
INFECTION OF DENGUE VIRUS TO A MEGAKARYOBLASTIC 

CELL LINE, MEG-01: A MODEL TO INVESTIGATE THE 

ROLES OF DENGUE VIRUS AND PLATELETS IN THE 

IMMUNOPATHOGENESIS OF DENGUE  

HEMORRHAGIC FEVER (DHF) 
 

 

 

 

 

 

SOMCHAI THIEMMECA 
 

 

 

 

 

 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF  

MASTER OF SCIENCE (IMMUNOLOGY) 

FACULTY OF GRADUATE STUDIES 

MAHIDOL UNIVERSITY 

2008 
 

 

 

COPYRIGHT OF MAHIDOL UNIVERSITY 



Thesis 

Entitled 

 

INFECTION OF DENGUE VIRUS TO A MEGAKARYOBLASTIC 

CELL LINE, MEG-01: A MODEL TO INVESTIGATE THE ROLES 

OF DENGUE VIRUS AND PLATELETS IN THE 

IMMUNOPATHOGENESIS OF DENGUE  

HEMORRHAGIC FEVER (DHF) 
 
 
 
 

.......................... 
Mr. Somchai Thiemmeca, 
M.Sc. (Immunology) 
Candidate 

 
 
 

.......................... 
Assist. Prof. Panissadee Avirutnun, 
Ph.D., M.D. (Microbiology) 
Major-Advisor 

 
 
 

.......................... 
Lect. Prida Malasit, 
M.D., F.R.C.P. 
Co-Advisor 

 
 
 
.......................... .......................... 
Prof. Banchong Mahaisavariya, Prof. Kovit Pattanapanyasat, 
M.D. Ph.D. 
Dean Chair, Master of Science  
Faculty of Graduate Studies Programme in Immunology 
 Faculty of Medicine Siriraj Hospital  



Thesis 
Entitled 

 

INFECTION OF DENGUE VIRUS TO A MEGAKARYOBLASTIC 

CELL LINE, MEG-01: A MODEL TO INVESTIGATE THE ROLES 

OF DENGUE VIRUS AND PLATELETS IN THE 

IMMUNOPATHOGENESIS OF DENGUE  

HEMORRHAGIC FEVER (DHF) 

 
was submitted to the Faculty of Graduate Studies, Mahidol University  

For the degree of Master of Science (Immunology) 
on 

10 April, 2008 

  
 .......................... 
 Mr. Somchai Thiemmeca, 
 M.Sc. (Immunology) 
 Candidate 

.......................... 
Assist. Prof. Panissadee Avirutnun, 
Ph.D., M.D. (Microbiology) 
Major-Advisor Member 

.......................... .......................... 
Assist. Prof. Anon Srikiatkhachon, Lect. Prida Malasit, 
M.D. M.D., F.R.C.P. 
Chair Co-Advisor Member 

.......................... .......................... 
Assist. Prof. Wimol Chinsawangwatanakul, Dr. Sansanee Noisakran, 
Ph.D., M.D. Ph.D. (Immunology) 
Member Member 

.......................... .......................... 
Prof. Banchong Mahaisavariya, M.D. Clin. Prof. Teerawat Kulthanan, 
Dean MD. 
Faculty of Graduate Studies Dean  
Mahidol University Faculty of Medicine Siriraj Hospital 
  Mahidol University 



ACKNOWLEDGEMENT 
 
 
        The success of this thesis can be attributed to the extensive support and 

assistance from my major advisor, Assist. Prof. Panisdee Avirutnun and my co-

advisor, Lect. Prida Malasit.  I appreciate to thank for their valuable suggestion and 

consultion, helpfulness, kindness, and motivation me to success this work. 

        I am deeply grateful to my co-advisor, Lect. Prida Malasit who gives me a 

valuable opportunity to join with his team in Medical Molecular Biology Unit.  I 

would like to express my admiration for the invaluable teaching from him. 

        I deeply thank Dr. Sansanee Noisakran and Assist. Prof. Anon Srikiatkhachorn 

for their kindness and helpful consultion. 

        I would like to thanks all member of Medical Molecular Biology Unit for their 

kindness, helpfulness and encouragement.  I am thankful to my kindly sister, Nuntaya 

Pornmun (Punyadee) for her helpful comment and suggestion. 

        I would like to express my deep sincere to my family and for their understanding 

and financial support entirely care and love.  I am very special thanks to Tai for her 

understanding, encouragement, entirely care and love.  Finally, I would like to thank 

many peoples left unnamed for their encouragement, helpfulness and nice friendship. 

 

Somchai Thiemmeca 



Fac. of Grad. Studies, Mahidol Univ. Thesis / iv

INFECTION OF DENGUE VIRUS TO A MEGAKARYOBLASTIC CELL LINE, 
MEG-01: A MODEL TO INVESTIGATE THE ROLES OF DENGUE VIRUS AND 
PLATELETS IN THE IMMUNOPATHOGENESIS OF DENGUE HEMORRHA-
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THESIS ADVISORS : PANISADEE AVIRUTNAN, M.D., Ph.D. 
PRIDA MALASIT, M.D., F.R.C.P. 

ABSTRACT 

        Thrombocytopenia and bone marrow suppression occur in the early phase of 
dengue virus (DV) infection.  Several studies have demonstrated that 
thrombocytopenia is a result of increased platelet consumption during DV 
infection.  However, the effect of dengue virus on megakaryocytes (i. e. cells 
which produce platelets) remains unclear. 
        To investigate whether megakaryocytes are susceptible to dengue virus 
infection and replication, megakaryoblastic cell line (MEG-01) was infected with 
DV at multiplicity (MOI) of 1 and followed-up at days 1, 3, 5, and 7 after 
infection.  The percentage of DV infection and secreted nonstructural protein 1 
(NS1) and envelope (E) protein were determined by immuno-fluorescence 
staining and enzyme-linked immuno-sorbent assay respectively.  Virus production 
was determined by focus forming unit assay. 
        All serotypes of DV infected MEG-01 and produced high titers of virus.  The 
infection of DV induced apoptosis in a proportion of cells.  20% of cells were 
infected at day 1 and 3 which rose to 60% at day 5 and 7 after infection.  104 
FFU/ml of virus were produced on day 1, rising to 107 FFU/ml on day 5 after 
infection.  Compared with Vero cell, MEG-01 secreted less NS1 protein but an 
equal amount of E protein.  On day 5 of infection, when 65% of cells were 
infected, 107 FFU/ml of virus were produced in MEG-01 compared to 106 FFU/ml 
from Vero cells. 
        In addition, small vesicles were detected in the culture supernatant by flow 
cytometry.  These vesicles contained NS1 antigen as assayed by an NS1-specific 
ELISA.  Lysate from the vesicles contained infectious virus. 
        In conclusion, megakaryocytes might be one of the major targets for virus 
replication and one of the sources producing infectious virus and viral proteins 
involved in the immunopathogenesis of dengue hemorrhagic fever.  Infection of 
megakaryocytes and the subsequent events might be factors contributing to 
thrombocytopenia. 

KEYWORDS : THROMBOCYTOPENIA / PLATELETS / DENGUE VIRUS (DV) / 
MEG-01 / MICROPARTICLES 
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การติดเชื้อไวรัสเด็งกี่และผลกระทบตอ Megakaryoblastic cell line, MEG-01: ตนแบบของการศึกษา
ผลกระทบของการติดเชื้อไวรัสเด็งกี่ตอระบบเกล็ดเลือดในโรคไขเลือดออก 

(INFECTION OF DENGUE VIRUS TO A MEGAKARYOBLASTIC CELL LINE, MEG-01: A 
MODEL TO INVESTIGATE THE ROLES OF DENGUE VIRUS AND PLATELETS IN THE 
IMMUNO-PATHOGENESIS OF DENGUE HEMORRHAGIC FEVER (DHF)) 

นาย สมชาย เทียมเมฆา 4836191 SIIM/M 

วท.ม. (วิยาภูมิคุมกัน) 
คณะกรรมการควบคุมวิทยานิพนธ : ปนิษฎี อวิรุทธิ์นันท, พ.บ., Ph.D. 

    ปรีดา มาลาสิทธิ์, พ.บ., F.R.C.P. 

