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Abstract 

 

Project Code: BRG4780003 

Project Title:  Regulation of Suppressor Cytokines Signaling (SOCS) by 

Burkholderia pseudomallei in mouse macrophage cell line     

Investigators: Utaisincharoen P. , Sirisinha S. , Limposuwan K. , Ekchariyawat 

P., and Pudla S. 

 Faculty of Science, Mahidol University  

Email address: scput@mahidol.ac.th

Project Duration: May 2004- April 2007 

 

       Burkholderia pseudomallei, the causative agent of melioidosis, is a 

facultative intracellular gram-negative bacterium that is able to survive and 

multiply in macrophages. It has been reported that B. pseudomallei was able to 

escape macrophage killing by interfering with the expression of inducible Nitric 

Oxide Synthase (iNOS). The results from this study demonstrated that both 

viable or heat-killed B. pseudomallei was able to activate the expression of 

suppressor of cytokine signal-3 (SOCS3) and cytokine-inducible Src homology 

2-containing protein (CIS) but not SOCS1 in a mouse macrophage cell line 

(RAW 264.7). This bacterium could directly induce the expression of these 

negative regulators. However, the presence of cytochalasin D was able to 

prevent SOCS3 and CIS expression indicating that the signaling for SOCS3 and 

CIS expression may be initiated inside the macrophages. The expression of 

SOCS3 and CIS in B. pseudomallei-infected macrophages directly correlated 

with a decreased gamma interferon (IFN-γ) signaling response, as indicated by a 

reduction in Y701-STAT-1 phosphorylation (pY701-STAT-1). Moreover, a 

reduction in the expression of IFN-γ-induced proteins, such as interferon 

regulatory factor 1 (IRF-1), was observed in B. pseudomallei-infected 

macrophages that were treated with IFN-γ.  Since pY701- STAT-1 and IRF-1 

are essential transcription factors for regulating iNOS expression, the failure to 

activate these factors could also result in depression of iNOS expression and loss 

of the macrophages killing capacity.  Furthermore, the induction of these 
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negative regulators was most probably triggered from within rather than at the 

cell surface of mouse macrophage cell line (RAW 264.7) suggesting that 

macrophage activation most likely requires the interaction of bacteria with a 

putative host cell cytoplasmic component(s). Taken together, the data indicate 

that the activation SOCS3 and CIS expression in B. pseudomallei-infected 

macrophages interfered with IFN-γ signaling, thus allowing the bacteria to 

escape killing by these phagocytic cells. In addition, the present study, we also 

demonstrated that B. pseudomallei was able to induce gene expression through 

MyD88-dependent pathway (e.g. iκbζ, il-6, tnf-α, socs3) but failed to activate 

MyD88-independent pathway (e.g. inos, ifn-β, irg1, socs1).  IFN-γ restored the 

gene expression of the MyD88-independent pathway and inhibited intracellular 

survival of B. pseudomallei in the infected macrophages.  These results suggest 

that the MyD88-independent pathway is an essential pathway controlling B. 

pseudomallei survival in macrophages.   
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เช้ือเบอรโคลเดอเรีย สูโดมาลลิไอ (Burkholderia pseudomallei) เปนเชื้อแบคทีเรียชนิด

แกรมลบซึ่งเปนสาเหตุของโรคเมลิออยโดซิส เช้ือ B. pseudomallei เปนแบคทีเรียชนิดfacultative 

intracellular ที่สามารถเจริญเติบโตและเพิ่มจํานวนไดทั้งในเซลล phagocytic และ non-

phagocytic เช้ือน้ีมีความสามารถในการหลบหลีกจากการทําลายโดยเซลลแมโครฟาจโดยเมื่อเช้ือน้ีถูก

เซลล phagocytosed จะไมกระตุน ใหเซลลสรางเอนไซม inducible nitric oxide synthase 

(iNOS) ซึ่งทําหนาที่สําคัญในการสราง reactive nitrogen intermediate (RNI) ที่มี คุณสมบัติ

ในการทําลายจุลชีพ ทั่วไป ในการศึกษานี้พบวาเชื้อ B. pseudomallei ทั้งมีชีวิตและไมมีชีวิตสามารถ

กระตุน เซลลแมโครฟาจของหนู  (RAW 264.7) ใหสรางโปรตีน suppressor of cytokine 

signaling (SOCS) 3 และ cytokine-inducible Src-homology 2 (CIS) แตไมสามารถ

กระตุนใหเกิดการสราง SOCS1 ได การแสดงออกของ SOCS3 และ CIS จะเกิดขึ้นไดตอเมื่อเช้ือ B. 

pseudomallei สามารถเขาสูเซลลแมโครฟาจแลว ระดับการแสดงออกของ SOCS3 และ CIS ใน

เซลลแมโครฟาจที่ไดรับเชื้อ B. pseudomallei สัมพันธกับการลดลงของระดับphosphorylation

ของ signal transducer and activator of transcription (STAT)-1(pY701-STAT-1) 
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ซึ่งบงช้ีถึงการสงสัญญาณที่ลดลงของ IFN-γ เมื่อระดับการสงสัญญาณของ IFN-γ ลดลงจึงทําให

เซลลแมโครฟาจไมสามารถสรางโปรตีนที่มีความสําคัญตอกระบวนการการทําลายจุลชีพได อาทิเชน 

interferon regulatory factor (IRF)-1 และ iNOS จึงทําใหเช้ือ B. pseudomallei สามารถ

เจริญเติบโตและเพิ่มจํานวนในเซลลแมโครฟาจได ในการศึกษานี้ยังพบวาเชื้อ B. pseudomallei 

สามารถกระตุนการแสดงออกของยีนผาน MyD88-dependent pathway (iκbζ, il-6, tnf-α, 

socs3) แตไมสามารถกระตุนการแสดงออกนี้ผาน MyD88-independent pathway (inos, ifn-

β, irg1, socs1)นอกจากนั้นยังพบวา IFN-γ  สามารถที่จะเพิ่มระดับการแสดงออกของยีนทั้ง 

MyD88-dependent และ MyD88-independent pathway อีกทั้งยังพบวาเมื่อมีการแสดงออก

ของยีนโดยผาน MyD88-independent pathway  แลวแมโครฟาจจะสามารถทําลายเชื้อ  B. 

pseudomallei ภายในเซลลได จึงสรุปวา MyD88-independent pathway  มีความสําคัญในการ

ควบคุมและทําลายเชื้อ B. pseudomallei ภายในเซลลแมโครฟาจ   
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Introduction 
 
 
 Burkholderia pseudomallei is the causative agent of melioidosis  which affects 

humans and animals in southeast Asia, particularly northeastern Thailand and 

northern Australia.  B. pseudomallei is a facultative intracellular Gram-negative 

bacillus which can survive and multiply in both phagocytic and non-phagocytic cells. 

After internalization, B. pseudomallei can escape membrane-bound phagosome into 

the cytoplasm (23). Inside the cell, this bacterium can  induce cell- cell fusion 

resulting in multinucleated giant cell formation (20, 25). This unique ability may 

facilitate the bacterium to spread from one cell to another. Generally, macrophage has 

an ability to kill the invading pathogen.  However, the mechanisms by which B. 

pseudomallei survives and multiplies inside the cells are not fully understood. 

Additionally, there is an evidence suggesting that the macrophages infected with this 

bacterium fail to produce an inducible nitric oxide synthase (iNOS) which is a key 

enzyme in antibacterial activity of the macrophages (47). The failure to activate iNOS 

expression  can be explained by the fact that the macrophages infected with B. 

pseudomallei were unable to stimulate high level of interferon beta (IFN-β) 

production known to be produced by  the cells infected by other gram negative 

bacteria such as S. enterica serovar Typhi (S. typhi) (48). The production of IFN-β 

from the  infected macrophage is essential for activation of interferon regulatory 

factor-1 (IRF-1) expression, which is a transcription factor required for iNOS gene 

transcription.  Addition of exogenous IFN-β or IFN-γ at the time of bacterial 

challenge restored the macrophages ability to activate both IRF-1 and iNOS 

expression, which resulted in enhanced killing of intracellular B. pseudomallei (34, 

48, 49). These results demonstrated that under the appropriate conditions, IFNs play 

an essential role in stimulating the antimicrobial activity of macrophages in response 

to B. pseudomallei  infection.    

 One common property of IFNs is to induce a transcriptional response through 

a JAK-STAT signal transduction pathway (13).  Once STAT-1 is phosphorylated, it is 

translocated into the nucleus to regulate transcription of promoters containing an IFN-

γ-activated site (GAS) element (12, 16).  Several IFN-γ responsive genes, including 

IRF-1 and iNOS, are known to function in macrophage antimicrobial activity (13, 19).  

However, the macrophage response to IFNs can be influenced by the expression of 
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SOCS proteins.  Eight members of the SOCS protein family have been identified that 

serve as negative effectors of cytokine signaling via the JAK/STAT pathway, thus 

attenuating macrophage response (2, 8).  SOCS1, SOCS3, and CIS have been shown 

to inhibit Y701-STAT-1 phosphorylation (pY701-STAT-1) in response to IFN-

stimulation (5, 39).  In addition to cytokines, pathogens and their products can induce 

SOCS expression.  For example, lipopolysaccharide (LPS) could induce SOCS1, 

SOCS3, and CIS expression macrophages (11, 27, 35, 41). Some pathogens could 

interfere with the host immune response by activating SOCS expression leading to 

suppression of macrophage activation. For example, persistent Listeria 

monocytogenes infection of macrophages diminished IFN-γ-stimulated transcription 

and phosphorylation of STAT-1 (42).  The decreased IFN-γ signaling also correlated 

with the induction of SOCS3 expression in the L. moncytogenes-infected 

macrophages. In the present study, we demonstrated that B. pseudomallei is able to 

stimulate SOCS3 and CIS expression in macrophages.  The expression of these 

negative regulators in B. pseudomallei-infected macrophages correlated with a 

decrease in Y701-STAT-1 phosphorylation, which is normally stimulated by 

exogenous IFN-γ and is essential for IRF-1 and iNOS production, thereby allowing B. 

pseudomallei to escape killing by the macrophages. 

            Toll-like receptor (TLR) is a pattern recognition  receptor which plays a major 

role in an innate   immune system against the microorganisms (43).   There are at least 

11 members of  TLR family in humans that have been identified (3). As many as 13 

can be found in a search of the mouse structure genome (3). Each recognizes a 

different component of microbe structures. For example, TLR4 is involved in the 

recognition of lipopolysaccharide (LPS) (32). However, the intracellular signaling 

pathway of all TLRs shares common molecules. TLR signaling pathways can be 

divided into two groups ,(1) MyD88-dependent, (2) MyD88-independent pathway. 

These two signaling pathways use a different set of adaptor molecule to activate NF-

κB leading to different cytokine production. In MyD88-deficient mice, the animals 

were unable to produce TNF-α, IL-12p40 and IL-6, which suggested that these 

cytokines were regulated through MyD88-dependent pathway. In contrast, IFN- β 

production was uneffected in case of MyD88-deficient mice, suggesting that the 

production of IFN-β did not require MyD88-dependent pathway (22). MyD88 

pathway is also known to regulate several essential protein expression including IкBζ. 
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Among them, a new nuclear IкBζ protein plays role as a transcription factor of  IL-6 

(52). In IкBζ-deficient mice, the animals failed to produce IL-6, indicating that a 

regulation of IL-6 requires IкBζ  (52). In addition, MyD88-deficient mice failed to 

induce expression of IкBζ after stimulation indicating that regulation of  IкBζ requires 

MyD88-dependent (51). Accordingly, IL-6 was also undetectable in MyD88-deficient 

mice. This finding shows that  the MyD88-mediated signal pathway is required for an 

induction of  IL-6 production through the activation of IкBζ expression (38).  
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Material and Methods 

Reagents and cell culture 

 
Mouse macrophage cell line (RAW 264.7) was obtained from American 

Type Culture Collection (ATCC, Rockville, MD).  If not indicated otherwise, the 

cells were cultured in Dulbeccco’s modified Eagles’ medium (DMEM) (HyClone, 

Logan, UT) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, 

UT) at 37oC under a 5% CO2 atmosphere.  

 

Bacterial strains 

 

        B. pseudomallei strain 844 was originally isolated from a patient admitted 

at Srinagarind Hospital in the melioidosis endemic Khon Kaen province of 

Thailand. This bacterium was originally identified as B. pseudomallei based on 

its biological characteristics, colonial morphology on selective media, antibiotic 

sensitivity profiles and reactivity with polyclonal and monoclonal antibodies. 

Salmonella enterica serovar Typhi (S. typhi), a prototype of intracellular bacteria 

used for comparison was originally isolated from a patient admitted at 

Ramathibodi Hospital (Mahidol University, Bangkok Thailand). All bacterial 

strains were routinely subcultured from stock and kept in 20% glycerol at -70 

°C. For used in the experiments, they were cultured in Trypticase soy broth 

(TSB) (see Appendix) at 37 °C with shaking 150 rpm. The overnight cultures 

were washed twice in phosphate-buffered saline (PBS) pH 7.0 and adjusted to a 

desired concentration (108 CFU/ml) by measurement of the optical density at 

650 nm and estimated from the calibrated standard curve. 

 

Heat-killed bacteria preparation 

 

         Non-viable B. pseudomallei were prepared by heating the bacteria (108 

CFU/ml) in boiling water bath at for 15 min.  The heat-killed bacteria were washed 
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3 times with PBS and complete killing was ascertained by incubating the cultured 

in tryptic soy agar for 48 h and the bacterial colonies was counted. 

 

Infection of mouse macrophage (RAW 264.7)  

 

Mouse macrophages (1 × 106 cells) were cultured in a 6-well plate 

overnight before exposure to bacteria at multiplicity of infection (MOI) of 2:1 for 

1 h. To remove extracellular bacteria, the cells were washed 3 times with 1 ml of 

PBS before replacing with DMEM containing 250 μg/ml kanamycin (Gibco Labs). 

At 4 hours after infection, the infected cells were lyzed before subjecting to 

immunoblotting or RT-PCR. 

 

Cell invasion and intracellular bacterial survival assay 

 

        To determine intracellular survival and multiplication of the bacteria, a 

standard antibiotic protection assay was performed. Briefly, after killing 

extracellular bacteria with 250 μg/ml kanamycin, the cells were washed 2 times 

with 1 ml PBS and incubated in the supplemented medium containing 20 μg/ml 

kanamycin to inhibit the growth of residential extracellular bacteria. At the 

indicated time, the intracellular bacteria were liberated by lyzing the 

macrophages with 1 ml 0.1% Triton X-100. One hundred microliters of 0.1% 

Triton X-100 from each well was added to 900 μl TSB to make a 10-fold serial 

dilution before plating the released bacteria in 20 ml TSA.  The number of 

intracellular bacteria, expressed as CFU, was determined by bacterial colony 

counting after incubated at 37 °C for 48 h.  All invasion and bacterial survival 

were performed in duplicate.  

Reverse transcriptase-polymerase chain reaction (RT-PCR) 

 
In order to determine mRNA expression of the SOCS, the gene 

expression of MyD88-dependent pathway (IκB-ζ, IL-6, TNF-α) and MyD88-

independent pathway (iNOS, IFN-β, IRG1), mRNA of the infected macrophages 
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was purified as described by manufacture (Eppendrof, Hamburg, Germany).  

