
expanded to almost 40 individuals with different levels of research experience
in melioidosis and this included almost 20 graduate students. The main theme
of the research within the program was largely geared at investigation on .
pathogenesis of melioidosis and virulence of B. pseudomallei, The 5
subprojects had generated data that were published in respectable international
journals. Allin all, 15 original papers have been published, with 5 more are in
different stages of preparation and to be subsequently submitted in the near
future. Research results were presented in both oral and poster forms in
several scientific conferences in different countries. At the end, some
members in the original network group got together and, based on the
preliminary data generated from the current project, applied for a new research
grant from NSTDA. The research idea was accepted and the application was

granted for a 3-year period starting from September 2005 onward.
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CpG ODN activates NO and INOS production in mouse macrophage cell line
(RAW 264-7)
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Moedieal Component, AFRIMS, Bangkok, Thailand, and $Department of Microbioiogy, Faculty of Science, Makido! University,
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SUMMARY

Synthetic CpG containing oligodeoxynucleotide (CpG OIIN) is recognized for its ability to activate
cells to produce several eytokines. such as [L-12 and TNEF .. In the present study we have demonstrated
that CpG ODPN 1826, known for ils immunostimulatory activity in the mouse system could. by itself,
induce pitric oxide (NO) and inducibic nitric oxide synthase (iINOS) preduction from mouse
macrophage cell line (RAW 264-7). Neutralizing antibody apainst TNF-@ was not able to inhibit NO
or iNOS production from the CpG ODN 1826-activated macrophages, suggesting that althcugh Lhe
TNF-¢ was also produced by Cp(G ODN-activated macrophages, the production of iNOS was not
mediated through TNF-e. Although both CpG ODN 1826 and lipopolysaccharide (LPS) were able to
stimulate NO and iNOS production, the exposure time required for maximum production of NO and
INOS for the CpG ODN 1826-activated macrophages was significantly longer than taose activated with
L.PS. These results were due probabiy to a deiay of NF-xB translocation. as indicated by the delay of
IxBa degradation. Moreaver, the fact that chlaroquine abolished NQ and iNOS production from the
cells treated with CpG ODMN 1826 but not from those treated with LPS suggested that the induction of
NO and iNOS production from the cells stimulated with CpG ODN (1826) also required endosomal

maluration/acutification.

Keywords CpG QDN iNOS

INTRODUCTION

Bacterial penomic DNA  containing unmethylated cytosine
followed by guanine {Cp(G ODN} is well recognized as an
immunostimulator. 1t appears to function as one of the “danger
signals” o Irigger tmnate immunity agamst infection as well as trig-
pering a specific adaptive immune response [1]. For example, both
hactenial CpG DNAC and synthetic oligonucleotide contaming
unmethylated cytostne (CplG ODNY can simularly induce the pro-
ducton of promflammatory cylokines, such as IL-6, 1L-12 and
TNT -z w1 hoth a2 vare and e vive conditions [2-3].

The molecular mechanmsm of CpG DNA or CpG ODN in
immunostmulation is almost identical to that of the more classs
val nducers of inmate immune system, i.c. lipopolysaccharide
(1.PS} and pepudoglycan (PG) {6]. In fact, bath the CpG DNA
and OpGi ODN, like LPS, can nduce septic shock when injected
into mice [3]. Toil-like receptor (TLR) ts a critical receptor and
wunal transducer for both bacterial DNA and LPS. TI.R4 has
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been reported to play an impertant role in LPS signat transducer,
while TLRY is responsible for CpG ODN activation [7.8]. More-
over, cndocytesis of TILRY is a crucial step for signal transduction
of CpG ODN [9,10]. Both TLR4 and TLRE recruit MyD88 which
subsequently activates p38 and c-Jun, resulling in activation of
transcription factors such as AP-1 and NF.«83 [11-13]. However.
the LPS could sull induce NEF-x13 and mitogen-activated protein
kinase cascades in a Mybass-independent pathway, as MyDBS-
deficient cells could snll respond to LPS but not to CpGG DNA
[14,15].

Among the medistors produced by 1P§ activated mouse
macrophages, mitnie oxide {(NO) produced by mducible aitric
oxide synthase (INOS) plays a crucal 1ole in ionate immune
response against bacterial infection [16]. However, uniike those
treated with the LPS, the macrophages treated with the hacterial
DINA by uself faded to produce NOY or iNOS |5], but these
products were observed only when the cells were first primed with
IFN-¥[5.17,18]. Recent data atsa indicate that CpG DNA or CpG
QDN could stimulate NG production, but only in the presence of
a subthreshold concentration of LPS {18].

The specific CpG ODN 1826 (5 TCCATGACGTTCCT
GACGTT V) ased 10 the present studv, s known 1o be an excel-
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lent immunostimulator in the murine model. both in virre and
m vive [19]. However, whether this specific CpG ODN alone
can aclivate NO and tNOS production has not been illustrated.
The data presented herein demonstrated that CpG ODN (1826)
induces NO and iNOS production trom mouse macrophages by a
mechanism different from that induced bv LPS.