บทคัดยอ 

        ภาวะเกล็ดเลือดต่ําและการลดจํานวนของเซลลไขกระดูกพบไดในระยะแรกของผูปวยติดเช้ือไวรัสเด็ง
กี่โดยเฉพาะในผูปวยไขเลือดออก การศึกษาที่ผานมาพบวาในภาวะที่มีการติดเช้ือไวรัสเด็งกี่จะมีการใชเกล็ด
เลือดที่เพ่ิมมากขึ้นและจํานวนเกล็ดเลือดลดลง ยังไมมีงานวิจัยที่ศึกษาผลกระทบของการติดเชื้อไวรัสเด็งกี่
ตอเซลล Megakaryocytes ซึ่งเปนเซลลตนกําเนิดของเกล็ดเลือดและผลกระทบที่เกิดขึ้นจากาการติดเชื้อ 
        ผูวิจัยไดใชเซลลเพาะเลี้ยง MEG-01 ซึ่งเปนเซลลที่มีระยะออนกวา Megakaryocytes มาศึกษา
ผลกระทบของการติดเชื้อไวรัสเด็งกี่ตอเซลล Megakaryocytes โดยผสมเซลล MEG-01 กับไวรัสเด็งกี่ใน
อัตราสวนของจํานวนเซลลตอไวรัสเปน 1 ตอ 1 แลวนําเซลลและน้ําเลี้ยงเซลลที่เก็บไดในวันที่ 1, 3, 5, และ 7 
หลังการผสมมาตรวจการติดเชื้อไวรัสเด็งกี่ในเซลล MEG-01 โดยการยอมโปรตีนของไวรัสภายในเซลล 
พรอมทั้งหาจํานวนของไวรัสโดยใชวิธี focus forming unit assay (FFU) และใชวิธี enzyme-linked 
immunosorbent assay (ELISA) เพื่อวัดปริมาณโปรตีน nonstructural protein 1 protein และ envelope 
protein ของไวรัสที่ถูกปลอยออกมานอกเซลล 
        ผลการศึกษาพบวาเชื้อไวรัสเด็งกี่ไดทั้ง 4 สายพันธุสามารถเพิ่มจํานวนและปลอยไวรัสออกนอกเซลล 
MEG-01 ไดเปนจํานวนมาก การติดเชื้อไมทําใหเซลลตาย (apoptosis) ในระยะแรกของการติดเชื้อ แตเซลล
จะเริ่มตายมากขึ้นในวันที่ 5 เมื่อติดตามจํานวนเซลลที่ติดเชื้อไวรัสเด็งกี่พบวาในวันที่ 1 และ 3 มีเซลลที่ติด
เช้ือไวรัสเด็งกี่ประมาณ 20% และเพิ่มขึ้นเปน 60% ในวันที่ 5 และ 7 สวนปริมาณไวรัสที่ถูกปลอยออกนอก
เซลลนั้นมีประมาณ 104 FFU/ml ในวันที่ 1 และเพิ่มขึ้นเปน 107 FFU/ml ในวันที่ 5 และเมื่อเปรียบเทียบการ
ติดเช้ือไวรัสเด็งกี่ระหวางเซลล MEG-01 และ Vero cell พบวาเซลลทั้งสองชนิดปลอย envelope protein 
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เซลล (Flow cytometry) และพบวามีโปรตีน nonstructural protein 1 (ELISA) และมีไวรัสเด็งกี่ภายใน 
(FFU) 
        การศึกษานี้สรุปไดวา Megakaryocytes อาจจะเปนเซลลเปาหมายหนึ่งของเชื้อไวรัสเด็งกี่ และอาจ
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CHAPTER I 

INTRODUCTION 

 

 
        Dengue fever (DF) and dengue hemorrhagic fever (DHF) are important 

mosquito-borne viral diseases caused by dengue virus (DV) infection.  Annually, 

there are 50 to 100 million cases of DF and 250,000 to 500,000 cases of DHF around 

the world.  Over half of the world’s population lives in areas at risk of DF (1).  DV is 

transmitted from human to human by the mosquito Aedes aegypti and Aedes 

albopictus (2-4).  Clinical manifestations of DV infection range from a nonspecific 

flu-like illness or classical DF to the most severe dengue hemorrhagic fever/dengue 

shock syndrome (DHF/DSS), which is associated with a significant mortality risk (5).  

Some hypothesis has been proposed for the pathogenesis of DV infection.  The 

antibody dependent enhancement (ADE) of infection involves preexisting antibodies 

to previous DV infection that cannot neutralize but instead enhance infection, 

resulting in higher viral load and the development of DHF/DSS (5).  DHF is more 

common in secondary DV infection than in primary infection (6, 7). 

        Thrombocytopenia is one of the most common clinical findings in DF and 

DHF/DSS patients, indicating an abnormal hemostasis during infection (5, 8).  

However, this symptom does not occur in every DF and DHF/DSS patient.  It occurs 

before the day of defervescence or shock and usually reaches the nadir at the day of 

defervescence or shock.  The mechanisms involved in thrombocytopenia associated 

with DF and DHF/DSS are still not well understood.  Several studies demonstrated 

that thrombocytopenia in DV could be due to platelet dysfunction (i.e., platelet 

activation and aggregation), infection increased destruction or consumption (9, 10).  

In addition, alteration in megakaryocytopoiesis (11, 12) and reduction of bone 

marrow cells (11, 13) have also been mentioned as causes of thrombocytopenia in DV 

infection. 
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        Bone marrow suppression is also a well known phenomenon in DF and 

DHF/DSS.  The degree of suppression is similar in both DF and DHF/DSS (14).  The 

suppression of bone marrow occurs transiently during DV infection (15).  During the 

febrile phase, bone marrow biopsy reveals a marked hypocellularity with arrest of the 

megakaryocyte maturation (13, 16).  During the time of shock when the platelet count 

reaches a nadir, bone marrow is normal or hypercellular.  During the convalescent 

phase, there is a rapid recovery of all marrow cells (16, 17).  The mechanisms of the 

transient bone marrow suppression are still not completely understood.  Several 

studies demonstrated that hematopoietic progenitor cells and stromal cells are 

susceptible to dengue virus infection leading to cell death and inhibition of the 

progenitor cell maturation (11, 15, 18, 19).  Changes in hematopoietic progenitor 

regulator cytokines after dengue virus infection (i.e., hematopoiesis suppressive 

cytokines such as MIP-1α and β (20), IFN-α, and TGF-β) have also been suggested to 

cause bone marrow suppression in DV infection (10, 15). 

        Megakaryocytopoiesis is a term used to describe megakaryocyte processes 

including proliferation, maturation, and platelet production (21, 22).  Mechanisms of 

megakaryopoiesis regulation are not well understood.  Thrombopoietin (TPO), a 

ligand for the c-mpl proto-oncogene, plays an important role in megakaryocytopoiesis 

(23, 24).  TPO promotes both the proliferation and maturation into platelet-producing 

megakaryocytes (25, 26).  The level of circulating TPO, constitutively produced 

mainly in kidneys and liver, was controlled by binding of TPO to TPO receptors on 

the surface of platelets in circulation (27, 28). 

        Several studies demonstrated that hematopoietic progenitor cells could be 

infected with DV resulting in an abnormality in cell maturation (11, 15, 16, 19, 29).  

However, there was no report that DV could directly infect megakaryocytes which are 

the sources of circulating platelets. 

        Microparticles (MPs) are one of the hallmarks of cellular alterations.  At present, 

there is no real consensus on the definition of MPs.  It is accepted that MPs are 

submicron elements (from 0.1 to 1 µm) that express on their surfaces 

phosphatidylserine (PS) and membrane antigens that are characteristic of their cell of 

origin (30, 31).  MPs are shed from the plasma membrane of the cells undergoing 
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activation or apoptosis.  Since DV infection leads to activation and apoptosis of the 

cells (32), increased levels of MPs could potentially be observed. 

        This project aims to determine the susceptibility of megakaryocytes to DV 

infection.  The infection of megakaryocytes by DV could affect the viability or 

proliferation of these cells.  The particles and/or microparticles produced from DV 

infected-megakaryocytes could contain DV progeny or DV proteins that may play a 

role in DV distribution and immunopathogenesis in DV infection. 
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CHAPTER II 

HYPOTHESIS 

 

 
        The hypothesis is based on a set of key questions aimed at understanding the 

mechanisms of thrombocytopenia that occurs in DHF/DSS.  It is hypothesized that 

DV infects and replicates in megakaryocytes.  Infection of megakaryocytes by the 

virus could lead to cell death or replication of virus. This would produce virus 

progeny and platelets that contain infectious virus capable of infecting other cells that 

phagocytose the platelets.  Infected megakaryocytes could produce virus-infected 

particles and/or microparticle expressing viral antigens on their surface that are 

recognized by host anti-dengue antibodies.  It is also hypothesized that DV-infected 

megakaryocytes generate microparticles which can contribute to dengue pathogenesis. 