The extracted mRNA was subsequently used for cDNA synthesis (Eppendrof, 

Hamburg, Germany).  The PCR reaction was conducted by using cDNA as 

template for SOCS1, SOCS2, SOCS3, CIS, IκB-ζ, IL-6, TNF-α, iNOS, IFN-β, 

IRG1.  Sequences of primers were as followed:  

 

 

Primers Sense 5’  3’ Antisense 5’  3’ 

SOCS1 CACCTTCTTGGTGCGCG AAGCCATCTTCACGCTGAGC 

SOCS2 AAGCCCAGAAGCCCCAC GTTGGTAAAGGCAGTCCCCA 

SOCS3 AGTGTCACCCACAGCAAGTT AATCCGCTCTCCTGCAGCTT 

CIS GAACCGAAGGTGCTAGACCCT TGTACCCTCCGGCATCTTCT 

IRG1 GGTATCATTCGGAGGAGCAA ACAGAGGGAGGGTGGAATCT 

iNOS GCAGAATGTGACCATCATGG ACAACCTTGGTGTTGAAGGC 

IFN-β 
TCCAAGAAAGGACGAACATTC

G  
TGAGGACATCTCCCACGTCAA 

TNF-α GTAGCCCACGTCGTAGCAAA CCCTTCTCCAGCTGGGAGAC 

IL-6 GGTCTCTGGGAAATCGTG GA GCTGACCCTAGAGCATCCTG 

IκB-ζ TGTTGCCTTCTCACTTCGTG TGGTCCATCATCTGTGGAGA 

 

The amplified products were electrophoresed on 2% agarose gel before 

visualized by ethidium bromide staining. 
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Immunoblotting 

 
Different mouse macrophage preparations were lyzed in buffer 

containing 20 mM Tris, 100 mM NaCl and 1% NP40. The lysates containing 30 

μg of protein were electrophoresed on SDS-PAGE at 12% and 8% 

polyacrylamide, respectively, and then electrotransferred to nitrocellulose 

membrane (Schleicher&Schuell, Dassel, Germany).  For SOCS, the membrane 

was blocked with 10% milk for 1 h before incubating overnight with polyclonal 

antibody to mouse SOCS1 or SOCS3 (Santa Cruz, Santa Cruz, CA).   For iNOS, 

the membrane was blocked with 5% blocking solution (Roche Diagnostics, 

Mannheim, Germany) for 1 h before incubating at 4 °C overnight rabbit anti-

mouse iNOS antibody (Santa Cruz, Santa Cruz, CA) in 10% blocking solution. 

Blots were then reacted with horseraddish peroxidase-conjugated goat anti-

rabbit IgG (Pierce, Rockford, IL).  Protein bands were detected by enhanced 

chemiluminescence as recommended by the manufacturer (Roche Diagnostic, 

Mannheim, Germany). 

 

Gamma interferon stimulation 

 

1. Co-stimulation 

 

                The mouse macrophages were infected with bacteria at MOI 2:1 as 

described above. At the time of infection, IFN-γ 10 U/ml was added to cultures. 

After infection for an hour, extracellular bacteria were removed and  washed 2 

times with 1 ml PBS before culturing in the medium containing 250 μg/ml 

kanamycin (Gibco) for 2 h. The infected cells were washed twice with PBS 

before cultured in the medium containing 20 μg/ml kanamycin to inhibit the 

growth of any remaining of bacteria. At the time indicated, the cells were lyzed 

for analysis of intracellular survival of bacteria or immunoblotting.     

 

        2.   Post-stimulation 
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 The mouse macrophages were infected with bacteria as described above. 

After infection 10 U/ml of IFN-γ was added and kept for 15 min before 

replacing with fresh medium containing kanamycin. At time indicated, the cells 

were lyzed for analysis of intracellular survival of bacteria or immunoblotting. 
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Results 
 

Expression of SOCS mRNA in mouse macrophages infected with B. 

pseudoamallei 

 

 To investigate mRNA expression of SOCS (SOCS1, SOCS2, SOCS3 and 

CIS) in mouse macrophages infected with B. pseudomallei (or S. typhi as 

comparison bacteria), RT-PCR was performed as described in Material and 

Methods. As shown in Fig. 1A, the cells infected with B. pseudomallei were 

unable to upregulate SOCS1 mRNA expression after four hours of infection 

while the cells infected with S. typhi, showed high level of SOCS1 mRNA.  In 

contrast to SOCS1, SOCS2 mRNA was observed even in the non-infected cells 

and the level of SOCS2 expression was not changed in the cells infected with 

either bacteria.  These results suggest that SOCS2 may be constitutive expressed 

in mouse macrophages cell line and was not regulated by B. pseudomallei or S. 

typhi (Fig. 1B).  Expression of SOCS3 mRNA was not observed in the non-

infected cells but highly expressed in the cells that infected with B. pseudomallei 

or S. typhi (Fig. 1C).  As same as SOCS-3, expression of CIS could also be 

observed in the cells infected with B. pseudomallei and S. typhi (Fig. 1D).   

 

Expression of SOCS proteins in mouse macrophages infected with B. 

pseudomallei 

 

 In order to confirm the expression of SOCS1 and SOCS3 in the 

macrophages infected with B. pseudomallei and S. typhi, immunoblotting with 

specific antibody against SOCS1 and SOCS3 was performed as described in 

Material and Methods.  As shown in Fig 2A, the macrophages infected with S. 

typhi were able to express high level of SOCS1 after 4 h of infection.  In 

contrast, B. pseudomallei was unable to upregulate SOCS1 protein expression.  

However, high level of SOCS3 protein expression was observed in the cells 

infected with B. pseudomallei and S. typhi (Fig. 2 B).   
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Figure 1     Expression of SOCS-1 (A), SOCS-2 (B), SOCS-3 (C) and CIS (D) 

mRNA  in B. pseudomallei- and S. typhi-infected cells.  The mouse macrophages 

cell line (1x106 cells/well) was infected with B. pseudomallei or S. typhi at MOI of 

2:1.  After four hours of infection, the cells were lysed and the SOCS mRNA 

expression was determined by RT-PCR.  



.    
 
 
 

 12

 

 

 

 

 

 

 

 

 

 

 

A 

 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

Figure 2   Expression of SOCS-1 (A) and SOCS-3 (B) proteins in B. pseudomallei- 

and S. typhi-infected cells.  The mouse macrophages cell line (1x106 cells/well) 

was infected with B. pseudomallei or S. typhi at MOI of 2:1.  After four hours of 

infection, the cells were lysed and the SOCS proteins expression was determined 

by immunoblotting.  
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Kinetics of SOCS1 and CIS mRNA expression in mouse macrophages 

infected with B. pseudomalllei 

 

To investigate the kinetics of mRNA expression of SOCS1, SOCS2, 

SOCS3 and CIS, the mouse macrophages cell line were infected with B. 

pseudomallei or S. typhi at MOI of 2:1.  Extracellular bacteria were removed as 

described in Material and Methods.  At 1, 2 and 4 hours after infection, the 

infected cells were harvested and the mRNA expression of SOCS1, SOCS2, 

SOCS3 and CIS were determined by RT-PCR. The results showed that the 

expression of both SOCS3 and CIS was observed within 1 h after infection and 

the levels gradually increased with time of infection. In contrast, the 

macrophages similarly infected with S. typhi could activate not only SOCS3 and 

CIS but also SOCS1 mRNA expression within 1 h of infection (Fig. 3).  

 

Kinetics of SOCS1 and CIS protein expression in mouse macrophages 

infected with B. pseudomalllei 

 

         Mouse macrophage cell line was infected with B. pseudomallei or S. 

typhi at MOI of 2:1. Four, 6 and 8 hours after infection, protein expression of 

SOCS1, SOCS3 and CIS in the infected cells were determined by 

immunoblotting. The result showed that the expression of both SOCS3 and CIS 

but not SOCS1 in B. pseudomallei-infected macrophages was gradually 

increased from 4 through 8 h of infection.  In contrast to B. pseudomallei, mouse 

macrophages infected with S. typhi was not only able to activate expression of 

SOCS3 and CIS protein but S. typhi also activated the expression of SOCS1 

protein (Fig. 4).  These results correlated with the results from RT-PCR which is 

shown in figure 3. 
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Figure 3    B. pseudomallei-induced SOSC3 and CIS expression in macrophages. 

Mouse macrophages were infected with either B. pseudomallei or Salmonella 

(used as reference) at MOI of 2:1. At different time intervals, the infected cells 

were lyzed and the levels of SOCS mRNA was determined by RT-PCR. 
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Figure 4    B. pseudomallei-induced SOSC3 and CIS expression in macrophages. 

Mouse macrophages were infected with either B. pseudomallei or Salmonella 

(used as reference) at MOI of 2:1. At different time intervals, the infected cells 

were lyzed and the levels of SOCS protein was determined by immunoblotting. 
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Kinetics of SOCS1 and CIS mRNA expression in mouse macrophages 

activated with heat-killed B. pseudomalllei 

 

In order to investigate the activation of SOCS proteins by heat-killed 

bacteria, the macrophages were treated with heat-killed B. pseudomallei or heat-

killed S. typhi at MOI of 10:1.  After 1, 2 and 4 hours of activation, the activated 

cells were harvested and the mRNA expressions of SOCSs were determined by 

RT-PCR. The results showed that heat-killed B. psuedomallei could activate the 

expression of SOCS3 and CIS within 1 hour after cell treated and gradually 

increased with time of infection. In contrast, the macrophages similarly infected 

with S. typhi could activate not only SOCS3 and CIS but also SOCS1 mRNA 

expression within 1 h of infection (Fig 5).   

 

Kinetics of SOCS1 and CIS protein expression in mouse macrophages 

activated with heat-killed  B. pseudomalllei 

 

Mouse macrophages were treated with bacteria with MOI 10:1. Four, 6 

and 8 hours after activation, protein expression of SOCS1, SOCS3 and CIS in 

the activated macrophages were determined by immunoblotting. The result 

showed that the expression of both SOCS3 and CIS in heat-killed B. 

pseudomallei treated macrophages was gradually increased from 4 through 8 h 

of activation. In contrast, heat-killed S. typhi was not only able to expressed 

SOCS3 and CIS protein but also activate the expression of SOCS1 protein in 

(Fig 6). These results are similar to the results from the cells infected with the 

living bacteria. 
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Figure 5     Heat-killed B. pseudomallei-induced SOCS3 and CIS expression in 

mouse macrophages. Mouse macrophages were treated with either heat-killed B. 

pseudomallei or heat-killed Salmonella (used as reference) at MOI of 10:1. At 

different time intervals, the infected cells were lyzed and the levels of SOCS 

mRNA was determined by RT-PCR. 
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Figure 6      Heat-killed B. pseudomallei-induced SOCS3 and CIS expression in 

mouse macrophages. Mouse macrophages were treated with either heat-killed B. 

pseudomallei or heat-killed Salmonella (used as reference) at MOI of 10:1. At 

different time intervals, the infected cells were lyzed and the levels of SOCS 

proteins was determined by immunoblotting. 
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Expression of SOCS3 and CIS in B. pseudomallei-infected macrophages 

requires internalization of the bacteria 

 

        To further investigating whether internalization was required to trigger 

SOCS expression, the mouse macrophages were pretreated with 2 μg/ml 

cytochalasin D (Sigma) for 2 h before exposed to B. pseudomallei. At 4 and 8 h 

after infection, the mRNA and protein extracts from the infected cells after 

infection were analyzed by RT-PCR and immunoblotting, respectively. As 

shown in Figure 7, the level of SOCS3 and CIS mRNA expression was 

relatively lower in the cells that were pretreated with cytochalasin D when 

comparing with untreated infected macrophages.  In contrast to SOCS3 and CIS 

expression, the level of TNF-α gene expression was not altered in the 

macrophages which were pretreated with cytochalasin D.  The SOCS3 and CIS 

protein expression in the B. pseudomallei-infected macrophages was also 

determined by immunoblotting. Similar to mRNA expression, cytochalasin D 

was also able to inhibit SOCS3 and CIS protein expression which determined by 

immunoblotting (Figure 8). It should be noted that cytochalasin D, at 

concentration used, was able to significantly inhibit invasion of B. pseudomallei 

(data not shown). The inhibition of internalization of non-viable bacteria was 

also observed. The cytochalasin D-pretreated mouse macrophages were treated 

with heat-killed B. pseudomallei at MOI of 10:1.  At 4 and 8 h after infection, 

the mRNA and protein extracts from the infected cells after infection were 

analyzed by RT-PCR and immunoblotting, respectively.  As shown in Figure 9, 

the level of SOCS3 and CIS mRNA in B. pseudomallei-infected cytochalasin D-

treated macrophages was lower than the untreated infected macrophages.  

Similar to mRNA expression, cytochalasin D was also able to inhibit SOCS3 

and CIS protein expression which determined by immunoblotting (figure 10). 
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Figure 7     Expression of SOCS3 and CIS mRNA in mouse macrophages 

required invasion of B. pseudomallei. Cytochalasin D (2 μg/ml) was added to the 

macrophage culture 2 h prior to the time of infection. The pretreated macrophage 

culture was then infected with B. pseudomallei at MOI of 2:1. Four hours after 

infection, the cells were harvested and total mRNA was extracted and subjected 

to RT-PCR assay. TNF-α expression was used as a positive control.  
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Figure 8      Expression of SOCS3 and CIS proteins in macrophages required 

invasion of B. pseudomallei. Cytochalasin D (2 μg/ml) was added to the 

macrophage culture 2 h prior to the time of infection. The pretreated macrophage 

culture was then infected with B. pseudomallei at MOI of 2:1. Eight hours after 

infection, the cells were harvested at 8 h after infection for immunoblotting.  
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Figure 9     Expression of SOCS3 and CIS mRNA in heat-killed B. pseudomallei 

treated mouse macrophages required internalization. Cytochalasin D (2 μg/ml) 

was added to the macrophage culture 2 h prior to the time of infection. The 

pretreated macrophage culture was then treated with heat-killed B. pseudomallei 

at MOI of 10:1. Four hours after treated, the cells were harvested and total 

mRNA was extracted and subjected to RT-PCR assay. TNF-α expression was 

used as a positive control.  

 



.    
 
 
 

 23

 

 

 

Figure 10   Expression of SOCS3 and CIS proteins in heat-killed B. 

pseudomallei treated mouse macrophages required internalization. Cytochalasin 

D (2 μg/ml) was added to the macrophage culture 2 h prior to the time of 

infection. The pretreated macrophage culture was then treated with heat-killed B. 

pseudomallei at MOI of 10:1. Eight hours after infection, the cells were 

harvested at 8 h after infection for immunoblotting.  
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Chloramphenicol inhibits intracellular bacterial replication in B. 

pseudomallei-infected macrophages 

 

 In this experiment, B. pseudomallei was allowed to interact with the 

macrophage at MOI of 2:1 for 1 h before culturing in the medium containing 

100 μg/ml of chloramphenicol. At this concentration, the chloramphenicol 

inhibited intracellular bacterial replication and under this condition, the number 

of intracellular B. pseudomallei determined at 4 and 8 h after the infection were 

3x104 and 3.1x104, respectively, compared with 6x106 and 6x107 in the untreated 

macrophages (Figure 11).   

 

Chloramphenicol inhibits SOCS3 and CIS expression in B. pseudomallei-

infected macrophages 

 

The results presented in Figure 12 and 13 showed that in the presence of 

chloramphenicol, there was no activation of SOCS3 and CIS mRNA and protein 

expression, respectively. In contrast, the level of TNF-α mRNA expression was 

unaltered. Previously, we demonstrated that both living and heat-killed B. 

pseudomallei was able to induce SOCS3 and CIS expression.  In order to rule 

out the possibility that the chloramphenicol itself interfered with SOCS3 and 

CIS signaling pathway, the chloramphenicol-treated macrophages were first 

exposed to heat-killed B. pseudomallei using a ration equivalent to MOI of 10:1 

and 4 h later, the level of SOCS3 and CIS mRNA was determined.  The results 

showed that the level of SOCS3 and CIS mRNA expression was similar in the 

absence or presence of chloramphenicol (Figure 14), suggesting that 

Chloramphenicol, at the concentration used, did not directly interfere with the 

macrophages to activate SOCS3 and CIS expression.   
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Figure 11      Chloramphenicol inhibits intracellular B. pseudomallei replication. 