MATERIALS AND METHODS

(Higodeoxvaucleotides (QDN)

Nuclease-resistant phosphorothioate QDNs were kindly provided
by AL M. Knieg (Coley Pharmaceutical Group, Wellesley, MA,
USA) The sequences of the ODNs used are 1826 (3" TCCAT
GACGTTCCTGACGTY 37 1385 (& GGGUGTCAACGTTG
AGGGGGG 3, 006 (57 TCOTCGTTTTGTCGTITTG
TCGTT 3%, and non-CpG contamng ODN 1982 (3" TCCAGGA
CTTCTCTCAGGTT 3). Eschertchia coli DNA (strain B) was
purchased from Sigma (St Lows. MO, USA) and was purified
[urther by repeated extiraction with phenol:chloroform - iscamyl
alcohol (23:24:1) or Triton X 114 and ethanol precipilation
before made into singie stranded by hotling for 10 min. Possible
contamination with a trace amount of lipopolvsaccharide (LPS)
in ihese samples was determined by a Lonwdus amoebocvie lysate
assay (LAL assay, BioWhittaker., Walkersvill. MDD USA) and
expressed as endotoxin units (150 per mb The lower limit for the
detection of LPS n our laboratory was 0-03 EU/Mml. An LPS
reference prepared from Salmonella tvphimerium (Sigma) had an
activity ol 433 ng/CLL All the ONs and £ coli DNA used had
endotoxic activity less than §-075 EU/mg.

Cell line and culare condition

Mouse macrophage cell line (RAW 204-7) was obtained from
American Type Cultere Collection (ATCC, Rockwille, MDD,
UISAY. H notindicated otherwise. the cells were cultured in 24-
well plates with 0-5ml of Dulbeccco’s modified Eagles™ medium
(MMEM) {Gizco Laboratories. Grand [stand, NY, USA) sup-
plemenied with 10% fetal bovine serum (FBS}) (HyClone. Logan,
UT. USA) at 37°C under a 5% CO- atmosphere.

NO assay

The production of NO was determined by measuring the guan-
tity of nitrite in the supernatant from the cells cultured under dif-
ferent conditions by the Griess method. using a standard curve
comstructed with mitrite ranging feom 3 10 40 gm [20]. £ coli LPS
{Sigma) at concentration of 10ng/ml was used as a positive
controb. Under this condition. the sensitivity tumit of the method
wirs 5 M ol mtite

FNE-0r aasay

TNT-x activity was measured by a cvloloXic assay using mouse
libroblast cell fime (1.-929) [21]. [n bret the supernatant trom acti-
vated mucrophages wis appropriaiely diluted belore being added
to the mouse kibroblast culture. After 18 h of incubation . the TNF-
e-treated fibroblast cells were stamed with erystal violet, Change
i the ahsorbanee at 340 mm was measured and converied 1o
uni/ml of TNE hased on a standard curve using munne TNF-a
(CGenzyme, Cambridpe. MA L USA) as standard

Iineenoblomag for (NOYS aued IXBa deiection
INOIS  and TaBa was determined by

mmunoblotting. Boclly, the mouse macrophages were ivsed m

the  producton ol

lysis buffer containing 62-5mm Tris pH6-8, 6 M urea. 10%
glycerol. 2% SDS, 0-003% btromphenol blue and 3% 2-
mercaptocthanol and followed by sonication on ice for 205 The
lysates were electrophotesed on 8% polyacrylamide before trans-
ferring to polyvinylidene difluoride (PVDF) membrane {Bio-
Rad. Hercules, CA). The membrane was blocked in 5% skim milk
far 1 h before reacting overnight with rabbit polyclonal antibody
to mousc iNOS or IkBa (Santa Cruz. Santa Cruz. CA}). The blots
were then reacted with horseradish peroxidase-conjugated swine
antirabbit [gG (Dako, Glostrup, Deamark). Protein bands were
detected by enhanced chemilumincscence as recommended by
the manufacturer (Pierce, Rockford, 11, USA).

RESULTS

NO produciion from macrophages activated with CpG ODN
To determine NO production, the mouse macrophage {RAW
264-7) monolayer was treated with various concentrations of CpG
ODN 1826. After 24 h, the supernatant was analysed for nitrite by
Gricss reaction. As shown in Fig. 1. NOQ was produced by the celis
stimulated with CpG ODN 1826 at a4 concentration as low as (-05
peiml reachmg a plateau production at | gg/ml. Conversely, the
cells activated with non-CpG containmng ODN (1982) which
scrved as a negative control. were unable to produce a significant
level of NO., cven when uscd at a concentration as high as
10 pg/ml Two other CpG ODNs, e, [585 and 2006, and bacterial
DNA were also analysed but none of them was able to stiomulate
NO praduction from these cells when tested under the same
conditions (Fig. 2).

In order to rule out the possibility that NO production was
due 10 LPS contamination wn the sample, the macrophages were
activated with Cp(G ODN 1826 in the presence of different con-
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centrations of polymyxin B. After 24h. the supernatant was
analysed for nitrite and the cells were subjected 1o Immuno-
blotting using antibody agamnst iNOS. Results presented in Fig, 3a
showed that polymyxin B did not interfere with NO production
from the cells activated with CpG ODN 1826. However. under
a similar condition, this inhibitor completely abolished NO
production from the cells stimulated with 10ng/ml E. coli LPS.
Similarly, polymyxin B al concentration of 10pg/m! also
abrogated INOS cxpression completely from the macrophages
stmulated with LPS but not with CpG ODN 1820 (Fig. 3b).
Together, these results supgest that Cp(GG ODN 1826 was able 1o
stimulate NO and iNOS production and Lhat such a response was
not the result of LIPS contanunation.