        In order to answer the questions and the hypothesis, it is necessary to explore 

whether DV can infect and replicate in megakaryocytes and the consequences of the 

DV infection in that particular cell.  The best source of megakaryocytes in clinical 

practice is from bone marrow; but it is virtually impossible to use this source for 

experimental purposes.  In this thesis, it is planned that a megakaryoblast cell line will 

be used instead.  The cell line is the human megakaryoblast MEG-01 (ATCC CRL-

2021) as described by Ogura M, et al. in 1985.  This cell has similar characteristics to 

the megakaryoblast cell in bone marrow. 
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OBJECTIVES 

 

 
3.1 To investigate the infection of dengue virus in MEG-01 cells 

        3.1.1 To investigate the DV antigens expressed on DV-infected MEG-01 cells 

        3.1.2 To investigate the infectious virus progeny produced from DV-infected 

MEG-01 cells 

3.2 To investigate the consequences of DV infection in MEG-01 

        3.2.1 To determine the cell proliferation and viability of DV-infected MEG-01 

cells, compared with mock-infection 

        3.2.2 To investigate the mechanisms leading to cell death in DV-infected MEG-

01 

3.3 To investigate the susceptibility to DV infection of MEG-01 

        3.3.1 To determine the infectivity of DV in MEG-01, compared with Vero cells 

        3.3.2 To determine the viral proteins secreted from MEG-01, compared with 

Vero cells 

        3.3.3 To determine the DV virus progeny production from DV-infected MEG-

01, compared with Vero cells 

        3.3.4 To determine susceptibility of MEG-01 to the infection of clinically 

isolated DV serotypes 1-4 

3.4 To investigate whether DV infection leads to generation of particles and/or 

microparticles containing infective viruses 
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CHAPTER III 

LITERATURE REVIEW 

 

 
3.1 Dengue virus 

        Dengue virus (DV) is a positive sense, single stranded RNA virus belonging to 

the family Flaviviridae genus Flavivirus, which also includes yellow fever, West Nile, 

Japanese, and St. Louis encephalitis viruses.  Its genome is approximately 11 kb in 

length and contains a type I methylated nucleotide cap structure at the 5’ end but lacks 

a poly A tail at the 3’ end.  After  translation, the single polyprotein is cleaved by 

either host or viral protease resulting in 3 structural proteins including Capsid (C) 

protein; Membrane (M) protein, and envelope (E) protein and 7 nonstructural proteins 

(NS) including NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 as shown in figure 1 

(33-36). 

        In flavivirus infection (figure 2), it is hypothesized that virus enters the cell via a 

membrane fusion mechanism motivated by conformational changes of viral E protein 

(37) or the antibody-dependent enhancement (ADE) using Fc receptor on the host cell 

membrane and internalized by endocytosis (38, 39).  When the virus is inside the 

cells, uncoating processes occur to release the viral RNA into the cytoplasm.  The 

positive sense viral RNA is translated to a polyprotein which is later cut by viral and 

host cellular proteases into three structural proteins and seven nonstructural proteins.  

Following the replication and protein synthesis, the assembly and maturation of virus 

progenitors can take place at the endoplasmic reticulum (ER). Rapid packaging of 

viral RNA in the viral capsid protein and budding from the ER membrane (already 

embedded with the viral prM and E protein) generate intracellular virions (35).  The 

intracellular virions are transported away from the infected cell through the secretory 

pathway and released by exocytosis (37, 40, 41).  In addition, the direct budding of 

virions at the plasma membrane has been found in mosquito cell lines but it does not 

seem to be a major mechanism of the release of virions (42). 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Immunology) / 7 

        Several cells were described as targets for DV infection including peripheral 

blood mononuclear cells (PBMC), hepatocytes, B and T lymphocytes, endothelial 

cells and fibroblasts (43-50).  The studies in tissue and blood specimens from 

DHF/DSS patients using immunofluorescence and immunohistochemistry, show that 

viral antigens can be detected in Kupffer and endothelial cells in the liver; 

macrophages, multinucleated cells, and reactive lymphoid cells in the spleen; 

macrophages and vascular endothelium in the lung; and kidney tubules; monocytes, 

and lymphocytes in blood (51).  In addition, in vitro studies on the infection of DV to 

hematopoietic progenitor cells show the susceptibility of these cells to DV infection 

(11, 19). 
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Figure 1  Flavivirus genome and polyprotein processing (36) 
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Figure 2  Intracellular life cycle of dengue virus (52) 
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3.2 Clinical manifestations of DV-infections 

        The prevalence of DV diseases is mostly in tropical and subtropical regions 

which are also endemic area of Aedes aegypti, a major transmitter for DV (2), as 

shown in figure 3 (53).  Approximately 50–100 million individuals are infected every 

year, and in some years as many as 500,000 people have been admitted to hospitals 

(5).  The incubation period of DV infection varies from 3-14 days.  DV infection 

results in a wide spectrum of disease ranging from asymptomatic or mild 

undifferentiated fever, classical dengue fever (DF) to severe and fatal disease, dengue 

hemorrhagic fever or dengue shock syndrome (DHF/DSS) (Figure 4).  World Health 

Organization (WHO) divided DHF/DSS into 4 grades, DHF grade I to grade IV, using 

criteria showed in Figure 5 (54). 

        3.2.1 Dengue fever (DF) 

                DF is an acute biphasic febrile illness which is most common in older 

children and adults, infected with DV.  The incubation period is 3-8 days after a 

mosquito bite.  DF is characterized by sudden onset of fever and a variety of 

nonspecific signs and symptoms such as headache, backache, body ache, nausea and 

vomiting, joint pains, weakness, and rash.  The body temperature is usually between 

39 oC and 40 oC; the fever may be biphasic and tends to last for 2-7 days (55-57).  

Hemorrhagic manifestations in DF patients are uncommon and range from mild to 

severe.  Skin hemorrhages, including petechiae and purpura are the most common, 

along with gastrointestinal bleeding, gingival bleeding, epitasis, and menorrhagia.  

Hematuria occurs infrequently, and jaundice is rare (56).  DF is generally self-limiting 

and is rarely fatal.  The acute phase of illness lasts for 3 to 7 days, but the 

convalescent phase may last for weeks and is probably associated with weakness and 

depression, especially in adults (58). 
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        3.2.2 Dengue hemorrhagic fever (DHF) 

                DHF is characterized by high fever, hemorrhagic phenomena, and features 

of circulatory failure (59).  The WHO case definition of DHF is a patient that meets 

the following four criteria: sudden onset of high fever for 2-7 days, hemorrhagic 

manifestations with at least a positive tourniquet test, platelet count < 100x109/L and 

hemoconcentration (rising packed cell volume >20%) or other evidence of plasma 

leakage such as ascites, pleural effusion or low levels of serum protein/albumin.  

Furthermore, according to severity, DHF is divided into four grades.  Grade I and 

grade II are non-shock DHF.  In grade I, the only hemorrhagic manifestation is a 

positive tourniquet test Grade II is similar to grade I but in addition there is 

spontaneous bleeding.  Grade III and grade IV are cases of DHF with shock (Dengue 

shock syndrome, DSS).  In grade III there are signs of shock such as rapid and weak 

pulse, narrow pulse pressure (20 mmHg or less), hypotension with cold, clammy skin 

and restlessness.  Grade IV cases are those with profound shock with undetectable 

blood pressure or pulse (59). 

        3.2.3 Dengue shock syndrome (DSS) 

                DSS is associated with very high mortality (around 9.3%, increasing to 47% 

in instances of profound shock).  Acute abdominal pain and persistent vomiting are 

early warning signs of impending shock.  Sudden hypotension may indicate the onset 

of profound shock.  Prolonged shock is often accompanied by metabolic acidosis, 

which may precipitate disseminated intravascular coagulation or enhance ongoing 

disseminated intravascular coagulation, which in turn could lead to massive 

hemorrhage.  DSS may be accompanied by encephalopathy due to metabolic or 

electrolyte disturbances (59). 
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Figure 3  Approximate global distribution of dengue and Aedes aegypti in 2005 

(53) 
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Figure 4  Manifestations of dengue virus infection (54) 
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Figure 5  Spectrum of dengue hemorrhagic fever (54) 
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3.3 Thrombocytopenia in DF and DHF/DSS 

        Thrombocytopenia is common in DF and is always found in DHF/DSS (9, 13).  

This phenomenon occurs approximately 2 days before the onset of shock or 

defervescence and usually reaches a nadir on the day of shock or defervescence (60).  

Thrombocytopenia disappears in approximately 7 days after the onset of shock or 

defervescence.  In DHF patients, the degree of thrombocytopenia shows a strong 

correlation with disease severity (61).  However, the pathogenesis of 

thrombocytopenia is poorly understood.  Several findings demonstrate that 

thrombocytopenia may be a result of platelet clearance via a direct binding of DV to 

human platelets in the presence or absence of DV-specific antibodies (10, 62, 63).  

Levels of anti-platelet autoantibody (IgM) in the circulation which lead to platelet 

clearance are higher in DHF/DSS than in DF patients (64).  Moreover, generation of 

anti-dengue NS1 antibodies that can bind directly to normal platelets resulting in 

platelet destruction is a possible mechanism for thrombocytopenia in dengue virus 

infection (65-67).  In 1987 the following mechanism of platelet consumption was 

proposed: injury to vascular endothelial cells by DV may allow the blood circulating 

in the vessel to interact with subendothelial collagen and lead to the promotion of 

platelet aggregation and lysis of platelets resulting in thrombocytopenia (10).  In 1977 

a mechanism of platelet destruction and dysfunction was also proposed.  In DV-

infected patients, platelets containing DV antigen-antibody complexes on their 

surfaces lead to the destruction and the dysfunction of platelets via a defect in the 

release of adenosine diphosphate (ADP) (9).  Alternatively, alteration of platelet 

production which is the result of bone marrow suppression is a factor of 

thrombocytopenia in DV-infected patients (14, 15). 