Macrophage culture was infected with B. pseudomallei at MOI of 2:1 for 1 h 

before culturing in the medium containing 100 μg/ml of chloramphenicol. At 

time indicated, the infected cells were lyzed to determine the number of 

intracellular bacteria.  
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Figure 12  Activation of SOCS3 and CIS gene expression in B. 

pseudomallei-infected macrophages was inhibited by chloramphenicol.  

Mouse macrophages were exposed to B. pseudomallei at MOI of 2:1. To 

inhibit the replication of internalized bacteria, the macrophages were infected 

with B. pseudomallei as above for 1 h before culturing in the medium 

containing 100 μg/ml of chloramphenicol. At different time intervals, the 

infected cells were lyzed and the levels of SOCS mRNAs in the cell lysates 

were determined by RT-PCR. TNF-α expression was used as a positive 

control. 
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Figure 13  Activation of SOCS3 and CIS protein expression in B. 

pseudomallei-infected macrophages was chloramphenicol. Mouse 

macrophages were exposed to B. pseudomallei at MOI of 2:1.  To inhibit the 

replication of internalized bacteria, the macrophages were infected with B. 

pseudomallei as above for 1 h before culturing in the medium containing 100 

μg/ml of chloramphenicol. At different time intervals, the infected cells were 

lyzed and the levels of SOCS proteins in the cell lysates were determined by 

immunoblotting. 
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Figure 14  Expression of SOCS3 and CIS genes in heat-killed B. 

pseudomallei treated mouse macrophages. The pretreated macrophage 

culture was then treated with heat-killed B. pseudomallei at MOI of 10:1 for 

1 h before culturing in the medium containing 100 μg/ml of 

chloramphenicol. Four hours after infection, the cells were harvested for RT-

PCR. 

. 
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B. pseudomallei fails to activate phosphorylation of tyrosine 701 STAT-1 

(Y701-STAT-1) in mouse macrophages 

 

        To determine the ability of B. pseudomallei to stimulate phosphorylation of 

Y701-STAT-1, the macrophages were infected with B. pseudomallei at MOI of 

2:1 for one hour.  At time indicated, the phosphorylation of Y701-STAT-1 in the 

infected cells was determined by immunoblotting. The result in Figure 15 

showed that the phosphorylation of Y701-STAT-1 could not be observed in the 

mouse macrophages infected with B. pseudomallei. In comparison, the 

phosphorylation of Y701-STAT-1 could be detected within 2 h after infecting 

the mouse macrophages with Salmonella. IFN-β is known to be able to activate 

the phosphorylation of STAT-1. In order to determine if the phosphorylation of 

STAT-1 observed in the macrophages infected with Salmonella was due to the 

ability of Salmonella to stimulate IFN-β production, antibody against IFN-β 

(R&D) was used to neutralize the IFN-β produced by the cells infected with 

Salmonella. In the presence of this antibody, the levels of pY701-STAT1 were 

markly decreased (Figure 16). Therefore, the phosphorylation of Y701-STAT-1 

in the Salmonella system was likely mediated through the production of IFN-

β. Since B. pseudomallei failed to activate the production of IFN-β in the mouse 

macrophages, the absence of IFN-β may be responsible for the inability to 

stimulate the phosphorylation of Y701-STAT-1 in the mouse macrophages. 

 

Exogenous IFN-γ added after B. pseudomallei infection fails to activate 

phosphorylation of Y701-STAT-1  

 

        SOCS3 and CIS have been reported to interfere with the IFN-γ signaling by 

inhibiting Y701-STAT-1 phosphorylation. In order to determine whether the 

induction of SOCS3 and CIS in B. pseudomallei-infected macrophages would  
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Figure 15   B. pseudomallei fails to induce Y701-STAT-1 phosphorylation.  

Mouse macrophages were infected with B. pseudomallei or Salmonella at MOI 

of 2:1 for 1 h.  Phosphorylation of Y701-STAT-1 in the infected cell lysate was 

determined by immunoblotting at different time intervals. STAT-1 protein 

expression was used as a loading control. 
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Figure 16  Phosphorylation of Y701-STAT-1 in the Salmonella-infected 

macrophages depends on IFN-β production. Mouse macrophages were infected 

with Salmonella at MOI of 2:1 in the presence of neutralizing antibody against 

IFN-β (10 μg/ml).  After 4 h of infection, the infected cells were lyzed and the 

level of pY701-STAT-1 in the cell lysate was analyzed by immunoblotting. 
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also adversely affect their ability to respond to subsequent IFN-γ activation, the 

level of pY701-STAT-1 was monitored in B. pseudomallei-infected 

macrophages that were exposed to IFN-γ at 1, 2 and 4 h post-infection. IFN-γ  

exposure at 1 h post-infection reduced the level of Y701-STAT-1 

phosphorylation only slightly, relative to uninfected cells, while exposure at 2 

and 4 h post-infection resulted in drastic reductions in the levels of pY701-

STAT-1 (Figure 17). It should be noted that the observed decrease in IFN-γ 

induced Y701-STAT-1 phosphorylation in infected cells directly correlated with 

increased levels of SOCS3 and CIS as previously demonstrated. 

 

IFN-γ fails to enhance IRF-1 and iNOS expression in the B. pseudomallei-

infected macrophages 

 

        Previously, we demonstrated that IRF-1 and iNOS played an important role 

in regulating the bactericidal activity of macrophages against B. pseudomallei. 

The induction of both IRF-1 and iNOS expression in uninfected cells is known 

to require prior phosphorylation of Y701-STAT-1. Therefore, it was of interest 

to determine of the depressed pY701-STAT-1 level in B. pseudomallei-infected 

macrophages would also influence the expression of IRF-1 and iNOS. In order 

to address this question, IFN-γ was added to macrophage cultures either at the 

time of infection (co-stimulation) or at 4 h after infection (post-stimulation). 

Further 4 h after the addition of IFN-γ, the infected cells were lyzed and the IRF-

1 and iNOS expression were then determined by immunoblotting. Consistent 

with previous report, IFN-γ exposure alone was able to activate IRF-1 but not 

iNOS expression in uninfected cells (Figure 18). While B. pseudomallei 

infection alone, in the absence of IFN-γ, failed to activate the expression of IRF-

1 and iNOS. The expression of IRF-1 and iNOS was observed when IFN-γ was 

added to the cells at the time of infection (Figure 18). However, the levels of 

both proteins were noticeably reduced when IFN-γ was added 4 h after the cells 

were infected. These results suggested that the host cell response to IFN-γ was 

suppressed in B. pseudomallei-infected macrophages and that the suppression  
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Figure 17   Failure of B. pseudomallei-infected macrophages to 

phosphorylate Y701-STAT-1 in response to IFN-γ stimulation.  Mouse 

macrophages were infected with B. pseudomallei at MOI of 2:1 and incubated 

for 1, 2 and 4 h before IFN-γ (10 U/ml) was added.  The cells were incubated 

further for one hour before the level of pY701-STAT-1 was determined by 

immunoblotting.  Compared with the uninfected control culture, B. pseudomallei 

infection interfered with the macrophage response, particularly when the time 

interval between bacterial infections was prolonged (e.g., 2 and 4 h). 
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Figure 18 Failure of B. pseudomallei-infected macrophages to activate IRF-

1 and iNOS expression in response to postinfection IFN-γ stimulation.  Mouse 

macrophages were infected with B. pseudomallei at MOI of 2:1 as described in 

the Materials and Methods section.  In the post-infection stimulation (post) 

experiment, IFN-γ (10 U/ml) was added 4 h after the cells were infected with B. 

pseudomallei.  The infected cell cultures were incubated for one more hour 

before excess IFN-γ was removed.  The cell cultures were then incubated for a 

further 3 h and the macrophages were lyzed and the levels IRF-1 and iNOS in 

the lysates were determined by immunoblotting.  For the co-stimulation (co) 

experiment, the macrophages were infected with B. pseudomallei in the presence 

of IFN-γ (10 U/ml).  After 1 h of incubation, the macrophages were washed 3 

times with PBS and cultured for 3 more hours before the levels of IRF-1 and 

iNOS in the cell lysate were determined by immunoblotting. 
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required time to establish. The suppression of both IRF-1 and iNOS correlated 

with both the decrease of the pY701-STAT-1 level shown in Figure 17. 

 

IFN-γ fails to enhance killing of intracellular B. pseudomallei in infected 

macrophages 

 

        Previously, the addition of exogenous IFN-γ to the macrophages either 

prior to or at the time of B. pseudomallei infection could significantly enhance 

killing of intracellular B. pseudomallei, suggesting that this was likely 

attributable to the enhanced production of iNOS. It was of interest to determine 

whether a post-infection incubation had any effect on the observed IFN-γ-

induced enhance killing. Co- and post-stimulation of B. pseudomallei-infected 

macrophages with IFN-γ was performed as described in Materials and Methods 

with the exception that the number of intracellular bacteria was determined 4 h 

after IFN-γ addition. As shown in Figure 19, addition of IFN-γ 4 h after infection 

failed to enhance the intracellular killing of B. pseudomallei. Viable intracellular 

B. pseudomallei levels were significantly higher in cells that received post-

stimulation with IFN-γ relative to the cells that were co-stimulated at the time of 

infection (Figure 19). The failure of IFN-γ to stimulate killing of intracellular B. 

pseudomallei, when added to macrophages at 4 post-infection, correlated well 

with the reduced IRF-1 and iNOS expression observed in Figure 18. 

 

B. pseudomallei directly activates the gene expression through MyD88-

dependent pathway in mouse macrophages 

 

       Mouse macrophages were either treated with or without resveratrol, an 

inhibitor of MyD88-independent pathway before stimulating with either B. 

pseudomallei or S. typhi (for comparison) at MOI of 2:1 as described in 

Materials and Methods. Four hours after infection, the expression of genes 

known to be activated through MyD88-dependent pathway (IκBζ, IL-6, TNF-α, 

SOCS3) and MyD88-independent pathway (iNOS, IFN-β, IRG1, SOCS1) were  
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Figure 19  Inability of IFN-γ to enhance antimicrobial activity of B. 

pseudomallei-infected macrophages.  The experimental protocol for this 

experiment was similar to the one described in Figure 18 with the except that the 

viability of intracellular bacteria was determined and the results of post 

stimulation and co-stimulation conditions were compared.  The data indicate the 

means and s.d. of 3 separate experiments, each carried out in duplicate.  * 

P<0.01 by Student’s  t- test. 
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determined by RT-PCR. B. pseudomallei was able to stimulate gene expression 

of MyD88-dependent pathway but failed to activate gene expression of MyD88- 

independent pathway (Figures 20, 21). As to be expected resveratrol was unable 

to interfere with gene expression of MyD88-dependent pathway. For S. typhi 

which could activate genes expression through both MyD88-dependent and 

MyD88-independent pathways, resveratrol inhibited iNOS, IFN-β, IRG1 and 

SOCS1, thus confirming that expression of these genes by S. typhi depends on 

MyD88-independent pathway. In order to confirm that resveratrol at 

concentration used was able to inhibit MyD88-independent, the protein 

expression of iNOS (used as a representative of MyD88-independent) was 

determined in S. typhi- infected macrophages. As shown in Figure 22, in the 

presence of resveratrol, the level of iNOS protein expression was markedly 

decreased indicating that resveratrol at concentration used was able to inhibit 

MyD88-independent pathway.   

 

The inhibition of MyD88-independent pathway by resveratrol does not 

interfere intracellular survival of B. pseudomallei 

 

         In order to determine if the inhibition of MyD88-independent pathway by 

resveratrol would interfere with the ability of B. pseudomallei to survive inside 

the macrophages, the macrophages were pretreated with the inhibitor for 1h 

before infected with B. pseudomallei.  Eight hours after the bacterial challenge, 

the number of intracellular B. pseudomallei was determined. As shown in Figure 

23, the number of intracellular bacteria in the presence or absence of resveratrol 

was not significantly different.  This result suggested that MyD88-independent 

pathway plays only a minor role, if any, in the controlling of intracellular 

survival and replication of B. pseudomallei. 
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Figure 20 Expression of mRNAs via MyD88-dependent pathway in the 

bacterial infected macrophages. Mouse macrophages were treated with or 

without resveratrol (50μM) for 1 h before exposed with B. pseudomallei or S. 

typhi at MOI of 2:1. After 4 h of infection, the infected cells were harvested and 

mRNA expression was determined by RT-PCR. β-actin mRNA expression 

served as an internal control.   
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Figure 21     Expression of mRNAs via MyD88-independent pathway in 

bacterial infected macrophages. Mouse macrophages were treated with or 

without resveratrol (50μM) for 1 h before exposed with B. pseudomallei or S. 

typhi at MOI of 2:1. After 4 h of infection, the infected cells were harvested and 

mRNA expression was determined by RT-PCR. β-actin mRNA expression 

served as an internal control.   
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Figure 22  Ability of resveratrol to suppress iNOS protein in S. typhi-

infected mouse macrophages. Mouse macrophages were pretreated with 

resveratrol (50μM) for 1 h before exposed with either B. pseudomallei or S. typhi 

at MOI of 2:1. After 8 h of infection, cell lysates were analyzed for iNOS and β-

actin immunoblots.   
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Exogenous IFN-γ synergistically enhances B. pseudomallei-infected 

macrophages gene expression  and suppresses  intracellular survival of the 

bacteria.  

 

 The macrophages were pretreated with IFN-γ (10 U/ml) overnight before 

being infected with B. pseudomallei at MOI of 2:1.  Four hours after the 

infection, the gene expression of the infected cells were determined by RT-PCR.  

As shown in Figure 24, IFN-γ was able to restore ability of the B. pseudomallei-

infected macrophages to express the genes downstream of the MyD88-

independent pathway.  The expression of these genes also correlated with the 

inhibition of intracellular replication (Figure 25). 

 

 

 

 

 

 



.    
 
 
 

 42

 

 

 

   

 

Figure 23  Resveratrol does not interfere with intracellular survival of B. 

pseudomallei inside the mouse macrophages. Mouse macrophages were treated 

with resveratrol (50μM) for 1 h before infecting with  B. pseudomallei at MOI of 

2:1. At 8 h after infection, the cells were lyzed with 1 ml 0.1% TritonX-100 and 

released bacteria were plated on TSA. The number of intracellular survival of 

bacteria was determined by bacterial colony counting. The data represent the 

mean and s.d. of 3 separate experiments, each carried out in duplicate.  
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Figure 24       IFN-γ synergistically enhances gene expression downstream of the 

MyD88-independent pathway.  The macrophages were pretreated with IFN-γ (10 

U/ml) overnight before being infected with B. pseudomallei at MOI of 2:1.  

After 4 h of infection, the infected cells were lysed and the gene expression was 

determined by RT-PCR 
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Figure 25  IFN-γ synergistically suppresses intracellular replication of B. 

pseudomallei.  The macrophages were pretreated with IFN-γ (10 U/ml) 

overnight before being infected with B. pseudomallei at MOI of 2:1. After 2, 4 

and 8 h of infection, the number of intracellular bacteria was determined  by 

standard antibiotic protection assay.   