Among the cytokmes produced by CpG ODN-activated
macrophages. TNF-a 15 known to be able to sttmulate NO and
INOS production [16,22]. The production of TNF-a from the cells
activated with Cp(i ODN 1826 |3] prompted us to investigale
further whether NO) and (NOS production from the celis treated
with CpG ODN 1826 could possibly be mediated through the
carly TNF-a released. In this expertiment. the macrophages were
stimulated with CpG ODN 1826 in the presence or absence of
neutralizing antibody against TNF-z. and the iNOS production
was then measured. The results showed that this antibody was
unable to prevent cither the NO production (Fig. da) or (NOS
expression (Fig. 4b). On the contrary, under Lhe same conditions
this amouat of antibody could neuvtralize complaetely the TNF-a
activity in the supcernatant (FRg. 4c).
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Exposure time required for maximum stimulaiion of NO
production by CpG QDN 1826-activated macrophages

To achieve this, the macrophages were pulsed with a precalibrated
concentration of CpG ODN 1826 for different time intervals
before analysis for NO and iINOS production. After pulsing, the
cells were washed and then culttured further for a total of 24k,
when the supernatant was collected and analysed for NO and the
cells were analysed for iNOS. The results showed that a minimum
of 8 h of exposure was required for the cells to be fully activated
by CpG ODN 1826 (Fig. 5a}. In contrast, the pulsing time
required for the LPS to activate these cells fully was less than
1 h. 11 should be noted that at 1h, very low NO production was
detceted when the cells were pulsed with CpG ODN 1826, A
similar conclusion coukt also be obtained with the production of
iNOS from the cells activated with these twa stimulators (Fig. 5b),
although it could be argued that a trace amount of LPS might still
be present on the cells {and plastic plates}, which would lead
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Fig. 4. NO and (NOS product:on by mouse macrophages activated with Cp QDN 1826 15 independent of TNE-a production. RAW 264-7
macrephages (1 x 10" cellsiwedl) were siimulated wath CpG QDN 1826 (1 yg/ml) in the presence or absence of neutralizing antibody
(10 gg/ml) against TH1-ce. After 24 h. the supernatant was analysed [or uitrite (a} and 1the cells were analysed for iNOS by immuneblottng
{b). The ability of antibody to neutralive biolopicat activity of TNE. @ was also determined by eytolvsis of mouse Abroblasts (L929)

{c). Data (a and c) represent mean and s.d. of thiee separale experiments. each carried out in duphicate. *P < (-03 according to Student’s
-lest
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to the macrophages activation. This possibility is unlikely to
alter the result presented, as we had evidence (enpublished} that
polymyxin B added after pulsing gave similar results.

Kinetics of IkBo. degradation in CpG ODN 1826-activaied
macrophages

The macrophages were activated with CpG ODN 1826 at a con-
centration of 1 gg/ml for 3, 15, 30, 45 and 64 mun and [«kBeain the
lysate of activated cells was determined by immunoblotiing
Degradation of IxkBa from the CpG ODN 1826-treated cells
could not be observed until 45 min after exposure (Fig. 6). In con-
trast, IxBo degradation from the cells activaled with LPS was
detecled within 15 min. These results sugpestied thal comparing
wilh the LPS, the 1xBa degradation in the macrophages activated
with CpG ODN 1826 was significantly delayed.

CpG ODN 1826-mediated NO and INOS production s
dependent on a chloroquine sensitive step

Chloroquine is an endosomal maturation/acidificaton mhibitor
known to abolish CpG ODN-mediated cytokine praduction and
celf activation {9,23]. However, no information on NO and (NOS
is currently avaifable. Therefore, in the present study, NO and
iNOS production was determined when the macrophages were
activated with CpG ODN 1826 or LPS n the presence or absence
of chloroquine. As to be expected from its melecular mechanism
of action, this inhibitor did not have any effect an NO (Fig. 7a)
or INOS (Fig. 7b) production from the cells stimulaled with LPS.
However, the chloroquine was able to abrogate both the NO and
WNOS production by CpG ODN 1826-activated cells {Fig. 6) sug-
gesting that the cells activated with Cp(c ODN 1826 required an
endosomal maturation/acidification step which was not essential
for LPS stimulation.

DISCUSSION

During, the past decade, there have been many independent
studics demonstrating the immunomodulatory potential of
prokaryotic DNA, especially of bacterial origin. The genomic
DNA of bacteria is discriminated from that of the host derived
by a pattern recogmition system of the inpate immune sysiem
{24]. Unmethylated CpG oligodeoxynucleotides in the context of

0 5 15 3G 45 [10] min
» z
1826 A e e oW —— R « J«Ba
L
0 5 15 30 45 60 min
—— - - . < |xBax

LPS

Fig. 6. Kwmeues of IsBa degradanon m the Cpt QDM IR0 achivated
macraphapes  RAW 2647 macrophages (1 % 10" cellsiwell} weie
activated with £ ggfml ol CpGoODN 1820 (a) or Jhogml of 1 PS Tor dd
ferent ume mlervals before the cells were vsed o dvas bulie
and anatlysed Tor TaBo by imnunobloiong

particular flanking sequences {CpG motif} are required structure
for this specific recognition [25|. In addition, a short synthetic
oligonucleotide containing a CpG motif can also serve as a danger
signal for the vertebrate immune system |19]. It is well docu-
mented that both CpG DNA and synthetic CpG QDN can induce
macrophage activation with the production of several proinflam-
matory cytokines stmilar to that induced by the classical inducers
of the innate immune system, c.g. LPS and peptidoglycan.
However, unlike LPS, the bacterial DNA by itself cannot activate
NO production from mouse macrophages unless it is given
together with TFN-y or a subthreshold concentration of LPS
[5,17,18]. In the present study, we investigated and characterized
in more detail NO and iNOS production from mouse
macrophages stimulated with CpG ODN 1326, The resuits
indicated that the presence of CpG ODN sequence 1826 alone
was sulficient lo activate NO and iNOS preduction by mousc
macrophages. This specific ODN, which contains CpG motif
flanked by two 5" purine and two 37 pyrnimidine and containing
two opumal murine CpG motif (5" GACGTT 37), is also known
te have high immunostimulatory activity in the murine system,
both in vitra and in vive [19]. Other CpG ODNs such as 1585
{stimulator for both mouse and human cells) or bactenia DNA
can also stimulate cytokine production from mouse macrophages.
but neither of them were able to activate NO or iNOS produc-
tion [5,19] (Fig. 2). Similarly, the CpG ODN 2006 (which is potent
for cells of human origin) or non-CpG containing ODN (1982)
also failed to stimulate NO or iNOS production (Fig. 2). On the
other hand, it can be argued that the MO and iINOS production
from the cells used in the present study could be due to a trace
contamination of CpG ODMN with LPS. This appears not to be
the case as polymyxin B. which is a known LPS inhibitor for
macrophage activation, bad oo effect on RO and iNOS produc-
tion by CpG QDN 1826-activated cells (Fig. 3). Moreover, analy-
515 of these CpG ODNs for endotoxic activity by LAL assay shows
only a trace amount. if any, of LPS in these samples. It appears
therefore that the DNA or synthetic ODN contawning CpG motif
alone s sufficient to activate the production of not only cytokines
bul atso of NO and iNOS.