 



Somchai Thiemmeca Literature Review / 16

3.4 Bone marrow suppression in Dengue infection 

        Bone marrow suppression is a common phenomenon in DV infection.  However, 

the degree of bone marrow suppression is similar in both DF and DHF.  The 

suppression of bone marrow probably begins around 4-5 days after DV infection.  

This suppression occurs for approximately 7-10 days and ends in the acute febrile 

phase approximately 2-3 days before the onset of shock or defervescence.  The bone 

marrow cells, including megakaryocytes, erythroblasts and myeloid precursors, show 

marked hypocellularity at the acute phase of DV infection (13, 16, 17, 68).  During 

the period of bone marrow suppression, there is no change in the number of white 

blood cells and platelets in circulation.  At the time of shock or defervescence when 

thrombocytopenia reaches the nadir, the bone marrow cells including 

megakaryocytes, erythroblasts, and myeloid precursors become normal or 

hypercellular (14, 15).  Following the suppression, recovery of bone marrow occurs a 

few days before the onset of shock or defervescence (17).  The numbers of leucocytes, 

neutrophils and platelets return to normal within 7-10 days after defervescence (14). 

        The pathogenesis of bone marrow suppression in DHF possibly involves three 

main factors (15).  Firstly, direct infection of DV to the hematopoietic progenitor cells 

(11, 19, 29), Secondly, infection of stromal cells by DV (15, 18), and thirdly, 

alteration of the bone marrow cell regulatory cytokines including 

megakaryocytopoiesis regulator cytokines (i.e. thrombopoietin (TPO), and IL-6), or 

hematopoiesis depressive cytokines (i.e. MIP-1alfa/beta, TNF-alpha, and IFN-

gamma) (15, 67, 69-75). 
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3.5 Megakaryocytes 

        Megakaryocytes are the sources of circulating platelets (21, 22, 76).  The 

hallmarks of megakaryopoiesis (megakaryocyte development) are: formation of a 

large cell mass (~50–100 µm diameter) and single, large, multilobulated, and 

polyploidy nuclei (77) which is a result of endomitosis. Nuclei do not go to anaphase 

or cytokinesis and lead to an increase of DNA content up to 256N per cell (78).  

Eventually, each megakaryocyte releases approximately 104 platelets (79).  In 

addition, a normal adult human can produce approximately 1 × 1011 platelets a day 

and this can increase tenfold with demand (80). 

 

3.6 Megakaryopoiesis 

        Megakaryopoiesis is the process by which mature megakaryocytes (MK) are 

derived from pluripotent hematopoietic stem cells (HSC) (Figure 7).  HSC gives rise 

to two major lineages, the common lymphoid progenitor (CLP) (81) and the common 

myeloid progenitor (CMP) (82).  CLP gives rise to lymphocytes (NK, T and B cells) 

and the CMP gives rise to both the granulocyte/macrophage progenitor (GMP) and 

the megakaryocyte/erythroid progenitor (MEP) (83).  However, MEP could arise 

directly from the HSC to give rise to either the erythroid or megakaryocyte lineages 

without the CMP intermediate (84, 85).  The most primitive MK progenitors are the 

high proliferative potential-colony-forming unit-megakaryocyte (HPP-CFU-MK) and 

burst-forming unit-megakaryocyte (BFU-MK).  BFU-MK is thought to produce a 

more differentiated MK progenitor, termed colony-forming unit-megakaryocyte 

(CFU-MK). CFU-MK is the first in the MK lineage (86).  CFU-MK then give rise to 

immature MK or megakaryoblasts, a heterogeneous population that undergoes 

endomitosis to increase in size and ploidy to a DNA content in excess of 16N (87).  

These cells are transitional cells to the mature MK, which is polyploid and no longer 

proliferates.  Mature MK then begin the process of shedding their cytoplasm to 

produce platelets (88).  Necessary components such as platelet granules, organelles 

and ribosomes are transported from the MK body to the ends of the proplatelet where 

platelet synthesis and release occurs (88).  Platelet release does not occur within the 

bone marrow, but rather proplatelets either extrude into the marrow sinusoids (89) or 
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the entire MK enters into the circulation for release (90).  Platelet formation and 

release is a terminal process for the mature MK that results in apoptosis and 

subsequent phagocytosis by macrophages (89, 91-93).  The maturation of MK from 

the HSC is associated with the expression of characteristic CD antigens.  The 

expression of CD34 and CD38 are typically used to analyze early megakaryopoiesis, 

while in mature MK, CD61, CD41 and CD42 are used (Figure 6) (94, 95). 

        Several cytokines have been associated with the process of megakaryopoiesis 

(96), thrombopoietin (TPO) is clearly the major physiological regulator of this 

process.  TPO was identified and cloned as the factor that bound to c-mpl and 

stimulated megakaryopoiesis to lead to elevated platelet production (23, 97).  TPO is 

expressed primarily in the liver and to a lesser extent in kidney, bone marrow stromal 

cells and other organs.  TPO has been shown to affect all aspects of platelet formation 

(98) (Figure 6), beginning with the survival and entry into cell cycle of HSC (99, 

100).  During MK development, TPO has been demonstrated to be responsible for 

stimulating the expression of characteristic cell surface proteins including CD61/41 

(gpIIb/IIIa) and CD42 (gpIb) (23, 101) as well as inducing endomitosis (23, 102).  

Several other cytokines, including interleukin-3 (IL-3), granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-

CSF), have been shown to be important for normal megakaryopoiesis.  In contrast to 

TPO, which plays a role throughout megakaryopoiesis, other cytokines affect 

megakaryopoiesis during the early stages of MK lineage development (Figure 6).  IL-

3 was shown to act on bone marrow progenitor cells through the CFU-MK stage of 

MK development (103, 104).  With respect to megakaryopoiesis, the effects of GM-

CSF were also seen primarily in the BFU-MK and immature MK populations (104).  

GM-CSF was shown to increase proliferation and expansion of both primary bone 

marrow progenitors and MK cell lines (105).  Although the primary affects of G-CSF 

have been demonstrated for the granulocytic lineage, G-CSF has been shown to have 

a stimulatory role in bone marrow progenitors of multiple hematopoietic lineages (99, 

106). 
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Figure 6  Overview of megakaryopoiesis (107) 
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3.7 Megakaryocytes and virus infection 

        Several studies show that a number of viruses have the ability to infect 

megakaryocytes leading to abnormalities in maturation and viability of virus-infected 

cells.  The human immunodeficiency virus (HIV) could infect megakaryocytes 

through the HIV receptors expressed on the surface of megakaryocytes leading to 

inhibition of megakaryopoiesis and thrombocytopenia (108-114).  From several in 

vitro studies, parvovirus-infected hematopoietic progenitor cells lead to significant 

suppression of CFU-MK (megakaryocyte colony formation) (115, 116).  The 

significantly decrease of CFU-MK was also found in parvovirus-infected mice (116).  

Human cytomegalovirus (HCMV)-infection of the megakaryocyte cell line CHRF-

288-11, results in apoptosis of the HCMV-infected cells (117).  In murine 

cytomegalovirus (MCMV) infection, a reduction of CFU-MK, megakaryocyte 

progenitor cells, and spleen colony-forming cells have been observed in MCMV-

infected mice (118). The Megakaryoblast cell line, MEG-01, could be infected with 

hepatitis C virus (HCV) from HCV patient sera (119).  The human herpesvirus-7 

(HHV-7) infection of CD41+/61+, megakaryocytes leads to apoptosis of this cell(120). 

 

3.8 Microparticles 

        The presence of microparticles (MPs) is one of the hallmarks of cellular 

alteration.  MPs are shed from the plasma membrane of the cells or platelets (121) 

undergoing activation (122-124) or apoptosis (125, 126) as shown in Figure 8.  

Although, the translocation of phosphatidylserine (PS) from the inner to the outer part 

of the cell membrane is a common phenomenon in MPs (127-129), there is some 

proportion of microparticles containing PS on their surfaces (130).  There is no real 

definition for MPs, although it is accepted that MPs are submicron elements (from 0.1 

to 1 µm) that express antigens characteristic of their cell of origin (30, 31) or 

phosphatidylserine (PS) (130) on their surfaces.  The functional role of MPs is still 

largely unknown although several studies have tried to define their roles.  Firstly, MPs 

control the coagulation process.  MPs derived from activated monocytes and platelets 

provide a membrane surface that facilitates the induction of cell coagulation (31, 131, 

132).  In addition, platelet MPs provide for the aggregation of neutrophils via 
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formation of a bridge between GPIb and Mac-1 (133).  Secondly, MPs serve as a 

transporter of cellular surface antigens.  The cells that express receptors to HIV can 

transfer these receptors to the HIV receptor-lacking cells via their MPs leading to 

susceptibility to HIV infection (134-137).  Thirdly, MPs induce cell and platelet 

activation.  MPs from activated platelets can induce the activation of platelets and 

endothelial cells through the delivery of COX-2 and prostacyclin (PGI2) which are 

the activation markers expressed on MPs (138).  Fourthly, MPs induce inflammatory 

responses.  The monocyte/macrophage-derived MPs induced inflammatory responses 

through the up-regulation of proinflammatory mediators including IL-8, MCP-1, and 

ICAM-1 (139). 