 

 

 



Discussion 

 

 Induction of SOCS expression and its significance has been extensively 

studied in recent years.  For example, Leishmania donovani-infected 

macrophages were reported to induce SOCS3 expression that resulted in 

suppression of macrophage activation (6).  Activation of SOCS3 expression has 

also been reported in macrophages infected with gram-positive bacteria (e.g. L. 

monocytogenes and Staphylococcus aureus) (6, 42).  Induction of SOCS proteins 

by isolated bacterial components like LPS has also been demonstrated; however, 

very limited information on the regulation of these proteins in response to 

infection with gram-negative bacteria is currently available (9). This study 

clearly demonstrated that there is a novel association between the intracellular 

gram-negative bacterium B. pseudomallei and the induction of SOCS3 and CIS 

expression in an in vitro mouse macrophage model (Fig. 3, 4). However, it was 

found that unlike other gram-negative bacteria, such as S. enterica serovar 

Typhi, B. pseudomallei failed to induce SOCS1 expression (Fig. 3, 4), 

suggesting that the mechanisms employed by these different gram-negative 

bacteria to modulate the macrophage response is different.  

The pivotal role of the transcription factor STAT-1 in the innate immune 

response against microbial infection is well documented (13). STAT-1 deficient 

mice are highly sensitive to stimulation by intact organisms or isolated 

individual components (33).  Increased susceptibility to intracellular bacteria, 

such as Mycobacterium, has also been observed in STAT-1 deficient human 

macrophages (14).  Purified LPS has also been shown to activate 

phosphorylation of Y701-STAT-1 through TLR, and this correlated with IFN-β 

synthesis, suggesting that the activation of pY701-STAT-1 is mediated through 

type I IFN synthesized by LPS-activated cells (28, 31).  The data presented in 

this study which demonstrated that the gram-negative bacterium S. enterica 

serovar Typhi was able to activate Y701-STAT-1 phosphorylation after only 2 h 

of infection and that the process could be inhibited by neutralizing antibody 

against IFN-β  (Fig. 16) lend support to this idea.  In contrast to S. enterica 
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serovar Typhi, B. pseudomallei failed to stimulate pY701-STAT-1 (Fig. 15), a 

result that was consistent with the organism’s inability to activate IFN-β 

production (48).  In addition to IFN-β, IFN-γ could also activate phosphorylation 

of STAT-1.  Activation of this transcription factor is known to regulate SOCS1 

expression (17).  By contrast, STAT-1 deficient mice could still activate SOCS3 

expression in response to IFN-γ stimulation, suggesting that SOCS3 gene 

regulation does not involve activation of STAT-1 (17).  It is possible that the 

inability of B. pseudomallei to activate SOCS1 expression in our study was also 

related to its inability to activate phosphorylation of STAT-1 (Figs. 3 and 15, 

16). 

 Of  the different SOCS members that have been studied, SOCS1 is 

probably the most potent inhibitor of IFN signaling, and it acts by suppressing the 

phosphorylation of STAT-1 (7, 26).  SOCS3, on the other hand, is known to play 

an essential role as a negative inhibitor of IL-6, possibly by interfering with the 

activation of another transcription factor, STAT-3 (10, 29, 53).  Based on the data 

from the STAT-1 phosphorylation studies presented here, it appeared that SOCS3 

and CIS could also inhibit IFN-γ signaling, albeit to a lesser extent than they could 

with STAT-3 (5, 11).  Macrophages infected with L. monocytogenes also exhibited 

diminishing IFN-γ-induced Y701-STAT-1 phosphorylation (42).  A decreased 

response to IFN-γ signaling in L. monocytogenes and L. donovani-infected 

macrophages correlated with the induction of SOCS3 expression (6, 42).  In the 

present study, we demonstrated that the gram-negative bacterium B. pseudomallei 

interfered with IFN-γ-induced Y701-STAT-1 phosphorylation in a mouse 

macrophage system (Fig. 17).  The suppression of STAT-1 phosphorylation also 

directly correlated with the expression of SOCS3 and CIS (Fig. 3).  On the basis of 

all of the results, it is tempting to conclude that activation of SOCS3 and CIS 

expression in response to B. pseudomallei infection can interfere with IFN-γ 

signaling, thus resulting in suppression of IFN-γ  inducing proteins (e.g., IRF-1 and 

iNOS expression) (Fig. 18).  Both  IRF-1 and iNOS are known to play a crucial 

role in controlling the fate of intracellular pathogens (31, 45). In the present study, 
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B. pseudomallei-infected macrophages not only failed to express both IRF-1 and 

iNOS, but also failed to eliminate intracellular B. pseudomallei (Fig. 19).  

During the last few years, our group has been working on elucidating the 

mechanism by which B. pseudomallei modulates the innate host defense, thus 

allowing it to survive inside macrophages (47, 48).  This intracellular bacterium 

can invade macrophages without stimulating IFN-β production, which is an 

essential factor for IRF-1 and iNOS expression (48).  Failure to activate IRF-1 and 

iNOS provides the bacteria with the means to survive the antimicrobial activity of 

macrophages (47, 48).  However, exogenous IFN-γ or IFN-β added prior to or at 

the time of infection could enhance both IRF-1 and iNOS expression and restore 

antimicrobial activity of these macrophages (49).   The protective role of IFN-γ in 

the host defense against B. pseudomallei has been observed previously in animal 

models (37).  Administration of neutralizing antibody against IFN-γ could 

significantly lower the 50% lethal dose and also increase bacterial burdens in the 

liver and spleen of these animals (37).  More recently, we demonstrated that the 

IFN-γ level in the serum of infected BALB/c mice was significantly higher than 

that in the serum of uninfected mice,  yet the high level of IFN-γ failed to eliminate 

the bacteria from the blood, spleen, liver, and lungs and these animals 

subsequently died over the next 7 to 10 days (50).  The data for this animal model 

are in accord with the elevated level of IFN-γ noted in patients with severe 

melioidosis (30).  Together, these results suggest that the presence of high IFN-γ 

levels during ongoing B. pseudomallei infection is not sufficient to control the 

infection or to eliminate the bacteria from the infected host. The failure of IFN-γ to 

protect the animals from fatal sepsis (50) could be explained by the ability of B. 

pseudomallei to activate negative regulator proteins, such as SOCS3 and CIS, as 

demonstrated in the present study.  The expression of these proteins can interfere 

with IFN-γ signaling via a STAT-1 pathway, making the infected macrophages 

unable to respond to IFN-γ.  This, in turn, results in an inability to activate IFN-γ -

responsive protein expression (i.e., IRF-1 and iNOS).  Therefore, in addition to 

interference with proinflammatory cytokine production and antimicrobial activity, 

the results obtained in the present study provided evidence for another possible 
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mechanism by which B. pseudomallei could modulate the macrophage bactericidal 

response, thus facilitating its intracellular survival, and may also explain the 

persistence of the organism in the human host and the high rate of relapse in 

melioidosis. 

In the innate immunity, Toll-like receptors (TLRs) is a skillful system 

that detects invasion of microbial pathogens (43). Once activated, the 

intracellular domains of TLRs interact with the adaptor molecule such as 

MyD88 and initiate a common signaling cascade resulting in activation of  

MAPKs and the transcription factor NF-κB leading to the induction of several 

genes that function in host defense including inflammatory cytokines, 

chemokines and effector molecules such as iNOS (32, 46). The intracellular 

signaling pathway of TLR can be divided into two distinct pathways based on 

the requirement of MyD88 adaptor molecules. All  TLRs, except TLR3 use 

MyD88 (MyD88-dependent) pathway for signaling. In contrast to others, TLR4 

contains both MyD88-dependent and MyD88-independent pathway for 

signaling. In MyD88-deficient mice, the animals failed to produce the 

proinflammatory cytokines such as TNF-α, IL-6, IL-1β (1, 44). IκBζ, an 

essential transcription factor of IL-6, is an inducible protein, which is mediated 

through TLR. IL-6, was completely abolished in MyD88-deficient mice 

indicating that signaling for IκBζ production depending on MyD88 pathway 

(51). On the other hand, type I IFN expression  could also be induced in the 

absence of MyD88, suggesting that MyD88-independent pathway is involved in 

the regulation of type I IFN (1, 44). 

Although the mechanisms underlying the macrophage activation by B. 

pseudomallei has not been fully elucidated, the recent report demonstrated that 

B. pseudomallei, unlike other gram-negative bacteria such as S. typhi, failed to 

stimulate IFN-β production (48). These results indirectly implied that B. 

pseudomallei may not activate MyD88-independent pathway of macrophages. 

The result from the present study demonstrate that B. pseudomallei is capable to 

stimulate the gene expression only through MyD88-dependent pathway (IκBζ, 

IL-6, TNF-α, SOCS3) (Figure 20) and failed to stimulate a number of gene 

known to require MyD88-independent pathway (IFN-β, IRG1, iNOS, SOCS1) 
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(Figure  21). This is in contrast to S. typhi which is capable of activating the 

gene expressions utilizing both MyD88-dependent and -independent pathways 

(Figure  20, 21). The resveratrol is a polyphenol compound which specifically 

inhibits TBK1 and RIP1 molecules in MyD88-independent signaling pathway. 

In the presence of resveratrol, this inhibitor was unable to alter the gene 

expression of B. pseudomallei-infected macrophages (Figure 20, 21). It also did 

not interfere with the intracellular survivor of B. pseudomallei (Figure 23), 

therefore it can be understood that B. pseudomallei did not activate MyD88-

independent pathway of macrophage. The gene and protein expression that 

regulated through MyD88-independent pathway of S. typhi-infected 

macrophages was suppressed by resveratrol, indicating that S. typhi was able to 

activate both MyD88-dependent and –independent pathways (Figures 20, 21, 

22). These results suggested that MyD88-independent pathway is essential to 

control intracellular survival of B. pseudomallei in macrophage. Failure to 

stimulate this pathway facilitate B. pseudomallei to survive and multiply inside 

the macrophage.  

IFN-γ signaling is essential for the macrophage activation and 

elimination of invading microorganisms. The biological activities of IFNs are 

initiated by the binding of IFN-γ to their cognate receptors on the surface of 

cells. The binding of IFN-γ to its receptor induces a receptor dimerization Jak1 

and Jak2 respectively (4, 24, 27, 36). Later on, the activated Jaks  phosphorylate 

a tyrosine-containing sequence, thereby forming paired binding sites for STAT1 

that interact through their SH2 domains (18, 21). After dissociation from the 

receptor, STAT1 translocates to the nucleus and binds to the promoter, resulting 

in stimulation of transcription of several genes including IRF-1 and iNOS that 

are known to play an important role in controlling the fate of intracellular 

pathogens (31, 40, 45). As mentioned earlier, B. pseudomallei-infected 

macrophages failed to activate IRF-1, iNOS causing a failure to eliminate 

intracellular B. pseudomallei (15, 47, 48). However, exogenous IFN-γ could 

enhance IRF-1, iNOS expression and TNF-α  release from the cells infected with 

B. pseudomallei (15, 47). Previously we demonstrated that IFN-γ was able to 

enhance macrophage ability to suppress intracellular replication of B. 
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pseudomallei. In the present study we demonstrated that addition of IFN-γ  could 

restore the macrophage ability, thus resulting in enhanced killing of intracellular 

survival of B. pseudomallei inside macrophage (Figure 25).  In the presence of 

IFN-γ, this cytokine alone induce only low level of gene expression of both 

MyD88-dependent and -independent pathway (Figure 24). Nevertheless, IFN-γ 

synergistically enhances gene expression of both pathway in B. pseudomallei-

infected macrophages. Altogether these results suggested that failure to activate 

this pathway lead to the ability of B. pseudomallei to survive inside the 

macrophage. However, if this pathway is restored such as by adding IFN-γ, the 

macrophage would exhibit the ability to suppress intracellular survival of the 

bacteria.     
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Burkholderia pseudomallei, the causative agent of melioidosis, is a facultative intracellular gram-negative
bacterium that is able to survive and multiply in macrophages. Previously, we reported that B. pseudomallei was
able to escape macrophage killing by interfering with the expression of inducible nitric oxide synthase (iNOS).
In the present study, we extended this finding and demonstrated that B. pseudomallei was able to activate the
expression of suppressor of cytokine signaling 3 (SOCS3) and cytokine-inducible Src homology 2-containing
protein (CIS) but not SOCS1 in a mouse macrophage cell line (RAW 264.7). The expression of SOCS3 and CIS
in B. pseudomallei-infected macrophages directly correlated with a decreased gamma interferon (IFN-�)
signaling response, as indicated by a reduction in Y701–STAT-1 phosphorylation (pY701–STAT-1). Moreover,
a reduction in the expression of IFN-�-induced proteins, such as interferon regulatory factor 1 (IRF-1), was
observed in B. pseudomallei-infected macrophages that were treated with IFN-�. Since pY701–STAT-1 and
IRF-1 are essential transcription factors for regulating iNOS expression, the failure to activate these factors
could also result in depression of iNOS expression and a loss of macrophage killing capacity. Taken together,
the data indicate that the activation of SOCS3 and CIS expression in B. pseudomallei-infected macrophages
interfered with IFN-� signaling, thus allowing the bacteria to escape killing by these phagocytic cells.

Burkholderia pseudomallei is a gram-negative bacterium that
is responsible for a large proportion of community-acquired
septicemia in several tropical areas, including Southeast Asia
and northern Australia (41, 13). This organism is able to sur-
vive and multiply inside both phagocytic and nonphagocytic
cells (19). After internalization, the bacterium can escape from
a membrane-bound phagosome to the cytoplasm, thus facili-
tating actin-associated membrane protrusion, which may facil-
itate its spread from one cell to another (18, 19, 21).

Although macrophages are known to play a major role in
innate immunity to a number of bacterial infections, B.
pseudomallei can survive and multiply inside macrophages
(38). Unlike macrophages infected with other gram-negative
bacteria (e.g., Salmonella enterica serovar Typhi), B. pseudoma-
llei-infected macrophages are not able to activate inducible
nitric oxide synthase (iNOS) expression (38). We previously
reported evidence suggesting that the failure to induce iNOS
expression may result from an inability to activate beta inter-
feron (IFN-�) production, leading to reduced interferon reg-
ulatory factor 1 (IRF-1) and iNOS expression (39). Addition of
exogenous IFN-� or IFN-� at the time of bacterial challenge
restored the macrophages’ ability to activate both IRF-1 and
iNOS expression, which resulted in enhanced killing of intra-

cellular B. pseudomallei (29, 39, 40). These results demon-
strated that under the appropriate conditions, IFNs play an
essential role in stimulating the antimicrobial activity of mac-
rophages in response to B. pseudomallei infection.

One common property of IFNs is to induce a transcriptional
response through a JAK-STAT signal transduction pathway
(12). Once STAT-1 is phosphorylated, it is translocated into
the nucleus to regulate transcription of promoters containing
an IFN-�-activated site (GAS) element (11, 15). Several IFN-
�-responsive genes, including IRF-1 and iNOS genes, are
known to function in macrophage antimicrobial activity (12,
17). However, the macrophage response to IFNs can be influ-
enced by the expression of suppressor of cytokine signaling
(SOCS) proteins. Eight members of the SOCS protein family
have been identified that serve as negative effectors of cytokine
signaling via the JAK/STAT pathway, thus attenuating the
macrophage response (1, 6). SOCS1, SOCS3, and cytokine-
inducible Src homology 2-containing protein (CIS) have been
shown to inhibit tyrosine 701–STAT-1 (Y701–STAT-1) phos-
phorylation (pY701–STAT-1) in response to IFN stimulation
(3, 33). In addition to cytokines, pathogens and their products
can induce SOCS expression. For example, lipopolysaccharide
(LPS) could induce SOCS1, SOCS3, and CIS expression in
macrophages (10, 22, 30, 34). Some pathogens could interfere
with the host immune response by activating SOCS expression,
leading to suppression of macrophage activation. For example,
persistent Listeria monocytogenes infection of macrophages di-
minished IFN-�-stimulated transcription and phosphorylation

* Corresponding author. Mailing address: Department of Microbi-
ology, Faculty of Science, Mahidol University, Bangkok 10400, Thai-
land. Phone: 662-201-5954. Fax: 662-201-5950. E-mail: scput@mahidol
.ac.th.
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of STAT-1 (35). The decreased IFN-� signaling also correlated
with the induction of SOCS3 expression in the L. monocyto-
genes-infected macrophages. In the present study, we demon-
strated that B. pseudomallei is able to stimulate SOCS3 and
CIS expression in macrophages. The expression of these neg-
ative regulators in B. pseudomallei-infected macrophages cor-
related with a decrease in Y701–STAT-1 phosphorylation,
which is normally stimulated by exogenous IFN-� and is es-
sential for IRF-1 and iNOS production, thereby allowing B.
pseudomallei to escape killing by the macrophages.