The time-pulsed study employed here suggested that NO and
INOS production by the macrophages activated with CpG ODN
1826 required a minimum of 8 h exposure time for the cells 1o be
activated fully (Fig. 5). This result was strikingly different from
that of the LPS stimulation, which required a much shorter
pulsing interval. The macrophage response (o LPS stimulation is
initiated by the binding of LPS to the ipopolysaccharide binding
protein (EBP) and this complex then interacts with CD 14, Within
I min of exposure, the LPS 1s able o bind to the CD 14 on the
cell surface [26]. Phosphorylation of intracetlular signalling pro-
teins such as p38 also occurred within 3 min after activation with
the LPS [27.28]. However, the phosphorylation of intracellular
signalhing protems such as p38 and JNK appearcd later when
the cells were activated with CpGG DNA £19.29]. The slower rate
of phosphorylation of the signalling protein may causc a delay of
the NF-xB translocation m the CpG ODN 1826-activated cells,
judging from a delay of [kBa degradation (Fig. 7). Taken
1agether, these data may explain parttally why a longer time
1s required for the CpGG ODN 1826 to activate NO and 1NOS
production [ully,

Endocytosis of CpG DNA 15 tequired for its immuno-
stumulatory activity [23.29]. To initiate sigraliing, the CpG DNA-
stimulated cells recruit MyDBY o endosome-like  vesicular
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Fig. 7. Endosoorad maturation/acidificatzon is reguired for CplG DN
1826 10 activate NO and /NOS production. RAW 2647 macrophapes (1 x
10" cellsrwell) were preincubated with or without chloroquine (2-5 pgrmi]
lor 2h belore activated with CpG ODN 1826 (Lpg/ml) or £ coli LPS (10
ngfmbi. Alter 24 b the supernalant was anaivsed far nitrite (a) and the cells
were analvsed for INOS (b)) Control represents the unstmulated cells.
Zawa {a) represent mean and sd. ol three separate expenments. cach
carried outin duplicate. " P < D405 according 1o Student’s £-1est

struciure where it co-locabizes with CpG DNAL Inhabiian of
endosomal maturanop/acidificatnon such  as chloroguine van
prevent cytokine product:on by inhibiting phosphonviation of p38
and INK [13]. This inhibitar could also inhibit NO and iNQOS pro-
ductton from the cells sumulated wih CpG OBDN 1826 {(Fip. 7).
[n contrast, LPS dui not require endogytosis [or signallig and
cytokine produchon {13] Chlorequine also did not interfere with
NO and iINOS prodaction itom the LPS stimulsled macrophages
(Tig. 6. These results indicate, thercefore, that the NG and (NOS
production by CpG ODN
pencrated by a mechamsm similar 1o that of other cvtokines, e

1826-stimutated  macrophages s

regquirmeg endaocytosis but possibly differeat from that ol the LPS

The data currenily available on the mediators produced by
macrophiges stimulated with synthetie CpG QDN and bacterial
PINA suggest that they may have similas effect on macrophape
achivation. However, in this communwcation we have demon-
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strated clearly that only the synthetic CpG ODN and noi ihe
bacterial DNA in general could stimulate NO production in
macrophages. Moreover, our data suggest that a particular
sequence structure of synthetic CpG ODN is essential for acti-
vating NO production. Previous reports by other investigators
have shown that bacterial DNA could stimulate NO production
only when the macrophages were pretreated with [FN-¥[5,17,18].
However. Zhu er af. claimed recently that the bacterial DNA
could stimulate NO praduction in the absence of IFN-y[30]. Their
conclusion is inconsistent with the data presented by other inves-
tigators [5.17.18]. Theis limited results on the effect of CpG ODN
(which possessed @ sequence similar to the 1826 used herein) on
NO production are compatible with the more extensive investi-
gation presented in this communication. More information on the
biotogical effect of syathetic CpG ODN on macrophage and other
cell types should be clucidated m order W explam its beneficial
cffect in the m vive condition in both experimental animals and
human model.
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CpG ODN enhances uptake of bacteria by mouse macrophages
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SUMMARY

Unmethytated CpG motif in synthetic oligodecoxynucleotide (CpG ODN) or bacterial DN A is well rec-
ognized for 113 role in innatle immunity, including enhancing production of NO and cytokines by mac-
rophages. In the present study, we demonstrated the effect of CpG ODN on the phagocytic uptake of
bacteria bv macrophages. Flow cvtometric analysis of mouse macrophages (RAW 2647} incubated with
Nuorescem isothiocyanate (FITC) labelled Burkholderia pseudomaller, Salmonelfa erserica serovar
Typhi or Escherichia coli showed that CpG OIDN increased the uptake of these bacteria by mouse mac-
rophages. The enhancement of bacterial uptake by CpG ODN was concentration-dependent. The
increase of bacterial uptake by Cp(GG ODN-activated macrophages shown above is consistent with the
resull of bacteria internalization study using a standard antibiotic protection assay. There was also an
imcrease in the rate and degree of multi-nucleated giant cell formation, phenomena which have been
shown previousiv to be unique when the cells were infected with B pseudomallei. These observations

may provide significant insights for future investigation into hest cell-pathogen interaction.