 



Somchai Thiemmeca Literature Review / 22

 

 

 

Figure 7  The formation of microparticles (MPs) 
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3.9 MEG-01, a megakaryoblastic cell line 

        MEG-01 (ATCC CRL-2021) is a human megakaryoblast cell line originally 

created from the bone marrow of a 55 year old patient in blast crisis caused by 

Philadelphia (Ph1) chromosome-positive chronic myelogenous leukemia (CML) as 

described by Ogura M, et al. (140).  This cell line is similar to the human 

megakaryoblast with respect to megakaryoblast markers including CD36 (141, 142), 

CD9 (143), Fc gamma RIIA (CD32A) (144), and platelet GP IIb/IIIa (CD41) (145) all 

characteristic of bone marrow megakaryoblasts.  The advantages of this cell line are 

1) Cells readily proliferate in tissue culture. 2) Induction of differentiation by phorbol 

diesters, 12-O-tetradecanoylphorbol-13-acetate (TPA), results in the expression of 

cellular markers restricted to megakaryocytic lineage (146), and 3) They are able to 

form long beaded processes which split to platelet-like particles having size and 

function similar to normal platelets either spontaneously (147) or after stimulation 

with thrombopoiesis stimulating cytokines such as thrombopoietin (TPO) (145, 148). 
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CHAPTER IV 

MATERIALS AND METHODS 

 

 
4.1 Cell culture 

        C6/36, an Aedes albopictus cell line (ATCC CRL-1660) was cultured in L-15 

medium (GIBCO BRL, Invitrogen, Grand Island,NY) containing 1% heat-inactivated 

fetal bovine serum (FBS, GIBCO BRL, Invitrogen, Grand Island, NY) 10% tryptose 

phosphate broth (TPB, SIGMA, St. Louis, MO) 100 U/ml penicillin and 100 µg/ml 

streptomycin (SIGMA, St. Louis, MO) at 28 oC. 

        Vero, a African green monkey kidney epithelial cell line (ATCC CCL-81) was 

cultured in MEM medium (GIBCO BRL, Invitrogen, Grand Island, NY) containing 

3% heat-inactivated FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37 oC in 

a 5% CO2 incubator. 

        MEG-01, a human megakaryoblast cell line (ATCC CRL-2021) was cultured in 

RPMI 1640 (GIBCO BRL, Invitrogen, Grand Island, NY) containing 10% FBS, 2mM 

L-glutamine, without antibiotics at 37 oC in a 5% CO2 incubator. 

 

4.2 Antibodies 

5.2.1 Rabbit anti-mouse IgS conjugated with HRP, P0260, DAKO 

5.2.2 Rabbit anti-mouse IgS conjugated with FITC, P0261, DAKO  

5.2.3 Goat anti-mouse IgG conjugated Cy3, Jackson Immuno Research 

Laboratories, Inc., West Grove, PA 

5.2.4 Rabbit anti-mouse IgS, Z0259, DAKO, Denmark 

5.2.5 Monoclonal antibodies (mAbs) 

5.2.5.1 mAb 3H5 , specific for linear epitope of E protein of DV 

serotype 2, isotype IgG1 (149) 
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5.2.5.2 mAb 4G2 , specific for conformational epitope of E protein of 

DV serotype 1-4, isotype IgG2a (149) 

5.2.5.3 mAb 2E11 (2NS 1F), specific for linear epitope of NS1 protein 

of DV serotype 1-4 and JE, isotype IgM (150) 

5.2.5.4 mAb 2G6 (1PF 6S), specific for conformational epitope of NS1 

protein of DV serotype 2, isotype IgG2a (unpublished data) 

5.2.6 Polyclonal antibodies (pAb) 

5.2.6.1 pAb specific for NS1 protein of DV serotype 1-4 (unpublished 

data) 

 

4.3 Virus 

        4.3.1 Preparation of virus stock  

                In order to generate a large stock of DV-2 strain 16681 for this study, DV 

strain 16681 was propagated in C6/36 cells.  Approximately 1x107 C6/36 cells were 

grown in T75 cm2 tissue culture flasks (Costar ,Cambridge, MA, USA) in growth 

medium L-15 containing 10% FBS, 10% TPB, 100 U/ml penicillin and 100 µg/ml 

streptomycin (SIGMA, St. Louis, MO) and incubated at 28oC for 1 day.  The 

confluent cell monolayer was then incubated with the virus at a multiplicity of 

infection (MOI) of 0.01 in maintenance medium (1.5% FBS 10% TPB, 100 U/ml 

penicillin and 100 µg/ml streptomycin) in a total volume of 5 ml at 28oC for 3 h on a 

rocker.  After that, supernatants were replaced with maintenance medium in a total 

volume of 15 ml/ T75 cm2 flask and further incubated at 28oC until approximately 7 

days after infection.  The culture supernatants were then collected and clarified by 

centrifugation at 1000xg for 10 min at 4oC.  Clarified supernatants were aliquot and 

stored at -70oC. 

                Clinical isolates of 1-4 strains of dengue viruses were isolated from clinical 

specimens collected in the project “Establishment of dengue clinical research centers 

supporting basic and clinical research T cell response in dengue virus infection” as 

stored at the Medical Molecular Biology Unit, Bangkok.  Stocks of these strains were 

generated as described above. 
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        4.3.2 Virus titration  

                Culture supernatants from DV-infected cells were titrated by focus forming 

assay (FFU assay) in Vero cell lines.  Briefly, approximately 2x104 Vero cells were 

plated on each well of 96 well plates in growth medium and incubated at 37oC in a 

humidified chamber for 24 h.  The collected DV-supernatants were 10-fold serially 

diluted (10-1-10-7) in maintenance medium (MEM containing 3% FBS, 100 U/ml 

penicillin and 100 µg/ml streptomycin) and subsequently 50 µl of diluted samples 

were added into each well in duplicate.  Following 2 h incubation in a humidified 

chamber at 37oC, 100 µl of overlay medium (maintenance medium containing 2% 

Carboxy methyl cellulose (CMC) (SIGMA)) was added into each well, and incubated 

at 37oC in a humidified chamber for 72 h.  After that, culture supernatants were 

removed and the cells were washed with phosphate buffered saline (PBS) pH 7.4 and 

100 µl of fixative solution was added to the cells and incubated for 10 min.  After 

discarding the fixative solution, 100 µl of permeablization solution were added and 

then incubated for 10 min.  After washing with PBS, 50 µl of mouse mAb specific to 

flavivirus envelope protein (4G2) was added in each well and incubated at 37oC in a 

humidified chamber for 30 min.  The cells were then washed, and incubated with 50 

µl of HRP-conjugated rabbit anti-mouse Igs (DAKO) in the dark at 37oC in a 

humidified chamber for 30 min.  After washing, substrate solution was used for color 

development.  Calculation of virus titer was based on the following formula. 

Virus titer (ffu/ml)   =                       (A+B)                       x 10C x 103

   Total volume of virus x (A+B) 

A = number of foci counted in the first dilution  

B = number of foci counted in the final dilution  

C = the first dilution in which foci were counted  
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4.4 Virus infection and harvesting the infected MEG-01 cells 

        Approximately 5x106 MEG-01 cells were grown in 25 cm2 tissue culture flasks 

(Costar, Cambridge, MA, USA) in 5ml of growth medium (RPMI 1640 containing 

10%FBS, 2mM L-glutamine) and incubated overnight at 37 oC in a 5% CO2 

incubator.  Subsequently, the cells were pelleted by centrifugation and the growth 

medium replaced by mock or DV supernatant at a multiplicity of infection (MOI) of 

0.1 or 1.0 in growth medium followed by incubation at 37 oC in a 5% CO2 incubator 

for 3 hours.  Later, the supernatants were replaced by fresh growth medium and then 

the cells were cultured at 37 oC in a 5% CO2 incubator.  

        Mock or DV infected cells, platelet-like particles, and microparticles were 

collected at day 1, 3, 5 and 7 after dengue infection by serial centrifugation.  Briefly, 

the DV infected cells (nucleated cells) were collected by centrifugation at 330g for 5 

min.  The platelet-like particles (un-nucleated cell) were collected by centrifugation at 

900g for 15 min.  The debris was removed from the supernatant by centrifugation at 

2,000g two times for 15 min.  The microparticles were pelleted by centrifugation at 

20,000g for 120 minutes as diagram below. 