MATERIALS AND METHODS

Cell line and culture conditions. Mouse macrophage cell line RAW 264.7 was
obtained from the American Type Culture Collection (Rockville, MD). Unless
indicated otherwise, the cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco Labs, Grand Island, NY) supplemented with 10% heat-inacti-
vated fetal bovine serum (HyClone, Logan, UT) at 37°C under a 5% CO2

atmosphere.
Bacterial strains. B. pseudomallei strain 844 used in this study was originally

isolated from a patient admitted to Srinagarind Hospital in the Khon Kaen
province of Thailand, where melioidosis is endemic. This bacterium was origi-
nally identified as B. pseudomallei based on its biochemical characteristics, co-
lonial morphology on selective media, antibiotic sensitivity profiles, and reactivity
with polyclonal and monoclonal antibodies (2, 20, 43). S. enterica serovar Typhi,
which was used for comparison throughout the experiments, was originally iso-
lated from a patient at Ramathibodi Hospital (Mahidol University, Bangkok,
Thailand).

Nonviable B. pseudomallei was prepared by heating the bacteria (108 CFU/ml)
in a boiling water bath for 15 min. The heat-treated bacteria were washed three
times with phosphate-buffered saline (pH 7.2) (PBS), and complete killing was
confirmed by inoculating the suspension onto tryptic soy agar and observing
growth after 48 h.

Infection of mouse macrophage cell line RAW 264.7. An overnight culture of
mouse macrophages (1 � 106 cells) in a six-well plate was cocultured with
bacteria at a multiplicity of infection (MOI) of 2:1 for 1 h. To remove extracel-
lular bacteria, the cells were washed three times with 2 ml of PBS, and residual
bacteria were killed by incubating the preparations in Dulbecco’s modified Ea-
gle’s medium containing 250 �g/ml kanamycin (Gibco Labs) for 2 h. After this,
the infection was allowed to continue in medium containing 20 �g/ml of kana-
mycin until the experiment was terminated. The viability of the infected macro-
phages was determined by trypan blue staining and was found to be more than
90% during the time course employed in this study.

To determine intracellular survival and multiplication of the bacteria, a stan-
dard antibiotic protection assay was performed as previously described (21). The
intracellular bacteria were liberated by lysing the macrophages with 0.1% Triton
X-100, and the released bacteria were plated on tryptic soy agar. The number of
intracellular bacteria, expressed as CFU, was determined by bacterial colony
counting.

Immunoblotting. Mouse macrophage preparations were lysed in buffer con-
taining 20 mM Tris, 100 mM NaCl, and 1% NP-40. Lysate samples containing 30
�g of protein were electrophoresed on a 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gel and then electrotransferred to a nitrocellulose
membrane (Schleicher & Schuell, Dassel, Germany). The membrane was
blocked with 5% milk for 1 h before incubation overnight with appropriate
specific polyclonal rabbit antibodies to mouse SOCS1, SOCS3, CIS, pY701–
STAT-1, STAT-1, iNOS, IRF-1, or actin (Santa Cruz Biotechnology, Santa Cruz,
CA). The blots were then allowed to react with horseradish peroxidase-conju-
gated swine anti-rabbit immunoglobulin G (Pierce, Rockford, IL). Protein bands
were detected by enhanced chemiluminescence as recommended by the manu-
facturer (Roche Diagnostics, Mannheim, Germany).

Reverse transcriptase PCR. Total RNA was extracted from infected cells
according to the manufacturer’s instructions (Eppendorf, Hamburg, Germany)
before it was used for cDNA synthesis with cMaster reverse transcriptase (RT)
(Eppendorf). The PCR was performed using cDNA as the template and primer
pairs specific for SOCS1, SOCS2, SOCS3, CIS, and actin in amplification reac-
tions with Taq DNA polymerase (Invitrogen, Carlsbad, CA). The following
primers were used to amplify the genes: for SOCS1, sense primer 5�-CACCTT
CTTGGTGCGCG-3� and antisense primer 5�-AAGCCATCTTCACGCTGAG
C-3� (9); for SOCS2, sense primer 5�-AGGCCCAGAAGCCCCAC-3� and anti-
sense primer 5�-TTGGTAAAGGCAGTCCCCA-3� (10); for SOCS3, sense

primer 5�-ATGGTCACCCACAGCAAGTT-3� and antisense primer 5�-AATC
CGCTCTCCTGCAGCTT-3�; for CIS, sense primer 5�-GAACCGAAGGTGC
TAGACCCT-3� and antisense primer 5�-TGTACCCTCCGGCATCTTCT-3�
(10); and for actin, sense primer 5�-CCAGAGCAAGAGAGGTATCC-3� and
antisense primer 5�-CTGTGGTGGTGAAGCTGTAG-3�. The amplified prod-
ucts were electrophoresed on a 2% agarose gel and stained with ethidium
bromide before they were visualized under a UV lamp.

RESULTS

B. pseudomallei induces SOCS3 and CIS expression in
mouse macrophage cell line RAW 264.7. Mouse macrophages
were cocultured with bacteria at an MOI of 2:1 and incubated
for 1, 2, and 4 h after infection. The levels of SOCS1, SOCS2,
SOCS3, and CIS mRNA expression in the infected cells were
determined by RT-PCR. Figure 1A shows that B. pseudomallei
was able to activate the transcription of SOCS3 and CIS but
not the transcription of SOCS1 and SOCS2. Expression of
both SOCS3 and CIS was observed within 1 h of infection, and
the levels gradually increased with time of incubation. By con-
trast, macrophages similarly infected with S. enterica serovar
Typhi, which was used as a reference for comparison, could
activate not only SOCS3 and CIS expression but also SOCS1
mRNA expression within 1 h after infection. SOCS protein
expression as determined by immunoblotting (Fig. 1B) of the
infected cells was consistent with the mRNA results shown in
Fig. 1A.

In order to determine if the expression of SOCSs by mac-
rophages required viable bacteria, the cells were cocultured
with heat-killed B. pseudomallei or S. enterica serovar Typhi at
MOIs of 1:1, 10:1, and 100:1. After 8 h, the cells were har-
vested, and SOCS protein expression was assessed as described
above. Figure 2 shows that exposure of macrophages to non-
viable bacteria yielded SOCS and CIS expression patterns that
were similar to those obtained with viable bacteria (Fig. 1B),
suggesting that SOCS expression does not require active inva-
sion. The level of SOCS3 protein expression directly correlated
with the degree of stimulation (MOI). It should be noted that,
unlike macrophages cocultured with S. enterica serovar Typhi,
macrophages cocultured with killed B. pseudomallei showed no
SOCS1 expression even at an MOI as high as 100:1.

Cytokine activation is not a prerequisite for B. pseudomallei-
induced SOCS3 and CIS expression in macrophages. A num-
ber of cytokines, including interleukin-10 and tumor necrosis
factor alpha (TNF-�), have been reported to have the ability to
induce SOCS expression (23). We reported previously that
TNF-� could be produced by macrophages infected with B.
pseudomallei (38). In order to rule out the possibility that the
observed SOCS expression was not related to prior cytokine
production, similar experiments were performed in the pres-
ence of an inhibitor of protein synthesis, cycloheximide. Mac-
rophages were pretreated with cycloheximide (5 �g/ml) for 1 h
before infection, and the levels of SOCS3 and CIS mRNA
were determined after 4 h of infection. It was found that the
induction of SOCS3 and CIS mRNA expression was not af-
fected by cycloheximide (Fig. 3A). However, the levels of
SOCS proteins were markedly reduced in the presence of the
inhibitor (Fig. 3B). This was not unexpected in view of the fact
that cycloheximide is known to block protein synthesis in cells
at the level of translation. It should be mentioned that cyclo-
heximide at the concentration used in this experiment also
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inhibited TNF-� secretion by the B. pseudomallei-infected
macrophages (data not shown). This raises the possibility that
the expression of SOCS3 and CIS in B. pseudomallei-infected
macrophages is not mediated through the cytokines produced
prior to the time of SOCS induction and that B. pseudomallei
may be able to directly activate SOCS3 and CIS expression in
macrophages.

B. pseudomallei infection interferes with activation of
Y701–STAT-1 phosphorylation. In order to determine
whether B. pseudomallei could stimulate Y701–STAT-1
phosphorylation, macrophages were first infected with B.
pseudomallei at an MOI of 2:1 and incubated for different
times following the initial infection, and pY701–STAT-1 was
then detected by immunoblotting. No phosphorylation of
Y701–STAT-1 was observed in macrophages infected with
B. pseudomallei, while pY701–STAT-1 was detected within
2 h in S. enterica serovar Typhi-infected macrophages (Fig.
4A). However, the presence of neutralizing antibody against
IFN-� markedly reduced the level of pY701–STAT-1 in S.
enterica serovar Typhi-infected macrophages (Fig. 4B).
These results suggest that in S. enterica serovar Typhi-in-
fected macrophages, the phosphorylation of Y701–STAT-1
was mediated through the production of IFN-�. Because B.
pseudomallei is unable to induce IFN-� production (39), it is
possible that the absence of an IFN-� signal is responsible
for the inability to activate phosphorylation of Y701–
STAT-1 in B. pseudomallei-infected cells. In fact, we have
limited data for exogenous IFN-� that support the possibil-
ity described above (data not shown).

Exogenous IFN-� added after B. pseudomallei infection
fails to induce phosphorylation of Y701–STAT-1. IFN-� is
known to play an essential role in macrophage activation by
signaling through STAT-1 (32), and both SOCS3 and CIS
have been reported to interfere with IFN-� signaling by
inhibiting Y701–STAT-1 phosphorylation (3). In order to
determine whether induction of SOCS3 and CIS in B.

FIG. 1. B. pseudomallei-induced SOCS3 and CIS expression in macrophages. Mouse macrophages were infected with either B. pseudomallei or
S. enterica serovar Typhi (used as reference) at an MOI of 2:1. At different times, the infected cells were lysed and the levels of SOCS mRNAs
(A) and proteins (B) in the cell lysates were determined by RT-PCR and immunoblotting, respectively.

FIG. 2. Expression of SOCS protein in macrophages activated with
killed bacteria. Mouse macrophages were treated with either killed B.
pseudomallei or S. enterica serovar Typhi at MOIs of 1:1, 10:1, and
100:1. Eight hours later the treated cells were lysed, and the levels of
SOCS proteins in the lysate were determined by immunoblotting.
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pseudomallei-infected macrophages adversely affected their
ability to respond to subsequent IFN-� activation, the level of
pY701–STAT-1 was monitored in B. pseudomallei-infected mac-
rophages that were exposed to IFN-� at 1, 2, and 4 h postinfection
(Fig. 5). IFN-� exposure at 1 h postinfection reduced the level of
Y701–STAT-1 phosphorylation only slightly relative to the level
in uninfected cells, while exposure at 2 and 4 h postinfection
resulted in drastic reductions in the levels of pY701–STAT-1. It
should be noted that the observed decrease in IFN-�-induced
Y701–STAT-1 phosphorylation in infected cells directly corre-
lated with increased levels of SOCS3 and CIS, as shown in Fig. 1.

B. pseudomallei infection interferes with IRF-1 and iNOS
expression in macrophages stimulated with IFN-�. We previ-
ously demonstrated that IRF-1 and iNOS played an important
role in regulating the bactericidal activity of macrophages
against B. pseudomallei (38, 39). Induction of both IRF-1 and
iNOS expression in uninfected cells is known to require prior
phosphorylation of Y701–STAT-1 (15, 34). Therefore, it was of
interest to determine if the depressed pY701–STAT-1 level in
B. pseudomallei-infected macrophages (Fig. 4) influenced the
expression of IRF-1 and iNOS. In order to address this ques-

tion, IFN-� was added to macrophage cultures either at the
time of infection (costimulation) or 4 h after infection (post-
stimulation). IRF-1 and iNOS expression was then determined
4 h after the addition of IFN-�. Consistent with our previous
report (40), IFN-� exposure alone was able to activate IRF-1
expression but not iNOS expression in uninfected cells (Fig. 6).
While B. pseudomallei infection alone in the absence of IFN-�
failed to activate expression of IRF-1 and iNOS, the expression
was observed when IFN-� was added to the cells at the time of
infection (Fig. 6). However, the levels of both IRF-1 and iNOS
were noticeably reduced when IFN-� was added 4 h after the
cells were infected. These results suggested that the host cell
response to IFN-� was suppressed in B. pseudomallei-infected
macrophages and that the suppression required time to be-
come established. The suppression of both IRF-1 and iNOS
correlated with both the decrease in the pY701–STAT-1 level
shown in Fig. 5 and the increased expression of SOCS3 and
CIS shown in Fig. 1.

Inability of IFN-� to enhance killing of intracellular B.
pseudomallei in infected macrophages. Previously, we demon-
strated that exogenous IFN-�, when added to macrophages

FIG. 3. B. pseudomallei-induced SOCS3 and CIS mRNA expression in cycloheximide-treated macrophages. Cycloheximide (5 �g/ml) was
added to a macrophage culture 1 h prior to infection. The pretreated macrophage culture was then infected with B. pseudomallei at an MOI of
2:1. The levels of expression of SOCS3 and CIS in the lysates of cycloheximide-treated and untreated infected macrophages were determined and
compared by RT-PCR (A) at 4 h after infection and by immunoblotting (B) at 8 h after infection.

FIG. 4. Failure of B. pseudomallei to induce Y701–STAT-1 phosphorylation. (A) Mouse macrophages were infected with either B. pseudomallei
or S. enterica serovar Typhi at an MOI of 2:1. After various times, the levels of phosphorylation of Y701–STAT-1 in the infected cell lysates were
determined by immunoblotting. pY701–STAT-1 could be detected only in the S. enterica serovar Typhi-infected macrophages. (B) Phosphorylation
of Y701–STAT-1 in S. enterica serovar Typhi-infected macrophages depends on IFN-� production. Mouse macrophages were infected with S.
enterica serovar Typhi at an MOI of 2:1 in the presence of neutralizing antibody against IFN-� (10 �g/ml). After 4 h of incubation, the infected
cells were lysed, and the level of pY701–STAT-1 was analyzed by immunoblotting. IgG, immunoglobulin G.
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either prior to or at the time of B. pseudomallei infection, could
significantly enhance killing of intracellular B. pseudomallei,
suggesting that this effect was likely attributable to the en-
hanced production of iNOS (40). It was of interest to deter-
mine if postinfection incubation had any effect on the observed
IFN-�-induced enhanced killing. Costimulation and poststimu-
lation of infected macrophages with IFN-� were performed as
described previously (Fig. 6), except that the number of viable
intracellular bacteria was determined 4 h after IFN-� addition.
Addition of IFN-� 4 h after infection failed to enhance the
intracellular killing of B. pseudomallei. Viable intracellular B.
pseudomallei levels were significantly higher in cells that were
subjected to poststimulation with IFN-� than in cells that were
costimulated at the time of infection (Fig. 7). The failure of
IFN-� to stimulate killing of intracellular B. pseudomallei when
it was added to macrophages at 4 h postinfection correlated
well with the reduced IRF-1 and iNOS expression shown in
Fig. 6.