Keywords CpG ODN

INTRODUCTION

Bacterial genomic DNA or synthetic oligonuclcotide containing
unmethylaled eytosine fellowed by guanine (CpG ODN) is now
recopnized as a potent wmunostimulatar. This family of com-
pounds can induce the production of a varicly of proinflammatory
cytokines (both ir vitro and in vive) including TNF-a, IL-12 and
IFN-e {1-4]. Unmethylated CpG oligodeoxynucleotides in the
conlext of particular flanking sequences (CpG motif) are required
for specific activation [5]. Although the mechansm for ils action (s
still not understood fulty, current data indicate that the CpG DNA
requies complexing with Toll-Like Receptor 8 (TLR 9j [6-10].
The interference of endosamal acidification by chloroguine abol-
ishes eyvlokine production by suppressing MAPK activation, thus
indicaiing that endocylasis is required for TLR 9 signalling [7.11].

The specific CpG ODN 1826 (5 TCCATGACGTTCCT

GACGTT 37 vsed m the present study is known to be an excel-
lent immaunostimalator in the murine model, both i vrero and
vivo 12| In addition 1o the cyltokine production mentioned

Conespondence. Department of Miciabiology, Faculty of Science,
Mahido! Umversity, Rama V1 Raad, HBanpkok 10400, Thaland Tax a62.
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Burkholderia pseudomalie

mouse macraphage  phagocye activity

above, in the present study we demounstrated that CpG ODN also
increased bacterial uptake by macrophages, using Burkholderia
pseudomallel as a model. B. psendomallei is a causative agent of
melioidosis, a potentially fatal disease in lropical regions, eg.
northern Australia and south-east Asian countries. This faculta-
tive intracelfular Gram-negative bacillus can survive and multiply
inside phagocytic and non-phagocytic cells [13]. After internaliza-
tion, B pseadomaller can cscape from the membrane-bound pha-
gosame into the cytaplasm [13]0 Although the mechanism for
intracellular survival of B psevdormalle: in the macrophages 1s nat
well understood, recent data suggest that thes bacterium can
invade macrophages without triggering a substantial quantity of
inducible oitric oxide synthase (iNQOS). which plays a major rale
in bacterial intracellular killing [ 14]. This unique interaction may
be related, at least in part, (o its unusual lippolysaccharide (LPS)
structure, shown previously (o possess a relatively weak macroph-
age activating activity [15,16]. Morcover, unusual morphological
changes of the celts infected with this bacterium have been
reporied. B psueodmaller s able to induce cell-to-cell fusian,
leading to a multi-nucleated giant cellformanon (MNGC) in both
phagocytic and non-phagocytic cells [17,18]. Stainiog of the
infected cells with rhodamine-conjugated phallowdine mdicated
the actin rearrangement inta a comet-tail formation eccurs which
mast prabably facilitates 1he spreading of B pseudomaller 1o
neighbouring cells [17]
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MATERIALS AND METHODS

Reagents and cell culture

Mouse macrophage cell line (RAW 264-7) was obtained from
American Type Culture Coliection (ATCC. Rockville, MD,
USA}. If not indicated otherwise. the cells were cultured in Dul-
bececn's modified Eagles' medium (DMEM) (GiBCO Labarato-
ties, Grand [sland. WY, USA) supplemented with 0% fetal
hovine serum (FBS) (HyClone. Logan. UT. USA} at 37°C under
1 3% CO. atmosphere.

B. psewdomallei strain 844 (arabinose-negative strain} was 150-
lared from a patieni admitted 1o Srinagarind Hospital in the
meliodosis endermic Khon Kaen provinee of Thailand. The bac-
terium was dentified origimally as 8. pseudomallel based on its
hiachemical characteristics, coloniat morphology on selcctive
media, antithotic sensitivity protiles and reaction with polyclonal
antibody [15,19.20}. Saimonefla enwerica serovar Typhi (8. rypht)
and Escherichia coli used for comparison throughout these exper-
umnents was maintained at Ramathibodi Hospilal (Mahidol Uni-
versily, Bangkok. Thailand} and kepr as stock culture in our
laboratory.

Nuclease-resistant  phosphorothioate ODNs were  kindly
made avatlable by A, M. Kneg (Coley Pharmaceutical Group.
Wellestey, MAL USA). The sequences of the ODNs used were the
immunosumulatory CpG ODN 1826 (5 TCCATGACGTTCCT
GACGTT 3 and non-CpG comaming ODN 1982 (5" TCCAG
GACTTCTCTCAGGTT 3') served as ODN controt. The possible
contamination with a trace amount of lipopolysacchande (LPS)
ut these samplies was deternuned by o Limudus amochocyte lysate
assay (LAL assay, BiowWhittaker, Walkersviile, MD, USA} and
expressed as endetoxin unnts (EUT) per mb The fower limit for the
detection of LPS in our laboratory was 0-03 EU/mI The Salme-
nella tvphimurion LPS (Sigma. Se Louis. MO, USA) used as ref-
erence had an activity of 0:230 EU/ng. Both ODNs used exhibited
endotoxic activity less than 7-5 x 10 EU/ng.