 
 

4.5 Light microscopy  

        Mock or DV infected cells were diluted 1:100 before being mixed at the ratio of 

1:1 with trypan blue dye.  Subsequently, the numbers of total and dead cells (trypan 

blue positive cells) were counted using light microscopy.  Cell proliferation of DV 

infected MEG-01 were calculated by comparing the total cells from mock and DV 
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infected MEG-01.  The dynamics of cell expansion were assessed by collecting the 

cells every 2 days post infection. 

 

4.6 Confocal microscopy 

        Finally, the cells were observed under a Zeiss LSM 510 META confocal 

microscope (Carl Zeiss, Germany) with a 63x oil immersion lens.   FITC was excited 

at 488 nm and emission collected at 505-530 nm and Cy3 was excited at 543 nm and 

emission collected at 560-615 nm to avoid an overlap in emission spectra.  All 

background auto fluorescence was corrected on all slides and for all wavelengths.  

Photography was performed by using an image capture program (LSM 510 software 

version 3.2, Carl Zeiss). 

 

4.7 Analysis of cell surface associated viral proteins 

        Approximately 1x106 harvested cells were washed with washing medium (RPMI 

1640 containing 5% FBS and 10 mM NaN3) and incubated with 10% normal human 

AB serum for 30 min on ice to block FcR.  After washing, the cells were incubated 

with 50µl of mouse mAbs clone 2G6 or 3H5 (specific to NS1 or E, respectively) on 

ice for 1 h and followed by 6 µg/ml FITC-conjugated rabbit anti mouse Igs (DAKO) 

or 1.5 ng/ml Cy3-conjugated rabbit anti mouse Igs (DAKO) for 30 min on ice in the 

dark.  The cells were washed and analyzed by confocal microscopy. 

 

4.8 Analysis of cytoplasmic viral proteins 

        Approximately 1x106 harvested cells were washed with PBS and fixed with 2% 

formaldehyde (BDH, England) in PBS for 1 h at RT.  After that, the fixed cells were 

washed once with a large volume of PBS and permeabilized with 0.1% Triton X-100 

in PBS.  Permeabilized cells were incubated with 50 µl of mouse mAbs clone 2G6 or 

3H5 (specific to NS1 or E, respectively) for 1 h at RT.  Subsequently, the cells were 

washed once with a large volume of 0.1% Triton X-100 in PBS and incubated with 6 

µg/ml FITC labeled rabbit anti-mouse Igs (DAKO) or 1.5 ng/ml Cy3-conjugated 

rabbit anti mouse Igs (DAKO) for 30 min at RT in dark.  After a final wash with a 
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large volume of 0.1% Triton X-100 in PBS, the cells were analyzed by confocal 

microscopy or flow cytometry. 

 

4.9 Apoptosis detection 

        Apoptotic cells were analysed by annexinV-FITC detection kit I (BD 

biosciences, San Diego, CA) and TUNEL assay (APO-BRDU, CHEMICON, USA).  

Briefly, the detection of early apoptotic cells and total number of apoptotic cells were 

performed by AnnexinV/PI assay and TUNEL assay, respectively.  Both assays were 

performed according to the manufacturer’s instructions and analyzed by flow 

cytometry.  The dynamics of cell death were measured by collecting the cells every 2 

days post infection. 

 

4.10 Western blotting 

        The expression of DV proteins, including NS1 and E protein were determined 

using western blotting.  Briefly, mock or DV infected MEG-01 cells were washed 

once with PBS buffer.  MEG-01 cells were lysed by lysis buffer (PBS containing 1% 

triton X-100, 0.5% BSA, and 10mM PMSF).  Total proteins inside the cells were 

separated by 12% SDS-PAGE.  The separated proteins were transferred to 

nitrocellulose membrane using Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad, 

USA).  The membrane was blocked with 5% skimmed-milk/PBS for 2 hours at room 

temperature.  After washing, 3 times the membrane was incubated with monoclonal 

antibodies against NS1 or E protein for 1 hour at room temperature.  The membrane 

was washed and incubated in the dark with HRP conjugated rabbit anti mouse IgS 

(DAKO) for 30 minutes at room temperature.  Finally, the membrane was washed and 

then reacted with substrate solution (PBS containing 3, 3’ diaminobenzidine 

tetrahydrocholide (DAB), NiCl2 and H2O2) for color development. 

 

4.11 NS1-capture ELISA 

        Total amounts of secreted NS1 protein in DV infected MEG-01 supernatants 

were quantitated using an ELISA assay.  Briefly, 0.5 μg/ml of monoclonal antibody 

against NS1 (2E11) was coated on the polystyrene micro ELISA plates (NUNC) at 4o 
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C overnight.  The plate was washed with 0.05% Tween-20/PBS and followed by 

15%FBS/PBS to block the remaining free binding sites at room temperature for 2 

hours.  After washing, the serially diluted samples were added to the appropriate wells 

and incubated at room temperature for 1 hour.  The plate was washed and followed by 

50µg/ml of monoclonal antibody against dengue NS1 (2E3) and incubated at room 

temperature for 1 hour.  The HRP-conjugated goat anti mouse IgG (DAKO) in a final 

dilution of 1:1,000 was added after washing and then incubated in the dark  at room 

temperature for 1 hour.  The enzyme reacting solution (0.06 mg of Ortho-

phenylenediamine dihydrochloride (OPD, SIGMA) in 10 ml 0.1 M Citric acid 

phosphate buffer pH 5.5 containing H2O2 (Sahakarn)) was added and the reaction was 

stopped after incubation in the dark at room temperature for 10 minutes by adding 4N 

H2SO4.  The optical density of each sample was read with an ELISA reader at the 

wave length of 492 nm. 

 

4.12 E-capture ELISA assay 

        Total amounts of secreted E protein in DV infected MEG-01 supernatants was 

measured by using an ELISA assay.  Briefly, the rabbit anti mouse immunoglobulin 

(DAKO), at a 1:5,000 dilution, was coated on the polystyrene micro ELISA plates 

(NUNC) at 4o C overnight.  The plate was washed with 0.05% Tween-20/PBS and 

followed by 0.5%BSA/PBS to block the remaining free binding sites at room 

temperature for 2 hours.  After washing, the pooled convalescent serum (PCS, diluted 

1:1,000) was added and then incubated at room temperature for 2 hours.  The serially 

diluted samples were added to the appropriate wells and incubated at room 

temperature for 2 hours.  The plate was washed followed by the addition of 

monoclonal antibody against E protein (3H5, diluted 1:500) and incubated at room 

temperature for 1 hour.  After washing, the HRP-conjugated rabbit anti mouse IgS 

(DAKO) in a final dilution 1:1,000 was added and then incubated in the dark at room 

temperature for 1 hour.  The color was developed by adding a solution of 0.06 mg of 

OPD (SIGMA) in 10 ml 0.1 M Citric acid phosphate buffer pH 5.5 containing H2O2 

(Sahakarn) and the reaction was stopped after a 10 min incubation at room 

temperature in the dark by adding 4N H2SO4.  The optical density from each sample 

was read with an ELISA reader at the wave length of 492 nm. 
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4.13 Detection of NS1 or E proteins 

        The expression of NS1 and E protein was determined using indirect fluorescence 

staining.  Briefly, mock or DV infected MEG-01 cells or platelet-like particles were 

washed with PBS buffer and followed by fixing with 2% formaldehyde (BDH, 

England) in PBS for 1 hour at room temperature.  Afterward, the fixed cells were 

washed with PBS and 1% Triton X-100 in PBS was added to the cells.  After 

washing, the cells were incubated with monoclonal antibodies against NS1 or E 

protein for 1 hour at room temperature.  The cells were washed and incubated in the 

dark with FITC conjugated rabbit anti mouse IgS (DAKO) for 30 minutes at room 

temperature before washing once with 0.1% TritonX-100 in PBS.  Finally, the 

number of NS1 and E expressing cells were analyzed by flow cytometry. 

        Monoclonal antibodies against NS1 and E are 2G6 and 4G2, respectively.  Both 

of the monoclonal antibodies were produced in our laboratory and some have been 

described by Puttikhunt et al (150). 

 

4.14 DV distribution via DV infected MEG-01 derived-particles and/or 

microparticles 

        Particles and/or microparticles from DV infected MEG-01 were collected at day 

5 post-infection by centrifugation at 100,000 g for 30 minutes followed by washing 3 

times with PBS.  The particles and/or microparticles were lysed by freeze-thawing 3 

times to break the particles or microparticles.  Subsequently, the lysates were clarified 

by centrifugation at 13,000 g for 10 minutes.  The infectious virus particles in the 

lysate fractions were investigated by FFU assay. 