DISCUSSION

The induction of SOCS expression and its significance have
been extensively studied in recent years. For example, Leish-
mania donovani-infected macrophages were reported to in-
duce SOCS3 expression that resulted in suppression of mac-
rophage activation (4). Activation of SOCS3 expression has
also been reported in macrophages infected with gram-positive
bacteria (e.g., L. monocytogenes and Staphylococcus aureus) (4,
35). Induction of SOCS proteins by isolated bacterial compo-
nents like LPS has also been demonstrated; however, very
limited information on the regulation of these proteins in re-
sponse to infection with gram-negative bacteria is currently
available (7). This study clearly demonstrated that there is a
novel association between the intracellular gram-negative bac-
terium B. pseudomallei and the induction of SOCS3 and CIS
expression in an in vitro mouse macrophage model (Fig. 1).
Expression of both SOCS3 and CIS mRNA was not affected in
the presence of cycloheximide, suggesting that B. pseudomallei
itself, and not the cytokines that it induced, was able to directly
induce mRNA expression of these negative regulators (Fig. 3).
This finding is reinforced by the fact that cycloheximide at the

FIG. 5. Failure of B. pseudomallei-infected macrophages to phosphorylate Y701–STAT-1 in response to IFN-� stimulation. Mouse macro-
phages were infected with B. pseudomallei at an MOI of 2:1 and incubated for 1, 2, and 4 h before IFN-� (10 U/ml) was added. The cells were
then incubated for 1 h before the level of pY701–STAT-1 was determined by immunoblotting. Compared with the uninfected control culture, B.
pseudomallei infection interfered with the macrophage response, particularly when the time between bacterial infections was prolonged (4 h).

FIG. 6. Failure of B. pseudomallei-infected macrophages to activate
IRF-1 and iNOS expression in response to postinfection IFN-� stim-
ulation. Mouse macrophages were infected with B. pseudomallei at an
MOI of 2:1 as described in Materials and Methods. In the postinfec-
tion stimulation (post) experiment, IFN-� (10 U/ml) was added 4 h
after the cells were infected with B. pseudomallei. The infected cell
cultures were incubated for one more hour before excess IFN-� was
removed. The cell cultures were then incubated for a further 3 h, the
macrophages were lysed, and the levels IRF-1 and iNOS in the lysates
were determined by immunoblotting. For the costimulation (co) ex-
periment, the macrophages were infected with B. pseudomallei in the
presence of IFN-� (10 U/ml). After 1 h of incubation, the macrophages
were washed three times with PBS and cultured for three more hours
before the levels of IRF-1 and iNOS in the cell lysate were determined
by immunoblotting.

FIG. 7. Inability of IFN-� to enhance antimicrobial activity of B.
pseudomallei-infected macrophages. The experimental protocol for
this experiment was similar to that described in the legend to Fig. 6,
except that the viability of intracellular bacteria was determined and
the results of poststimulation and costimulation conditions were com-
pared. The data indicate the means and standard deviations of three
separate experiments, each carried out in duplicate. The asterisk indi-
cates that the P value is �0.01, as determined by Student’s t test.
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concentration used was found to interfere with neither inva-
sion nor intracellular replication of B. pseudomallei (data not
shown). However, it was found that unlike other gram-negative
bacteria, such as S. enterica serovar Typhi, B. pseudomallei
failed to induce SOCS1 expression (Fig. 1), suggesting that the
mechanisms employed by these different gram-negative bacte-
ria to modulate the macrophage response are different. More-
over, it appears that the induction of these negative regulators,
at least in the B. pseudomallei system, did not require active
invasion since the macrophage responses to viable and nonvi-
able bacteria were similar (Fig. 2). This finding is in accord
with the results from other studies showing that purified LPS
from other bacteria could also activate SOCS expression (3, 7,
34). It is possible that the type of SOCS response to different
gram-negative bacteria, as demonstrated for S. enterica serovar
Typhi and B. pseudomallei in the present study, is related to
differences in LPS structure. For example, LPS isolated from
B. pseudomallei is known to have an unusual chemical structure
in the acid-stable inner core region attached to the lipid A
moiety (20). This unusual LPS structure has also been shown
to be a weak macrophage activator compared with the LPS
isolated from other gram-negative bacteria, such as S. enterica
serovar Typhi and Escherichia coli (20, 37). It is tempting,
therefore, to speculate that the cellular response associated
with the expression of different SOCS proteins depends partly
on signals generated from different pattern recognition recep-
tors. The participation of a Toll-like receptor (TLR) in SOCS
expression has received considerable attention recently. For
example, it was reported that SOCS1-deficient mice exhibited
increased LPS sensitivity and decreased endotoxin tolerance
(22), suggesting that SOCS protein might be involved in TLR
signaling. It was subsequently demonstrated that the induction
of SOCS3 and CIS, but not the induction of SOCS1, was
MyD88 dependent (3). The ability of B. pseudomallei to induce
SOCS3 and CIS but not SOCS1, together with its failure to
stimulate IFN-� production (39), is consistent with the possi-
bility that B. pseudomallei may also activate macrophages via a
MyD88-dependent pathway. The type(s) of TLR and/or non-
TLR involved in the activation of macrophages has not been
defined yet and is currently being investigated in our labora-
tory.

The pivotal role of the transcription factor STAT-1 in the
innate immune response against microbial infection is well
documented (12). STAT-1-deficient mice are highly sensitive
to stimulation by intact organisms or isolated individual com-
ponents (28). Increased susceptibility to intracellular bacteria,
such as Mycobacterium, has also been observed in STAT-1-
deficient human macrophages (14). Purified LPS has also been
shown to activate phosphorylation of Y701–STAT-1 through
TLR, and this correlated with IFN-� synthesis, suggesting that
the activation of pY701–STAT-1 is mediated through type I
IFN synthesized by LPS-activated cells (10, 24). The data pre-
sented in this study which demonstrated that the gram-nega-
tive bacterium S. enterica serovar Typhi was able to activate
Y701–STAT-1 phosphorylation after only 2 h of infection and
that the process could be inhibited by neutralizing antibody
against IFN-� (Fig. 4) lend support to this idea. In contrast to
S. enterica serovar Typhi, B. pseudomallei failed to stimulate
pY701–STAT-1 (Fig. 4), a result that was consistent with the
organism’s inability to activate IFN-� production (39). In ad-

dition to IFN-�, IFN-� could also activate phosphorylation of
STAT-1. Activation of this transcription factor is known to
regulate SOCS1 expression (16). By contrast, STAT-1-defi-
cient mice could still activate SOCS3 expression in response to
IFN-� stimulation, suggesting that SOCS3 gene regulation
does not involve activation of STAT-1 (16). It is possible that
the inability of B. pseudomallei to activate SOCS1 expression in
our study was also related to its inability to activate phosphor-
ylation of STAT-1 (Fig. 1 and 4).

Of the different SOCS members that have been studied,
SOCS1 is probably the most potent inhibitor of IFN signaling,
and it acts by suppressing the phosphorylation of STAT-1 (5,
22). SOCS3, on the other hand, is known to play an essential
role as a negative inhibitor of interleukin-6, possibly by inter-
fering with the activation of another transcription factor,
STAT-3 (8, 25, 44). Based on the data from the STAT-1 phos-
phorylation studies presented here, it appeared that SOCS3
and CIS could also inhibit IFN-� signaling, albeit to a lesser
extent than they could with STAT-3 (3, 10). Macrophages
infected with L. monocytogenes also exhibited diminishing IFN-
�-induced Y701–STAT-1 phosphorylation (35). A decreased
response to IFN-� signaling in L. monocytogenes- and L. do-
novani-infected macrophages correlated with the induction of
SOCS3 expression (4, 35). In the present study, we demon-
strated that the gram-negative bacterium B. pseudomallei in-
terfered with IFN-�-induced Y701–STAT-1 phosphorylation
in a mouse macrophage system (Fig. 5). The suppression of
STAT-1 phosphorylation also directly correlated with the ex-
pression of SOCS3 and CIS (Fig. 1). On the basis of all of the
results, it is tempting to conclude that activation of SOCS3 and
CIS expression in response to B. pseudomallei infection can
interfere with IFN-� signaling, thus resulting in suppression of
IFN-�-inducing proteins (e.g., IRF-1 and iNOS expression)
(Fig. 6). Both IRF-1 and iNOS are known to play a crucial role
in controlling the fate of intracellular pathogens (27, 36). In the
present study, B. pseudomallei-infected macrophages not only
failed to express both IRF-1 and iNOS but also failed to elim-
inate intracellular B. pseudomallei (Fig. 7).

During the last few years, our group has been working on
elucidating the mechanism by which B. pseudomallei modulates
the innate host defense, thus allowing it to survive inside mac-
rophages (38, 39). This intracellular bacterium can invade mac-
rophages without stimulating IFN-� production, which is an
essential factor for IRF-1 and iNOS expression (39). Failure to
activate IRF-1 and iNOS provides the bacteria with the means
to survive the antimicrobial activity of macrophages (38, 39).
However, exogenous IFN-� or IFN-� added prior to or at the
time of infection could enhance both IRF-1 and iNOS expres-
sion and restore antimicrobial activity of these macrophages
(40). The protective role of IFN-� in the host defense against
B. pseudomallei has been observed previously in animal models
(31). Administration of neutralizing antibody against IFN-�
could significantly lower the 50% lethal dose and also increase
bacterial burdens in the liver and spleen of these animals (31).
More recently, we demonstrated that the IFN-� level in the
serum of infected BALB/c mice was significantly higher than
that in the serum of uninfected mice, yet the high level of
IFN-� failed to eliminate the bacteria from the blood, spleen,
liver, and lungs and these animals subsequently died over the
next 7 to 10 days (42). The data for this animal model are in

VOL. 73, 2005 B. PSEUDOMALLEI-INDUCED EXPRESSION OF SOCS 7337

 at M
A

H
ID

O
L U

N
IV

 F
A

C
 O

F
 M

E
D

 on A
pril 3, 2007 

iai.asm
.org

D
ow

nloaded from
 

http://iai.asm.org


accord with the elevated level of IFN-� noted in patients with
severe melioidosis (26). Together, these results suggest that the
presence of high IFN-� levels during ongoing B. pseudomallei
infection is not sufficient to control the infection or to elimi-
nate the bacteria from the infected host. The failure of IFN-�
to protect the animals from fatal sepsis (42) could be explained
by the ability of B. pseudomallei to activate negative regulator
proteins, such as SOCS3 and CIS, as demonstrated in the
present study. The expression of these proteins can interfere
with IFN-� signaling via a STAT-1 pathway, making the in-
fected macrophages unable to respond to IFN-�. This, in turn,
results in an inability to activate IFN-�-responsive protein ex-
pression (i.e., IRF-1 and iNOS). Therefore, in addition to
interference with proinflammatory cytokine production and
antimicrobial activity, the results obtained in the present study
provided evidence for another possible mechanism by which B.
pseudomallei could modulate the macrophage bactericidal re-
sponse, thus facilitating its intracellular survival, and may also
explain the persistence of the organism in the human host and
the high rate of relapse in melioidosis.
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Abstract

Burkholderia pseudomallei is the causative agent of melioidosis. This bacterium can invade and survive inside the phagocytic and

nonphagocytic cells. After internalization, the bacteria can escape from the membrane-bound phagosome into the cytoplasm. Internalised

B. pseudomallei can also induce a cell-to-cell fusion, resulting in a multinucleated giant cell (MNGC) formation. In the present study, we

demonstrated that B. pseudomallei rpoS null mutant was similar to its wild type parent in its ability to survive and multiply inside the mouse

macrophages, but it failed to stimulate MNGC formation. The rpoS mutant was also unable to activate inducible Nitric Oxide Synthase (iNOS)

in resting mouse macrophages but in gamma interferon (IFN-g)-activated macrophages, the mutant was able to induce significantly higher

levels of iNOS and NO when compared with its wild-type counterpart, resulting in a significantly lower number of bacteria inside the infected

host cells.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Burkholderia pseudomallei is the causative agent of

melioidosis, a disease of man and animals in southeast Asia

and northern Australia [1,2]. The clinical features of

melioidosis vary greatly from acute fatal sepsis to localised

chronic infections [1]. Systemic infections are associated with

high mortality rate and high rate of relapse despite prolonged

treatment [1,2]. At a cellular level, this gram-negative

bacterium can survive and multiply in both phagocytic and

non-phagocytic cells [3]. After internalisation, it can readily

escape from the membrane bound phagosome into the

cytoplasm [3]. The internalised B. pseudomallei can also

induce a cell-to-cell fusion, resulting in a multinucleated giant

cell (MNGC) formation and cell death [4,5]. The MNGC has

also been observed in the tissues of patients with melioidosis

[6]. It was hypothesised that this unique phenomenon, which

has never been observed in any other bacteria, may facilitate

the spreading of the bacterium from one cell to another [5].

The mechanism by which B. pseudomallei is able to escape

host defense is not fully understood. However, we have

demonstrated previously that the macrophages infected with

this microorganism failed to activate inducible nitric oxide

synthase (iNOS) [7]. The failure to stimulate iNOS expression

may facilitate this bacterium to survive and multiply inside the

macrophages [7,8]. However, preactivation of the macro-

phages with exogenous IFN-g or IFN-b could enhance iNOS

expression and facilitate intracellular killing of B. pseudomal-

lei [7–9].

RpoS is a global regulatory factor known to control the

expression of a large number of chromosomal genes involved

in resistance to stress conditions and prolonged nutrient

deprivation [10,11]. It has also been reported to regulate

virulence gene expression in a number of pathogenic bacteria.

In Salmonella enterica serovar Typhimurium, the RpoS

controls the expression of Salmonella plasmid virulence (spv)

genes required to initiate systemic spread [12–14]. The

S. typhimurium rpoS mutant was significantly less lethal for

mice, thus suggesting its role in disease-producing potential

[14,15]. However, the ability of the mutant to survive inside the
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macrophages was unaltered [14]. Although the possible

involvements of RpoS in the pathogenesis of melioidosis

have never been investigated, our group demonstrated

previously that the B. pseudomallei rpoS null mutant of this

bacterium exhibited an increased sensitivity to oxidative stress

[16]. In this communication, we extend our finding to

demonstrate the involvement of rpoS null mutant in modulat-

ing the host cell response, particularly with regard to the

macrophage antimicrobial capacity to control the intracellular

fate of B. pseudomallei itself.

2. Results

2.1. Internalisation and intracellular multiplication of rpoS

knockout mutant in mouse macrophage cell line (RAW 264.7)

In order to evaluate a possible involvement of RpoS in

internalisation and intracellular multiplication of B. pseudo-

mallei, mouse macrophage cell monolayers were infected with

rpoS mutant and wild type B. pseudomallei at MOI of 2:1 and

the number of intracellular bacteria was then analysed by

standard antibiotic protection assay. The results presented in

Fig. 1 showed that rpoS mutant appeared to have significantly

lower invasive potential comparing with wild-type, judging

from the number of intracellular bacteria 3 h after the infection

was initiated. In contrast, once internalised, both rpoS and

wild-type B. pseudomallei could similarly survive and multiply

intracellularly inside the macrophages. The doubling time of

the rpoS mutant and the wild-type calculated was 45 and

47 min, respectively, suggesting that the rate of replication of

the rpoS mutant inside the macrophages was similar to that of

the wild-type (data not shown). These results are consistent

with the possibility that RpoS plays a role in cellular invasion

but not in controlling the rate of replication inside the

macrophages.