Labelling of bacteria wuh fluorescewn isothiocyanate {(FITC)

3. pseudomaller, 8. rypht and E. coli were cultured in tryptic soy
broth (TSB} at 37°C until a concentration of approximately
> 1 colony-formimg units {CFU J/ml was attained. The bacterial
suspension was incubated with an equal volume of 0-1 M carbon-
ate bufter pH 9-5 containing 1 mg of FITC. After 30 min of incu-
bation at 37°C, the FITC-conjugated bactena were washed
thoroughly with phosphate-buffered saline (PBS). The wiability of
labelled bactenia was determined by celony count and the final
voncentration was adpusted with PBS w0 approximately 2-3 x 107
Ul

Uptake of labelled bacteria by nuirine macrophages

Macrophages (1 x 10") were seeded wn a 24-well plate and mcu-
baled overmght at A7°C, Fhe cells were washed three fimes with
PBS and then exposed to FITC conjugated bacteria at a muit-
plicity of infection {MOH) of 14 1. The plates were centrifuged at
2501 g {or [0 mun to {aciluate contact between hacteria and mac-
tophages hefore incubating at 375C Aller 1 h of incusbation, the
cells were washed three times with PBS and then fixed with 1%
paraformaldehyde in PBS for 30 nun helore analysing by flow
wvtomeuy using FACStac™ Y A tatal of 10000 cvents were
wcquired on the st mode using LySYs 1L software. Debris was
wxcluded by hght scatter gating. The gated populaton was analy
sed dor FLOaniensity The Tabelied cells counted tepresented

those associated with bacteria on the surface andfor inside the
cells,

Intracellular survival and muliiplicatton of bacterin in mouse
macrophages

To determine tntracellular survival and multiplication of the bac-
teria, a standard antibiotic protection assay was performed as
described previously [14]. The macrophages {1 x 10"} were cul-
tured overnight in a 24-well plate and then exposed to bacteria at
MOT 2:1. After 1 h of wncubation, extraceliular bacieria were
removed and the cells were washed three umes with 2 mi of PBS.
Residual bacteria that adhered o the cell surface were killed by
incubating in DMEM containing 250 pp/ml kanamyoin (GIBCO
Laboratories) for 1 b. The cclis were washed three times with PBS
and the intracellutar bacteria were liberated by lysing the mac-
rophages with 0-1% Triton X-100 and plated the released bactena
ot tryplic soy agar. The number of intracellular bacteria was
determined by bacterial colony counting.

Quantification of multi-nucleated giant cefl (MNGC) formation
from macrophages mfected with B. pseudomalles

In order to quantify the degree of MNGC. the macrophages
1% 1) were cultured first overnight on g covership, as described
previously J17]. After | h of mcubation with 8 pseudomallei at
MOI 2 1. the macrophages were washed three dimes with PBS
and then incubated in DMEM containing 250 pg/ml kanamycin
{GIBCO Laboratories) for 2 h to kill residual exiracellular bacte-
ria. The macrophages were incubated further m DMEM contain
g, 20 pg/m! kanamycein before being visualized for MNGC
formation by light microscope at 2 magnificatton of x400. At dif-
ferent time intervals, the coverships were washed with PBS, fixed
fou 15 min with 1% paraformaldehyde and then washed sequen-
tially with 50% and 90% ethanol for 5 min cach. The coverships
were air-dried before staining with Giemsa [17}. For enumeration
of MNGC formation. at least 1000 nuclei per coverlsip were
counted and the percentage of multi-nuclcated cells was caicu-
lated. The MNGC was defined as the cell possessing more than
one nuclel within the same cell boundary.

RESULTS

In order to investigate the effect of CpG ODN [1826) on the abit-
ity of macrophages 1o take up bacteria. the cells were treated
overnight with various concentrations of CpG QLN (1826} and
twn-CpG ODN (1982) before being infected with 8 pscwdomal-
fer, Sotvphe or B coli conjugated wath FITO at 37707, as desenbed
m Matenals and methods As shown n Fig. 1, CpG ODN [1826)
was able to increase the percentage af cells associated wath all
thiee bacternia. The enhancement of bactenal uptake by Cpdi
ODN (1820) was also found to be dose-dependent Howewver,
when the cells were preactivated with non-CpGr contaming ODN
(1982). the percentage of macrophages assocated with hacternia
was not enhanced, even when lested at a concentration as high as
1 pg/mi Simular experiments were carned out at 4°C 0 order
cnsure that the signals onginated from the internahzed haciena
and not from the bactena adhered onso the cell surlace The
results showed that at4°C a very low percentage of the cells asso-
crated with bactenia was observed. even when the cancentration
of CpG QDN as hagh as 1 gp/ml was used (g |osert) These
observatons indscated that the merease i the percentage of
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Fig. 1. CpG ODN (1826) enhances percentage of bacteria-associated
cells. Mouse macrophages (RAW 264-7) were exposed to Wive FITC-con-
yupated B. pseudomaliler (a), FITC-conjugated S oyphi {b) or FITC-conju-
gated E. codi (c) at MOA L0 : | as described in Materials and methods. After
1 h of incubation at 37°C, the association of FITC-labelled bacteria with
macrophages was analysed by flow cytomelry. Macrophages preincubated
overnight with CpG ODN (1826) {@) but not with noo-CpG ODN (1982)
(3} exhibited increased percentage of bactenia-associated cells in a dose-
dependent manner Ut should be noted that when the expeniments were
carried oul at 4°C mstead of 37°C. the only a low level of association could
be abserved (insert), suggesting that at 37°C, CpG ODN (1826) enhanced
bacterial internalization bul not adherence. These results are representa-
uve of three separate experiments.