 

4.15 Protein determination (Bradford assay) 

        The total protein concentration was determined by Bradford assay kit (Bio-rad 

laboratory, USA) according to the manufacturer’s instructions.  Briefly, the protein in 

lysate were mixed with 3 volume of Coomassie Brilliant Blue G-250 solution and 

incubated for 10 min. before analyzed by spectrophotometer at λ of 595 nm. 
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4.16 Statistical analysis 

        Data analysis was performed using software package Stat View for Windows 

version 5.0 (SAS Institute Inc., NC).  Komolgorov samonov test was used to test for 

normality.  Comparison between groups was done by t-test if the distribution of the 

variables was comparable to a normal distribution; otherwise the Mann Whitney test 

was used.  Multiple comparisons were performed using ANOVA.  P< 0.05 was 

considered to be statistical significant.  All analyzed P values were 2-sided. 
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CHAPTER V 

RESULTS 

 

 
5.1 The study of DV infection in MEG-01 

        5.1.1 DV-infected MEG-01 cells express NS1 and E proteins on their 

surfaces and in the cytoplasm 

                NS1 and E protein expression on surface and cytoplasm of DV-infected 

MEG-01 cells was determined using 2 mAb clones (2G6 and 3H5, specific for NS1 

and E proteins, respectively) and analyzed by confocal microscopy and flow 

cytometry.  Dengue NS1 and E proteins were detected on the cell surfaces (Figure 

8A) and in the cytoplasm (Figure 8B) of DV-infected but not mock-infected MEG-01 

cells at 5 days after infection.  Analysis of the kinetics of cytoplasmic E expression 

using 3H5 mAb was demonstrated in Figure 9.  The result showed that approximately 

20% of DV-infected MEG-01 cells at 1 and 3 days and 70% of DV-infected MEG-01 

cells at 5 and 7 days after infection at MOI of 1.0 expressed E in their cytoplasm as 

detected by positive staining with 3H5 (Figure 9B). 

        5.1.2 DV-infected MEG-01 cells produce infectious virus progeny 

                Kinetics of infectious virus progeny production from DV-infected MEG-01 

was determined by FFU assay.  The infectious virus progenies were detected within 1 

day after DV-infection (Figure 10).  Infectious virus titer was approximately 1.5×104 

FFU/ml at day 1 rising to 1.5×107 FFU/ml at day 5 after DV-infection, and remained 

unchanged until day 7 after DV-infection. 
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Figure 8 Localization of NS1 and E proteins on the surface and cytoplasm of 

DV-infected MEG-01 cells 

                Mock-infected or DV-infected MEG-01 cells were harvested at day 5 after 

infection.  After washing the cells with PBS, NS1 and E on the cell surface (A) or in 

the cytoplasm (B) were stained with mAb specific to NS1, 2G6 (red, Cy3) and E, 3H5 

(green, FITC) and followed by FITC-conjugated rabbit anti-mouse IgG or Cy3-

conjugated goat anti-mouse IgG. The stained cells were observed under a Zeiss LSM 

510 META confocal microscope. One representative experiment of three independent 

experiments is shown. 
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Figure 9 Kinetics of E protein expression in the cytoplasm of DV-infected 

MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  Mock-infected or DV-

infected cells were harvested at 1, 3, 5, and 7 days after infection.  The cells were 

stained with mAbs specific to dengue E protein and followed by FITC-conjugated 

rabbit anti mouse IgG.  The intensity of E expression (A) was compared between 

mock-infected (dark line) and DV-infected (gray line) MEG-01 cells.  Percentage of 

cells expressing E protein (B) was compared between mock-infected (open circle) and 

DV-infected (filled circle) MEG-01 cells.  The error bars indicate SD corresponding 

to three independent experiments.  
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Figure 10 Kinetics of infectious virus progeny produced from DV-infected 

MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  The supernatants were 

collected at 1, 3, 5, and 7 days after infection.  After removing the cells and debris by 

two centrifugations at 2,000g for 10 minutes, the infectious virus progeny in 

supernatants were measured by FFU assay.  The error bars indicate SD corresponding 

to three independent experiments. 
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5.2 The study of consequences of DV infection in MEG-01 

        5.2.1 Proliferation of DV-infected MEG-01 cells 

                The cell proliferation rates between mock-infected and DV-infected MEG-

01 cells were compared by total cell counts.  The numbers of mock-infected and DV-

infected MEG-01 cells at various time points after infection are shown in Figure 11.  

The numbers of cells in both groups were similar from day 1 to day 5 after DV 

infection.  However, at day 7 after DV infection the number of DV-infected MEG-01 

cell was slightly lower than mock-infected MEG-01 cell (1.86×107 cells and 2.29×107 

cells, respectively). 

        5.2.2 Viability of DV-infected MEG-01 cells 

                The cell viability of mock-infected and DV-infected MEG-01 cells was 

determined by propidium iodide (PI) staining assay.  The number of PI positive cells 

in mock-infected and DV-infected MEG-01 cells was analyzed by flow cytometry 

(Figure 12).  The number of PI positive cells was not different between mock-infected 

and DV-infected MEG-01 from day1 to day 5 after DV-infection.  However, the 

number of PI positive cells in DV-infected MEG-01 populations (60%) was 

significantly higher (P < 0.05) than mock-infected MEG-01 cell (79%) at day 7 after 

DV-infection. 

        5.2.3 Mechanisms leading to the death of DV-infected MEG-01 cells 

                To study mechanisms leading to the death of DV-infected MEG-01 cells, 

both early and late apoptotic markers were determined kinetically in mock-infected 

and DV-infected MEG-01 cells. 

                Early apoptotic marker was detected by an annexin V/PI staining assay.  

Apoptotic cells at early stages express phosphatidyl serine on their surface which 

specifically binds to annexin V but are negative for PI nuclear staining as shown in 

the lower-right quadrant of dot plots in figure 13A.  The numbers of PI negative and 

annexin V positive cells were similar among mock-infected (19, 31, 32, and 34% at 

day 1, 3, 5, and 7) and DV-infected MEG-01 cells (21, 34, 31 and 34% at day 1, 3, 5, 

and 7 after DV-infection) (Figure 13B). 
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                Late apoptotic cells have DNA fragmentation which can be identified by 

TUNEL assay.  The TUNEL positive cells were detected by flow cytometry as 

demonstrated in the histograms of figure 14A.  The number of TUNEL positive cells 

was significantly higher (P < 0.05) in DV-infected MEG-01 (25, and 48% at day 5, 

and 7 after DV-infection, respectively), than mock-infected MEG-01 (16, and 19% at 

day 5, and 7, respectively) (Figure 14B). 
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Figure 11 Total numbers of mock-infected and DV-infected MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  Mock-infected or DV-

infected cells were harvested at 1, 3, 5, and 7 days after infection.  The cells were 

diluted 100-fold with PBS and stained with trypan blue dye.  The total cells were 

counted with a cell-counting hematocytometer.  Total numbers of mock-infected 

(open circle) and DV-infected (filled circle) MEG-01 were compared.  The error bars 

indicate SD corresponding to three independent experiments. 
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Figure 12 Viability of mock-infected and DV-infected MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  Mock-infected or DV-

infected cells were harvested at 1, 3, 5, and 7 days after infection.  After washing with 

1% BSA/PBS, the cells were stained with propidium iodide (PI) and analyzed by flow 

cytometry.  The percentage of PI negative cells in mock-infected (open circle) and 

DV-infected (filled circle) MEG-01 was compared.  The error bars indicate SD 

corresponding to three independent experiments. Asterisks indicate differences that 

were statistically significant (mock-infected vs DV-infected, P < 0.05).  
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Figure 13 Kinetics of early apoptotic cells in DV-infected MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  Mock-infected or DV-

infected cells were harvested at 1, 3, 5, and 7 day after infection.  After washing with 

1% BSA/PBS, the cells were stained with FITC-conjugated annexin V and PI and 

analyzed by flow cytometry.  Early apoptotic cells were annexin V positive and PI 
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negative which are shown in the lower-right quadrant of dot plots (A).  Percentages of 

early apoptotic cells between mock-infected (open bar) and DV-infected (filled bar) 

MEG-01 cells were compared (B).  The error bars indicate SD corresponding to three 

independent experiments. 
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Figure 14 Kinetics of late apoptotic cells in DV-infected MEG-01 cells 

                MEG-01 cells were infected with DV at MOI of 1.  Mock-infected or DV-

infected cells were harvested at 5 and 7 days after infection and late apoptotic cells 

were detected with TUNEL assay.  The TUNEL positive cells were analyzed by flow 

cytometry.  The histograms of TUNEL positive cells of mock-infected (gray line) and 

DV-infected MEG-01 cell (dark line) were compared (A).  Percentage of late 

apoptotic cells in mock-infected (open bar) and DV-infected (filled bar) populations 

are shown (B).  Each bar represents the mean of late apoptotic cells from three 

independent experiments + SD.  * indicates P value < 0.05 (mock-infected vs DV-

infected). 
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5.3 The study of the susceptibility of MEG-01 to DV infection  

        5.3.1 Infectivity of DV to MEG-01, compared with Vero cells 

                Kinetics of DV-infection in MEG-01 and Vero cells were determined by 

cytoplasmic staining of dengue envelope protein using mAb 3H5 (Figure 15).  The 

percentage of MEG-01 cells infected with DV was significantly lower (P < 0.05) 

compared with Vero cells at day 1 and 3 and the number of infected cells increased to 

almost the same as Vero cell at day 7 after DV-infection.  There were approximately 

19%, 22%, and 64% of DV-infected MEG-01 cells at days 1, 3, and 5 after DV-

infection, respectively while 50%, 78%, and 82% of Vero cells were infected by DV 

at day 1, 3, and 5 respectively. 