2.2. RpoS interferes with MNGC formation in mouse

macrophage cell line (RAW 264.7)

Mouse macrophages were infected with either the rpoS

mutant or the wild-type B. pseudomallei at MOI of 2:1 for a

total of 8 h before the host cell morphological changes were

analysed under a microscope. As is to be expected from our

previous reports [5,9,17], the wild-type B. pseudomallei could

readily induce cell fusion and MNGC formation (arrows in

Fig. 2A). The rpoS mutant, on the other hand, failed to initiate

these changes. These results suggested that the RpoS of

B. pseudomallei is involved in this process. This prediction is

supported by the results showing that in the presence of

chloramphenicol, the MNGC formation induced by the wild-

type was inhibited. In this experiment, the macrophages were

infected with the wild-type bacteria for 1 h before the

chloramphenicol was added at a concentration known to

inhibit bacterial protein synthesis. In the presence of this

inhibitor, no MNGC formation could be observed, suggesting

that the process leading to MNGC formation in the wild type-

infected macrophages was initiated after bacterial internalis-

ation (Fig. 2A). It should be mentioned that the concentration

of chloramphenicol used in these experiments was able to

significantly inhibit bacterial growth (data not shown). The

number of MNGC induced by the bacteria was also enumerated

by Giemsa staining. Results presented in Fig. 2B showed that

the percentage of MNGC induced by rpoS mutant and the

chloramphenicol-treated wild-type infection was less than 3%

while that of the wild-type infection in the absence of the

inhibitor was 17%.

2.3. Involvement of RpoS in iNOS expression

and nitric oxide production

To investigate the possible association of RpoS with iNOS

activation, the mouse macrophages were infected with rpoS

mutant and wild-type B. pseudomallei or Salmonella enterica

serovar Typhi (used as positive control) at MOI 2:1. Eight

hours after the infection was initiated, the iNOS expression of

infected macrophages was determined by immunoblotting.

Unlike the Salmonella control, both rpoS mutant and wild-type

B. pseudomallei failed to stimulate iNOS expression. We

previously demonstrated that IFN-g could enhance iNOS

expression and killing capacity of the macrophages if it was

added to the cell culture prior to the time of infection [7,9]. In

the present study, a similar experiment using rpoS mutant-

infected macrophages was performed. Briefly, the macro-

phages were preactivated overnight with IFN-g prior to

B. pseudomallei exposure and at 4, 6 and 8 h post-infection,

the expression of iNOS was determined by immunoblotting.

The results showed that although the IFN-g could enhance

iNOS expression of the macrophages, the level of iNOS

expression in the cells infected with rpoS mutant was

noticeably higher than in those infected with the wild type

(Fig. 3B). Consistent with this observation, the level of NO,

determined by Griess reaction, in the IFN-g activated

macrophages infected with the rpoS mutant was also

Fig. 1. Internalisation of rpoS mutant. Mouse macrophage cell line, (RAW

264.7) was infected with either the rpoS mutant or the wild type B.

pseudomallei at MOI of 2:1 for 1 h. Internalisation of the bacteria was

determined after 2 more hours of incubation. The number of viable intracellular

bacteria was determined by standard antibiotic protection assay as described in

Materials and Methods. Data shown represent means and standard errors of

3 separate experiments, each carried out in duplicate. *P!0.01 by Students’s

t-test.
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significantly higher than that of the wild-type control (Fig. 3C).

These results suggested the involvement of RpoS in regulating

antimicrobial activity of the IFN-g activated macrophages.

2.4. Bacterial RpoS modulates intracellular killing

capacity of IFN-g activated macrophages

It was shown previously that the expression of iNOS in

macrophages infected with the wild type B. pseudomallei

directly correlated with the macrophage ability to kill

intracellular bacteria [7–9]. To determine whether or not a

similar phenomenon would be observed with the macrophages

infected with the rpoS mutant, the number of viable

intracellular bacteria in the IFN-g activated macrophages

was analysed 8 h post infection. The results presented in Fig. 4

clearly demonstrated that although IFN-g could enhance the

macrophage ability to suppress the intracellular growth of both

wild-type B. pseudomallei and rpoS mutant, the level of

suppression was higher in the rpoS mutant-infected macro-

phages (a decrease by 2 orders of magnitude for the rpoS

mutant compared with a decrease of only 1 order of magnitude

for the wild-type).

3. Discussion and conclusion

RpoS is recognized as a global stationary-phase sigma

factor that controls the expression of several genes including

those encoding for virulence factors [12–14,18,19]. The

S. typhimurium rpoS mutant was shown to be less virulent

than its wild-type counterpart [20,21], even though it could still

Fig. 2. Inability of rpoS mutant to induce MNGC formation. Mouse macrophage cell line (RAW 264.7) was infected with either the rpoS mutant or the wild type B.

pseudomallei at MOI of 2:1 for 1 h. The infected cells were subsequently cultured in the medium with or without chloramphenicol added (100 mg/ml). The MNGC

formation (arrows) after 8 h of infection was observed by microscopic examination (100x) (A). To enumerate MNGC formation, the infected cells were fixed,

stained with Giemsa and the number of MNGC was determined under microscope (400x) (B). Data shown represent means and standard errors of 3 separate

experiments, each carried out in duplicate. *P!0.01 by Students’s t-test.
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survive and multiply inside the macrophages [18]. The

modulation of human activity by S. typhi rpoS mutant had

also been investigated. For instance, the mutant exhibited

lower degree of cytoxicity for human macrophages, judging

from a decreased ability to induce host cell death compared

with the wild type counterpart [22]. As with the rpoSmutant of

Salmonella, rpoS deficient B. pseudomallei in the present study

could also survive and multiply inside the mouse macrophages

in a similar way to the wild type parent (Fig. 1).

One of the unique characteristics of B. pseudomallei is their

ability to induce a cell-to-cell fusion, resulting in MNGC

formation which may facilitate the bacteria to spread from one

cell to the others [4,5]. The mechanism of B. pseudomallei-

induced cell-to-cell fusion is yet to be determined. However,

we demonstrated in this communication that the wild-type

B. pseudomallei failed to induce MNGC when the bacterial

protein synthesis was inhibited after the bacteria had been

internalised (Fig. 2), suggesting that it is the bacterial factor(s)

expressed after being internalised that plays a role in the

induction of MNGC formation. This conclusion is based on the

data that in the presence of chloramphenicol, no MNGC

formation was observed in the macrophages that were infected

with the wild-type B. pseudomallei even at a very high MOI

ratio of 100:1 (data not shown). In contrast to the wild-type, the

B. pseudomallei lacking rpoS at the same MOI could not

Fig. 3. Influence of RpoS on iNOS expression and NO production. Mouse macrophage cell line (RAW 264.7) was infected with either rpoS mutant or wild type

B. pseudomallei or Salmonella at MOI of 2:1. At 8 h time point, the iNOS expression of the infected cells was determined by immunoblotting (A). The effect of IFN-

g on iNOS expression and NO production by the macrophages infected with either the rpoSmutant or the wild type B. pseudomalleiwas also investigated (B and C).

The macrophages were pretreated with IFN-g (10 U/ml) overnight before being infected with either the rpoSmutant or the wild type B. pseudomallei at MOI of 2:1.

The expression of iNOS was determined after 4, 6 and 8 h of infection by immunoblotting (B). The level of NO in the supernatant of 8 h macrophage culture was

determined by Griess reaction (C). Data represent means and standard errors of 3 separate experiments, each carried out in duplicate. *P!0.01 by Students’s t-test.

Fig. 4. Effects of IFN-g in suppression of intracellular bacteria in the infected-

macrophages. Mouse macrophage cell line (RAW 264.7) was preactivated with

or without IFN-g (10 U/ml) overnight before being infected with either rpoS

mutant or wild type B. pseudomallei at MOI of 2:1. Eight hours after the

infection, the number of intracellular viable bacteria was determined by

standard antibiotic protection assay as described in Materials and Methods. A

highly significant reduction was noted with the rpoS mutant. Data shown

represent means and standard errors of 3 separate experiments, each carried out

in duplicate. *P!0.01 by Students’s t-test.
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induce MNGC formation, suggesting a possible involvement of

RpoS in the induction of MNGC formation (Fig. 2).

Activation of iNOS and NO production in macrophages is

known to play an essential role in inhibiting growth and killing

of intracellular bacteria including B. pseudomallei [7–9].

Previously we demonstrated that B. pseudomallei could

interfere with iNOS expression, thus allowing it to survive

macrophage killing [7,8]. However, exogenous IFN-g or IFN-b
added to resting macrophage could enhance and restore its

ability to kill intracellular B. pseudomallei by activating iNOS

expression [7–9]. In the present study, we demonstrated that by

itself the rpoSmutant, like its wild-type counterpart, also failed

to activate iNOS expression (Fig. 3). However, in the presence

of IFN-g, the level of iNOS in the rpoS mutant-infected

macrophages was markedly elevated compared with its wild-

type control. The increase of iNOS expression and NO

production level also correlated to the decrease of intracellular

survive of the bacteria (Fig. 4). However, it could also be

argued that the lower number of intracellular rpoS mutant may

be due to inherently higher susceptibility of the mutant to

killing by reactive nitrogen intermediate than the wild-type.

This problem is now under investigation by our group.

RpoS is known to play an important role in response of

bacteria to a number of environmental stresses. Escherichia

coli produces KatE (hydroperoxidase I) which has both

catalase and peroxidase activity, allowing it to overcome the

antimicrobial activity of hydrogen peroxide produced by the

host [23]. This enzyme is also known to be under the control of

RpoS [24]. In the host tissue, RpoS could also regulate

virulence gene expression, such as the spv of S. typhimurium

[25]. In our study, we demonstrated that RpoS of B.

pseudomallei could regulate not only the expression of a

putative bacterial factor(s) which may be involved in MNGC

formation, but also of the iNOS. However, the virulence factors

of B. pseudomallei that are regulated by RpoS have never been

identified but needed to be investigated if we are to more fully

understand the pathogenesis of melioidosis and to develop

novel approaches for the management of the disease.

4. Materials and Methods

4.1. Cell line and culture condition

Mouse macrophage cell line (RAW 264.7) was obtained

from American Type Culture Collection (ATCC, Rockville,

MD). If not indicated otherwise, the cells were cultured in

Dulbecco’s modified Eagles’ medium (DMEM) (Gibco Labs,

Grand Island, NY) supplemented with 10% heat-inactivated

fetal bovine serum (FBS) (HyClone, Logan, UT) at 37 8C under

a 5% CO2 atmosphere.

4.2. Bacterial strains

B. pseudomallei strain 844 used in this study was originally

isolated from a patient admitted to Srinagarind Hospital in the

melioidosis endemic Khon Kaen province of Thailand as

previously described [7–9]. Salmonella enterica serovar Typhi

(Salmonella) used for comparison throughout this study was

originally isolated from a patient at Ramathibodi Hospital

(Mahidol University, Bangkok, Thailand).

rpoS mutant of B. pseudomallei was constructed and had

been characterized as previously described [16]. It should be

mentioned that the mutant was still reactive with polyclonal

anti-B. pseudomallei and monoclonal antibodies against the

lipopolysaccharide and exopolysaccharide components of

B. pseudomallei [26].

4.3. Infection of mouse macrophage cell line (RAW 264.7)

An overnight culture of mouse macrophages (1!106 cells)

in a six-well plate was co-cultured with bacteria at a

multiplicity of infection (MOI) of 2:1 for 1 h. To remove

extracellular bacteria, the cells were washed three times with

2 ml of PBS and residual bacteria were killed by incubating in

DMEM containing 250 mg/ml kanamycin (Gibco Labs) for 2 h.

Thereafter, the infection was allowed to continue in the

medium containing 20 mg/ml of kanamycin until the

experiment was terminated [5,8]. To determine intracellular

survival and multiplication of the bacteria, a standard antibiotic

protection assay was performed as previously described [5].

The number of intracellular bacteria expressed as colony

forming unit (CFU) was determined by bacterial colony

counting

4.4. Immunoblotting

Mouse macrophage preparations were lysed in buffer

containing 20 mM Tris, 100 mM NaCl and 1% NP40. The

lysates containing 30 mg of protein were electrophoresed on

10% SDS-PAGE and then electrotransferred to nitrocellulose

membrane (Schleicher&Schuell, Dassel, Germany). The

membrane was blocked with 5% skim milk for 1 h before

incubating overnight with appropriate specific polyclonal

rabbit antibodies to mouse iNOS (Santa Cruz, Santa Cruz,

CA). The blots were then allowed to react with horseradish

peroxidase-conjugated swine anti-rabbit IgG (Pierce, Rock-

ford, IL). Protein bands were detected by enhanced chemilu-

minescence as recommended by the manufacturer (Roche

Diagnostics, Mannheim, Germany).

4.5. Enumeration of multinucleated giant cells (MNGCs)

in B. pseudomallei-infected macrophages

In order to quantitate the degree of MNGC formation, the

macrophages (1!106) were first cultured overnight on a

coverslip as previously described [5]. For the chloramphenicol

experiment, the drug (100 mg/ml) was added into the culture

medium after the bacteria were internalised for 1 h. Eight hours

after the infection, the coverslips were washed with PBS, fixed

for 15 min with 1% paraformaldehyde and then washed

sequentially with 50 and 90% ethanol for 5 min each. The

coverslips were air dried before staining with Giemsa [5]. For

enumeration of the MNGC formation, at least 1000 nuclei per

coverslip were counted using light microscope at
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a magnification of 40! and the percentage of multinucleated

cells was calculated [5]. The MNGC was defined as the cell

possessing more than one nuclei within the same cell boundary.

4.6. NO assay

The production of NO in the form of nitrite in the

supernatant was determined by the Griess reaction [27]. The

nitrite was used as standard ranged from 0 to 40 mM.

4.7. Statistical Analysis

If not otherwise indicated, all experiments in this study were

conducted at least three times. Experimental values were

expressed as meansGstandard errors. Statistical significance of

differences between the two means was evaluated by Student’s

t test, and P value !0.01 was considered significant.
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Abstract

We recently reported that Burkholderia pseudomallei was able to activate the expression of suppressor of cytokine signaling 3 (SOCS3)

and cytokine-inducible Src homology 2-containing protein (CIS). In the present study, we presented evidence showing that the induction

of these negative regulators was most probably triggered from within rather than at the cell surface of mouse macrophage cell line

(RAW264.7) suggesting that macrophage activation most likely requires the interaction of bacteria with a putative host cell cytoplasmic

component(s).

r 2007 Elsevier Ltd. All rights reserved.

Keywords: B. pseudomallei; Melioidosis; SOCS; SOCS3; CIS

1. Introduction

Burkholderia pseudomallei is the causative agent of
melioidosis which is an infectious disease in endemic areas
such as southeast Asia, northern Australia and temperate
regions bordering the equator [1,2]. This gram-negative
bacterium could survive and multiply in both phagocytic
and non-phagocytic cells [3,4]. The mechanisms which
B. pseudomallei uses to escape macrophage killing include
interfering with beta interferon (IFN-b) production by the
infected macrophages and with a subsequent failure to
activate inducible nitric oxide synthase (iNOS) [5]. Addi-
tion of exogenous IFN-b or IFN-g at the time of bacterial
challenge could enhance the ability of the macrophages to
kill intracellular B. pseudomallei by restoring their ability to
activate iNOS expression [6]. However, addition of
exogenous IFN-g after the macrophages had been infected

with B. pseudomallei resulted in a failure of the infected
cells to eliminate intracellular B. pseudomallei [7]. These
results suggested that a precise timing is needed for the
IFNs to exert their antimicrobial activity in relation to the
time of B. pseudomallei infection.
IFN-g is known to exert its effects by interacting with a

specific surface receptor which then activates the receptor-
associated Janus tyrosine kinases JAK1 and JAK2 required
to phosphorylate STAT-1 at Y701 before its translocation
to the IFN-g activation site (GAS) in the nucleus [8,9]. This
process is required for a transcription of IFN-g responsive
genes, including IRF-1 and iNOS genes [10]. However, the
macrophage response to IFNs can be influenced by several
negative regulators including suppressor of cytokine
signaling (SOCS) proteins. Eight members of the SOCS
protein family (SOCS1 to 7 and CIS) have been identified.
They all serve as negative regulators for the cytokine
signaling via JAK/STAT pathway, thus attenuating the
macrophage response including antimicrobial activity [11].
Microbes also can induce SOCS expression. For example,
Listeria monocytogenes was able to diminish IFN-g-
stimulated transcription and phosphorylation of STAT-1
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in the infected macrophages and this correlated with the
activation of SOCS3 expression [12].