macrophage cells associated with bacteria at 37°C was due (o
internalization and not adherence of FITC-conjugated bacteria.
In order to determine the effect of CpG ODN on tracellular
survival and multiplication of bacteria, the macrophages were
treated overnight with t pg/ml of either CpG ODN, nen-CpG
ODN or LPS before being infected with B pseudomatier or &
rvpbie at MOT 2 -1, After | h of mfeciion, the macrophages were
washed three times and incubated further for | h at 37°C in the
medium containing 250 pg/ml of kanamyecin to kill extraceliular
bacteria that might remained adhering to the cell surface. The
intracellular bacteria were liberated, plated on tryptic soy agar
and the colonies were counted as described. It should be men-
uoned that under this condition, kanamycin was effective in kill-
ing more than 99% of both B. pseudomaller and § 1yphy (data not
shown). In the presence of CpG OBDN the number of A
peeudomaller and S cvphi inside the macrophages was mereased
significantly while no such mcrease was observed in the cells
treated with non-CpG ODN or LPS (Fig. 2} However, when the
CpG ODN-activated macrophages were pretreated with cytoch-
alasin D, a chemical that inhibits polymerization of microfilament,
the number of intracellular bacteria was decreascd markedly
(Table i), confirming that the CpG ODN enhanced the bacterial
uptake of macrophages. These results are also consistent with the
data presented in Fig. 3 showing the CpG ODN enhancement of
MNGC formation. We_ have observed previously that A
pseudomaliei was able to induce MNGC formation in hoth phaga-
cytic and non-phagocytic cells 117]. In this experiment, the degrec
of MNGC formation in B pseudomallei-infected macrophages
culture was qunatitated after Giemsa staming, The resulis pre
sented 1o [ig. 3 showed that when the macrophages preactivated
vath CpG ODN (1826), as much as 20% of the wfeeted culture
exhibited MNGC formation with 4 h. At 8 b after mivction. more
thun 80% of the infected cells were found to b a stage of
MMCGC formation [n contrast. in the absence of CpG GDMN. no
MNCGO could be detected at 4 h but became detectable at 6 b
(10%) and increased gradually to 30% at 8 h alter infechion. Sun-
ilar resulis were observed in the macrophages treated with non-
CpG It should be noted that, o the uninfected cells, less than 1%
of MNGC was ohserved m both CpG ODN o1 non-CpG ODN
treated cells These results supgest that CpG ODN not only accel-
crated the rate of MNGOC but also increased the degree of MNGU
formation in the macrophages infected with 8 pyeudomualies
Chioroquine 15 an endosomal maturatnon/acidificanon whibi-
tor shown previousty ta abolish CpG ODN-mediated cvioke
praduction and cell activation {7117 In order to mvesngale the

VAN Blackwed] Publishung Lid, Claiecad and Eoperosaenial fevonanodogy, 13271 75



CpG ODN increases bacterial uptake by macrophages 73

10

Intraceliutar bactena (X 10° CFU/well)

1826 (fpgm - 4+ - - - 4+ - =
1982 (tpug/ml) - -  « - — - -

LPS(0-1 pg/ml) - - + - -

Fip. 2. CpG ODN increases intemalization of bacteria Mouse macroph-
ages were pretreated overmght with 1 pgrml of CpG ODIN (1826), non-
CpG containing QDN (1982} or 0-1 ug/ml of LPS before incubating for 1
W with B pseudomaliei oy § rypiun at MOT 2+ 1 Lxtracellula: bactena were
remaoved and killed, then wmtracellular bactena released after lysis were
deternuned by standard anubiouc protection assay as described in Mate-
rials and methods. Data represent mean * s.d. of three separate experi-
ments, 2ach carried oul in duplecale. *P <005 by Student’s -1est. B, 0O
pseudanm[!m; 75 Y [AUELT]

‘Tabte 1. Inhibition of CpG ODN-cnhanced bactenal uptake by cytocha-
lasin D

No. of bacteria (mean +s5.d.)

Without
cytochalasin I}

With cytochaiasin

‘Treatment D (2.5 pg/mi)

I pseudomalle

B pseudomalier+ 1826
B pseudomallens 1982

5. rypiu
S ryphi+ 1826
S ryphiv 1982

180 x 10° £ 0.28

Tl = 14050
3585 %107+ 0.4
102 % 10" £ 0.14
[ A NS K B
104 x LO° + 009

143 x 107 £ 0-03
110 %10 007
1195 10"+ 010
128 % 10" £ 0-20
lus 10" +£0.02
101 %10 +0.16

possible inhibitory effect of chlorogquine on the bacterial uptake
of macrophages, the macrophages were preincubated fisst with or
without 2 pg/mi of chlorequine for 2 h before being activated with
1 pgiml of CpG QDN {1826). After overnight incubation, the cells
were infecled with B. pseudormaliei or S ryphi at MO1 21 for 1 h
The cxtracellular bactena were removed and the adhering bacte-
na on the macrophage susface were killed with kanamyeain, as
described above. Afier 1 b, the miracellular bactera were deter-
mined by a standard anutnotic protection assay as described The
results presented in Fig 4 showed that while the chloroquine
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Fig. 3. CpG ODN enhances the rate and extent of multi-aucleated giant

cell (MNGC) formanan of 8. psendomallei-wlected macrophages. Mouse
macrophages were pretreated avernight with 1 gg/ml of CpG ODN (1826)
(®) or non-CpG contaning, ODN (1982) () before being wfected with
A pseudonaller at MCE 211 Untieated cells served as control {[0). At 4
6 and 8 h postinfection, the cells were fixed, stained with Giemsa, and the
number of MNGC was determined by microscopic examination (400 x).
Data represent mean + s.d. of three separate expenments
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Fip. 4. Eftect af chioroquine un bacterial internalization by macrophages
preactivated with CpG QDN (1826). Mouse macrophages were pretreated
with chloroquine (2 gg/ml) for 2 h before incubating, overnight with 1 gy
mi of CpG ODN (1826}, The cells were then exposed to ether #
pseudomatier or § ryphe at MOL 2 1 {or 1 h Intracellular hacteria were
delermnined as described Data represent mean & sd of three separate
expenments, each carned out in duphicate *F < 0105 by Students’s -test
. # prewdomatlec 7. S vpiu
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% muitl-nucieated giant celts