We recently demonstrated that both living- and heat-
killed B. pseudomallei was able to stimulate SOCS3 and
CIS but not SOCS1 expression in mouse macrophage cell
line (RAW 264.7) [7]. The level of SOCS3 and CIS
expression was directly proportional with the number of
bacterial infection. Moreover, the expression of these two
negative regulators also directly correlated with a decrease
of Y701-STAT-1 phosphorylation induced by IFN-g. The
decrease of IFN-g signaling in this model also correlated
with the failure of the B. pseudomallei-infected cells to
activate iNOS expression, thus limiting its capacity to kill
intracellular B. pseudomallei [7]. In the present commu-
nication, we extended our finding to demonstrate that the
signal needed to initiate both SOCS3 and CIS expression in
this model required bacterial internalization, suggesting
that the triggering signal is initiated from within rather
than at the surface of the macrophages.

2. Results and discussion

2.1. Cytochalasin D inhibits SOCS3 and CIS expression in

B. pseudomallei-infected macrophages

In order to elucidate the possible mechanism of SOCS3
and CIS expression, experiments were set up essentially as
described in our previous report [7] but the internalization
of B. pseudomallei by the macrophages was inhibited by
cytochalasin D. Mouse macrophage cell line (RAW 264.7)
was pretreated with 2 mg/ml of cytochalasin D (Sigma,
St. Louis, MO) for 2 h prior to the time of bacterial
challenge (MOI of 2:1). The mRNA expression of SOCS3
and CIS was determined by RT-PCR. As is to be expected
from our previous report, SOCS3 and CIS gene expression
was observed in B. pseudomallei-infected macrophages
within 1 h and gradually increased to 4 h when the
experiment was terminated (Fig. 1). However, in the
presence of cytochalasin D, the level of SOCS3 and CIS

ARTICLE IN PRESS

Fig. 1. Cytochlasin D inhibits activation of SOCS3 and CIS expression in B. pseduomallei-infected macrophages. Mouse macrophage cell line (RAW

264.7) (1� 106 cells/ml) was exposed to B. pseudomallei at an MOI of 2:1. To inhibit internalization of B. pseudomallei, the macrophages were pretreated

with cytochalasin D (2mg/ml) for 1 h prior to the time of challenge. (a) At different time intervals, the infected cells were lyzed and the levels of SOCS

mRNAs or proteins in the cell lysates were determined by RT-PCR and immunoblotting, respectively. Expressions of TNF-a and b-actin were determined

and used as the control. (b) The number of intracellular B. pseudomallei in the infected macrophages pretreated/untreated with cytochalasin D was

determined by standard antibiotic protection assay.
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mRNA expression was markedly reduced. Similarly, the
protein expression was also diminished in the presence of
this inhibitor (Fig. 1). In contrast to the reduced SOCS3
and CIS expression, the level of TNF-a mRNA expression
was unaltered by cytochalasin D treatment, suggesting
different pathways are used for the induction of these 2
negative regulators and TNF-a. These results also
suggested that the signal generated by the interaction of
B. pseudomallei with appropriate receptor(s) at the surface
of macrophages was sufficient to activate TNF-a expres-
sion, but insufficient to activate SOCS3 and CIS expres-
sion. It should be mentioned that, at the concentration
used, the cytochalasin D was able to significantly reduce
the number of intracellular B. pseudomallei in mouse
macrophages (Fig. 1b).

2.2. Chloramphenicol inhibits SOCS3 and CIS expression in

B. pseudomallei-infected macrophages

One could argue that by some unknown mechanism, the
cytochalasin D might also interfere with the interaction of
B. pseudomallei at the surface of macrophages; therefore,
another experiment was conducted to rule out this
possibility. In this experiment, B. pseudomallei was allowed
to interact with the macrophage at an MOI of 2:1 for 1 h
before culturing in the medium containing 100 mg/ml of
chloramphenicol (Sigma). At this concentration, the
chloramphenicol inhibited intracellular bacterial replica-
tion and under this condition, the number of intracellular
B. pseudomallei determined at 4 and 8 h after the infection
were 3� 104 and 3.1� 104 CFU, respectively, compared

ARTICLE IN PRESS

Fig. 2. Chloramphenicol inhibits activation of SOCS3 and CIS expression in B. pseudomallei-infected macrophages. To inhibit the replication of

internalized bacteria, the macrophages were infected with B. pseudomallei as mentioned for 1 h before culturing in above culture medium containing in

addition of 100mg/ml of chloramphenicol. At different time intervals, the infected cells were lyzed and the levels of SOCS mRNAs or proteins in the cell

lysates were determined by RT-PCR and immunoblotting, respectively. Expressions of TNF-a and b-actin were determined and used as control.
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with 6� 106 and 6� 107 CFU in the untreated macro-
phages. The results presented in Fig. 2 showed that in the
presence of chloramphenicol, there was no activation
of SOCS3 and CIS expression. In contrast, the level of
TNF-a mRNA expression was unaltered by the chloram-
phenicol treatment. This showed that the binding of the
bacteria to surface receptors alone was not sufficient to
initiate signaling that triggers SOCS3 and CIS expression.
In order to rule out the possibility that the chloramphe-
nicol itself did not interfere with the signaling pathway
for SOCS3 and CIS activation, the chloramphenicol-
treated macrophages were first exposed to heat-killed
B. pseudomallei using a ratio equivalent to an MOI of
10:1 and 4 h later, the level of SOCS3 and CIS mRNA
was determined. Previously, we demonstrated that both
live and heat-killed B. pseudomallei were able to induce
SOCS3 and CIS expression [7]. The results in the present
communication showed that the level of SOCS3 and
CIS mRNA expression in macrophages activated with
heat-killed B. pseudomallei was unaffected by the
presence of chloramphenicol (data not shown), indicating
that at the concentration used, chloramphenicol did not
interfere with SOCS3 and CIS activation of the macro-
phages. Altogether, these results suggested that the
interaction of live B. pseudomallei on the surface of
macrophages was not sufficient to trigger the activation
of SOCS3 and CIS expression. It should be of great interest
to identify the possible presence of intracytoplasmic
receptor(s) that initiates the signaling process of these
negative regulators.

2.3. Inhibition of SOCS3 and CIS expression lead to

increase of Y701-STAT-1 phosphorylation induced by IFN-g

Although SOCS1 is probably the most potent inhibitor
of IFN signaling, acting by suppressing the phosphoryla-
tion of STAT-1 [13,14], to a lesser extent, SOCS3 and CIS,
could also inhibit Y701-STAT-1 phosphorylation [15,16]
and therefore, the level of phosphorylation could be taken
as an indicator for the degree of cellular response to IFN-g
stimulation. In order to determine whether or not the
diminished SOCS3 and CIS expression after either
cytochalasin D or chloramphenicol treatments correlate
with a possible increase of IFN-g signaling, the phospho-
rylation of Y701-STAT-1 of the infected cells, in the
presence of these inhibitors was determined and compared
with that of the untreated infected cell control. In the
cytochalasin D experiment, the mouse macrophages were
infected with B. pseudomallei at an MOI of 2:1, with or
without pretreatment with 2 mg/ml cytochalasin D, and
thereafter the cultures were incubated further for 1, 2 and
4 h before adding IFN-g (10U/ml). One hour after the
IFN-g was added, the level of pY701-STAT-1 was
determined by immunoblotting using antibody against
pY701-STAT-1. For the chloramphenicol experiment, the
macrophages were infected with the bacteria as above for
1 h before 100 mg/ml of chloramphenicol was added and the

level of pY701-STAT-1 was then similarly determined. It
should be noted that the level of pY701-STAT-1 in the
untreated infected macrophages gradually declined as the
time of infection was prolonged (Fig. 3a) and this
correlated with the increase of SOCS3 and CIS expression
shown earlier in Figs. 1 and 2. In contrast, the level of IFN-
g activated pY701-STAT-1 remained elevated in the
macrophage cultures pretreated with cytochalasin D
which interferes with bacterial internalization (Fig. 3b).
Similarly, the macrophages that were treated with chlor-
amphenicol 1 h after the infection was initiated exhibited
the level of pY701-STAT-1 that was not different from the
initial level (Fig. 3c). The level of IFN-g induced pY701-
STAT-1 in this experiment (Fig. 3) paralleled the dimin-
ishing of SOCS3 and CIS expression shown earlier in
Figs. 1 and 2.
The activation of SOCS expression and its significance

have attracted considerable attention from many groups of
investigators in recent years. Although it has been
demonstrated that different microbes including B. pseudo-

mallei have been reported to induce SOCS expression in the
macrophage, very limited information is available on the
mechanism of induction of their expression [7,12,17,18]. It
is well documented that purified microbial components like
the lipopolysaccharide (LPS) from gram negative bacteria
could also activate SOCS expression through interaction
with different pattern recognition receptors [15,19,20]. The
participation of the membrane-associated Toll-like recep-
tor (TLR) in SOCS expression has thus received much
attention [15]. It was previously reported that a typical
LPS from Escherichia coli and several other gram-negative
bacteria was able to stimulate macrophage to produce
TNF-a production through TLR4 expressed on the cell
surface [21]. With the pathogen models that have been
reported (e.g., L. monocytogenes or Leishmania donovani),
the signals for activating SOCS expression have not been
elucidated. To our knowledge, the data in the present
study is the first to show that the signaling for acti-
vating the SOCS expression is likely initiated via the
interaction of intracellulary located bacteria with a yet to
be defined intracellular pattern recognition receptor(s).
Several intracellular pattern recognition receptors includ-
ing NOD1 and NOD2 have been described [22]. However,
the nature of the putative cytoplasmic receptors for
intracellular B. pseudomallei that might participate in the
activation of SOCS3 and CIS expression remains to be
investigated.

3. Materials and methods

3.1. Cell line and culture condition

Mouse macrophage cell line (RAW 264.7) was obtained
from the American Type Culture Collection (ATCC,
Rockville, MD). If not indicated otherwise, the cells were
cultured in Dulbecco’s modified Eagles’ medium (DMEM)
(Gibco Labs, Grand Island, NY) supplemented with 10%
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heat-inactivated fetal bovine serum (FBS) (HyClone,
Logan, UT) at 37 1C under a 5% CO2 atmosphere.

3.2. Bacterial strains

B. pseudomallei strain 844 used in this study was
originally isolated from a patient admitted to Srinagarind
Hospital in the melioidosis endemic Khon Kaen province
of Thailand. The bacterium was originally identified as
B. pseudomallei based on its biochemical characteristics,
colonial morphology on selective media, antibiotic sensi-
tivity profiles and reactivity with polyclonal and mono-
clonal antibodies [23–25].

Non-viable B. pseudomallei were prepared by heating the
bacteria (108CFU/ml) in a boiling water bath for 15min.
The heat-treated bacteria were washed 3 times with
phosphate buffered saline pH 7.2 (PBS) and complete
killing confirmed by inoculating the suspension on tryptic
soy agar and observing growth after 48 h.

3.3. Infection of mouse macrophage cell line (RAW 264.7)

An overnight culture of mouse macrophages (1� 106

cells) in a 6-well plate was co-cultured with bacteria at a
multiplicity of infection (MOI) of 2:1 for 1 h. To remove
extracellular bacteria, the cells were washed 3 times with
2ml of PBS and residual bacteria were killed by incubating
in DMEM containing 250 mg/ml kanamycin (Gibco Labs)
for 2 h. Thereafter, the infection was allowed to continue in
medium containing 20 mg/ml of kanamycin until the
experiment was terminated. Viability of the infected
macrophages was determined by tryphan blue staining
and found to be higher than 90% throughout the time
course employed in this study.
To determine intracellular survival and multiplication of

the bacteria, a standard antibiotic protection assay was
performed as previously described [7]. The intracellular
bacteria were liberated by lyzing the macrophages with
0.1% Triton X-100 and the released bacteria were plated
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Fig. 3. Cytochalsin D and chloamphenicol interfere with IFN-g-activated phosphorylation of Y701-STAT-1 in B. pseudomallei-infected macrophages.

Mouse macrophages were infected with B. pseudomallei at an MOI of 2:1 and incubated for 1, 2 and 4 h before IFN-g (10U/ml) was added (a). To inhibit

bacterial internalization, the macrophages were pretreated with 2 mg/ml of cytochalasin D for 1 h prior to the time of challenge. IFN-g was then added 1, 2

and 4 h after the bacterial challenging (b). To inhibit intracellular bacterial replication, the macrophages were first infected with B. pseudomallei for 1 h

before culturing in the medium containing 100mg/ml of chloramphenicol and IFN-g was added 1, 2 and 4 h after the bacterial challenge (c). The

macrophages in all experiment were incubated further for one hour before the level of pY701-STAT-1 was determined by immunoblotting.
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on tryptic soy agar. The number of intracellular bacteria,
expressed as colony forming units (CFU), was determined
by bacterial colony counting.

3.4. Immunoblotting

Mouse macrophage preparations were lyzed in buffer
containing 20mM Tris, 100mM NaCl and 1% NP40.
Lysate samples containing 30 mg of protein were electro-
phoresed on 10% SDS-PAGE and then electrotransferred
to nitrocellulose membrane (Schleicher&Schuell, Dassel,
Germany). The membrane was blocked with 5% milk for
1 h before incubating overnight with appropriate specific
polyclonal rabbit antibodies to mouse SOCS3, CIS,
pY701-STAT-1, STAT-1 or actin (Santa Cruz, Santa Cruz,
CA). The blots were then allowed to react with horseradish
peroxidase-conjugated swine anti-rabbit IgG (Pierce,
Rockford, IL). Protein bands were detected by enhanced
chemiluminescence as recommended by the manufacturer
(Roche Diagnostics, Mannheim, Germany).

3.5. Reverse transcriptase-polymerase chain reaction

Total RNA was extracted from infected cells according
to the manufacturer’s instructions (Eppendorf, Hamburg,
Germany) before being used for cDNA synthesis by
cMaster RT Enzyme (Eppendorf). The PCR reaction was
performed using cDNA as the template and primer pairs
specific for SOCS3, CIS and actin in amplification
reactions with Taq DNA polymerase (Invitrogen, Carls-
bad, CA). The primers used to amplify each gene were:
SOCS3, sense: 50-ATGGTCACCCACAGCAAGTT-30,
antisense: 50-AATCCGCTCTCCTGCAGCTT-30, CIS,
sense: 50-GAACCGAAGGTGCTAGACCCT-30, anti-
sense: 50-TGTACCCTCCGGCATCTTCT-30 and actin,
sense: 50-CCAGAGCAAGAGAGGTATCC-30, antisense:
50-CTGTGGTGGTGAAGCTGTAG-30 [7]. The amplified
products were electrophoresed on a 2% agarose gel and
stained with ethidium bromide before being visualized
under a UV lamp.
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