B. pseudomatlioi - - + +
CpG ODN 1826 (Y pg/mi} — + - _
Chioroquine (2 ug/mi} - + - " -

Fig. 5. Chloroquine reduces multinucleated cell formation n CpG ODN-
activated macrophages. Mouse macrophages were cultured on coverslips
in the presence or absence of 2 pg/mi chloroquine for 2 h before being
actvated overmight with L ggyml of CpG ODN (1826). The ¢2ll cultures
were then exposed to B preudormaller at MQ1 2 -1 After 8 h of exposure.
the cells were fixed and stamned with Giemsa, and the oumber of MNGC
was determined microscopscally (400x). Dara represent mean + sd. ol
three separate expenments, each carmed out n duplicate *P < (-05 by
Student’s -test

could not inhibit the internalization of either 8. pseudomaller or 5.
typhi, it was able 1o reduce the number of intracellular bacteria
from the CpG QDN (1826)-activated macrophages Similarly, the
enhancement of MNGC formation induced by CpG ODN was
also decreased sipnificantly when the infected cells were pre-
treated with chloroquine (Fig. 5}, thus indicating that the increase
of MNGC formation by CpG ODN (1826) alse required endoso-
mal maturation/acidification (Fig. 5). The circumstaatial evidence
presented in these experiments support the contention that the
CpG ODN enhancement of bacterial uptake by macrophages
required endosomal mawration/acidification.

DISCUSSION

Bacterial genomic DNA containing unmethylated cylosine fol-
lowed by guanine (CpG DNA) is a well-recognized immunomod-
ulator. It appears to function as one of the "danger signals’ o
trigger Wnate immunity against micrebial mfection, as well as
modulating adaptive immunc response |11 Unmethytated CpG
obgodeoxynucieotudes (CpG ODNs} in the context of particular
flanking sequences (CpG motif) are a required structure for this
specific recognition {1,5]. Subsequently, it was shown that the
short synthetic oligodeoxynucleotide-contaimng CpG motif could
also serve as a danger signal for the vertebrale immune system
[21]. It has been shown that CpG ODN is a potent immunomaod-
ulator that induces significant protective immunity o a number of
infections caused by bactena, virus and protozoa. For instance,
mice injected with CpG DN have been shown to respond witha
rapid production of IL-12 and IFN-y leading 1o cnhanced resis-
tance to infection by Listeria monocviogenes or Letshmanu mujor
[22.23]. Activauon of the innate immune ceils, <.g. macrophages,
by CpG DNA or synthene CpG ODN results in the nduction of

an array of proiaflammatory cytokines such as TNF-g, IL-12 and
type I interferon both in vive and in vitro [1-3]. Moreover, the
synthetic CpG ODN, including the one used in this study (1826),
can also stimulate the production of bactericidal effector sub-
stances such as uvitric oxide [24]. The molecutar mechanism of
CpG DNA or CpG ODN in immunostimulation is almost identi-
cal to that of the more classical inducers of innate immune system,
Le. LPS [21]. In fact, both the CpG DNA and CpG ODN, like the
LPS, can induce septic shock in mice [25]. To activate the immune
ceils, CpG DDNA or CpG ODN requires TLRY while LPS requires
TLR4 [89]. In this study, we have demonstrated a novel role of
CpG ODN in macrophage activation. The rtesults from flow
cytometry, together with those from intracellular bacterial sur-
vival and MNGC formation, suggested that CpG ODN (1826)
was able to increase uptake of both intracellular (8. pseudomallel
and 5. fyphi) and extraceliular (£ colf) by mouse macrophages
(Figs 1 and 2). The enhancement of phagocytic activity induced by
CpG ODN (1826) was also concentration-dependent (Fig. 1) An
increase in the macrophage ability to take up bacteria by CpG
ODN (1826) was not observed in the cells activated with a clas-
sical imynunostimulator such as LPS (data not shown).

To mitiate signalling, the CpG DNA-stimulated cells recruit
MyD8E to an endosome-like vesicular structure where it co-focal-
izes with CpG DNA [1,5]. Inhibitors of endosomal maturation/
acidification, e.g. chloroguine, can prevent cytokine production by
inhibiting phosphorylation of p38 and JNK [11]. In the present
study, we have demonstrated further that the increase of phago-
cytic activity and MNGC formation of CpG ODN-acuvated mac-
rophages (Figs3 and 4) was abolished when the cells were
pretreated with chleroquine, thus suggesting that the enhance-
ment of bacterial uptake by CpG ODN (1826} also requires endo-
somal maturation/acidification. These observations confirm and
extend the data reported previously by other investigatoss [7.11].

Synthetic CpG containing ODN has been shown to activate
the production of several proinflammatory cytokines, such as
TNF-a and IL-12. The production of these cytokines by macroph-
ages, in turn, stimulates NK cells 1o secrete IFN-y[26]. The latter
plays a critical role in immunity against bacterial infection, for
instance, by stimulating NO production to interfere with intrac-
eliular bacterial survival and multiplication inside the macroph-
ages and MNGC formatios. induced by B. pseudomallei [14]. The
enhancement of bacterial uptake by CpG ODN-activated mac-
rophages, together with the stimulation of IFN-y secretion from
NK cells, may eventually result in enhancement of bactenal clear-
ance by the host. However, the exact molecular mechanism by
which the CpG DNA or CpG ODN increase the phagocytic activ-
iy of macrophages 5 not understood fully and remains 1o be
mvestigated.
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