        5.3.2 Viral proteins secretion in MEG-01, compared with Vero cells 

                Kinetics of secreted NS1 and E proteins from DV-infected MEG-01 and 

Vero cell were determined by NS1-capture ELISA and E-ELISA, respectively.  

MEG-01 cells secreted considerably lower (P < 0.05) soluble NS1 protein compared 

with Vero cells at day 1 (3 ng/ml, MEG-01; 230 ng/ml, Vero), 3 (176 ng/ml, MEG-

01; 3600 ng/ml, Vero), and 5 (300 ng/ml, MEG-01; 7500 ng/ml, Vero) after DV-

infection (Figure 16).  In contrast, MEG-01 and Vero cell secreted comparable levels 

of soluble E protein at all time points measured after DV-infection (Figure 17).  The 

concentrations of secreted soluble E were 1, 7, 17 µg/ml for MEG-01, and 2, 7, 17 

µg/ml for Vero cells at day 1, 3, and 5 after DV infection respectively.  

        5.3.3 Infectious virus progeny production from MEG-01, compared with 

Vero cells 

                Kinetics of infectious virus progeny production from DV-infected MEG-01 

and Vero cells were determined by FFU assay.  The infectious virus progeny 

production from DV-infected MEG-01 and Vero cells were similar at day 1 (1.5×104 

FFU/ml, MEG-01 and Vero), and 3 (1.5×106 FFU/ml, MEG-01; 1.5×105 FFU/ml, 

Vero) after DV infection.  However, infectious virus progeny production from DV-

infected MEG-01 was significantly higher than Vero cells at day 5 after DV-infection 

(1.5×107 FFU/ml, MEG-01; 1.0×106 FFU/ml, Vero) (Figure 18A).  Moreover, the 
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efficiency to produce infectious virus and less of non-infectious virus is a noticeable 

phenomenon of DV infected cells.  The infectious virus produced from DV-infected 

MEG-01 and Vero cells were calculated from the ratio of infectious virus titers per 

amount of secreted soluble E. The efficiency of infectious virus production from 

MEG-01 and Vero cells were similar at day 1 (2.2×105 FFU/µg of secreted soluble E 

protein, MEG-01 and 2.3×105 FFU/µg of secreted soluble E protein, Vero) and day 3 

(2.0×104 FFU/µg of secreted soluble E protein, MEG-01 and 1.1×104 FFU/µg of 

secreted soluble E protein, Vero) after DV infection.  While, at day 5 after DV 

infection, MEG-01 produced higher amount of infectious virus than Vero cell 

(1.6×106 FFU/µg of secreted soluble E protein, MEG-01 and 7.9×104 FFU/µg of 

secreted soluble E protein, Vero) (Figure 18B). 

        5.3.4 Susceptibility to the infection of MEG-01 by clinical isolates of DV 

serotypes 1-4  

                To determine the susceptibility of MEG-01 to DV 1-4 infection, the 

percentage of DV-infected cells and the production of infectious virus progeny were 

investigated. 

                Infection of DV 1-4 in MEG-01 cell was determined by a cytoplasmic 

staining assay using 4G2, a flavivirus cross-reactive mAb against E protein.  

Histogram profiles of cytoplasmic dengue E protein expression are shown in Figure 

19A. Approximately, 20-30% of MEG-01 cells were susceptible to infection by 

clinical dengue isolates, serotypes 1-4. Moreover, a low expression of E protein in 

cytoplasm of DV 1-4 infected MEG-01 cells as indicated by mean fluorescence 

intensity (Figure 19A). 

                The production of infectious virus progeny from DV 1-4-infected MEG-01 

cells was determined by FFU assay.  The infectious virus progenies were detected 

from all DV 1-4-infected MEG-01 (Figure 20).  Infectious virus titers at day 5 after 

DV infection were 1.0×107, 1.5×107, 1.0×105, and 1.5×105 FFU/ml for DV-1, 2, 3, 

and 4, respectively. 
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Figure 15 Percentages of DV-infected MEG-01 cells, compared with Vero  

                MEG-01 or Vero cells were infected with DV at MOI of 1.  DV-infected 

cells were harvested at 1, 3, and 5 days after infection.  The cells were stained with 

mouse monoclonal antibody specific to dengue E protein followed by FITC-

conjugated rabbit anti mouse IgG.  Percentages of E expressing cells between DV-

infected Vero cells (open circle) and DV-infected MEG-01 cells (filled circle) were 

compared.  Each point represents the average of percentage of E expressing cells from 

three independent experiments + SD.  * indicated P value < 0.05 (Vero vs MEG-01). 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Immunology) / 47 

 

-1000

1000

3000

5000

7000

9000

Se
cr

et
ed

 N
S1

 (n
g/

m
l)

1 3 5

Vero
MEG-01

Day post-infection  

*

*

*

 

Figure 16 Levels of soluble NS1 secretion in DV-infected MEG-01, compared 

with Vero  

                MEG-01 or Vero cells were infected with DV at MOI of 1.  The 

supernatants from DV-infected cells were collected at 1, 3, and 5 days after infection.  

The secreted NS1 levels in supernatants were determined by NS1-capture ELISA.  

The levels of secreted NS1 in supernatants from DV-infected Vero cells (open circle) 

and DV-infected MEG-01 cells (filled circle) were compared.  Each bar represents the 

average of NS1 secretion levels from three independent experiments + SD.  * 

indicated P value < 0.005 (Vero vs MEG-01). 
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Figure 17 Levels of soluble E secretion in DV-infected MEG-01, compared with 

Vero  

                MEG-01 or Vero cells were infected with DV at MOI of 1.  The 

supernatants from DV-infected cells were collected at 1, 3, and 5 days after infection.  

The secreted E levels in supernatants were determined by E-ELISA.  The levels of 

secreted E in supernatants from DV-infected Vero cells (open circle) and DV-infected 

MEG-01 cells (filled circle) were compared.  Each bar represents the average of E 

secretion levels from three independent experiments + SD. 
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Figure 18 Efficiency of infectious virus production from DV-infected MEG-01, 

compared with Vero  

                MEG-01 and Vero cells were infected with DV at MOI of 1.  The 

supernatants from DV-infected cells were collected at 1, 3, and 5 days after infection.  

The production of infectious virus was determined with FFU assay.  The infectious 

virus progeny titer from Vero (open circle) and MEG-01 (filled circle) were compared 

(A).  Each point represents the average of infectious virus titers from three 

independent experiments + SD.  * indicated P value < 0.005 (Vero vs MEG-01).  (B), 

The efficiency of infectious virus production, calculated from the ratio of infectious 
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virus titers per amount of secreted soluble E, indicates the ability of cells to produce 

infectious virions over defective non-infectious virus particles  of Vero (open circle) 

and MEG-01 (filled circle).  Each point represents the average of infectious virion 

production per µg of secreted soluble E from three independent experiments + SD.  * 

indicated P value < 0.05 (Vero vs MEG-01). 
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Figure 19 Infectivity of MEG-01 cells to DV clinical isolates, serotypes 1-4  

                MEG-01 cells were infected with DV 1-4 at MOI of 1.  Mock-infected or 

DV-infected cells were harvested 5 days after infection.  The cells were stained with 

mouse monoclonal antibody specific to dengue E protein followed by FITC-

conjugated rabbit anti mouse IgG.  (A), The intensity of E expression was compared 

between mock-infected (gray histogram) and DV-infected (dark line) MEG-01 cells. 

(B), Percentage of E expression indicates the infectivity of DV serotypes 1-4 to MEG-

01 cells.  Each bar represents the average of DV 1-4 E expressing cells from three 

independent experiments + SD. 
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Figure 20 Infectious virus progeny production in DV 1-4 –infected MEG-01 cells 

                MEG-01 cells were infected with DV serotypes 1-4 at MOI of 1.  The 

supernatants were collected 5 days after infection.  After removing the cells and 

debris by centrifuging twice at 2,000g for 10 minutes, the infectious virus progeny in 

supernatants was determined by FFU assay.  Each bar represents the average of 

infectious virus titers from three independent experiments + SD. 
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5.4 Generation of particles and microparticles carrying infectious virus 

particles by DV-infected MEG-01 

                A microparticle is a small membrane vesicle, approximately 0.1-1 µm in 

size, budding from either activated cells or apoptotic cells that are involved in several 

pathways of pathogenesis as described above.  DV infection leading to both activation 

and death of infected cells via apoptosis may be the source of MPs.  Morphological 

identification is a possible way to differentiate MPs from small debris because 

microparticles have more granularity than debris. 

        5.4.1 Identification of particles and microparticles derived from DV-

infected MEG-01 

                Since the sizes of particles and microparticles derived from MEG-01 differ; 

~1-10 µm and ~0.1-1µm in size for particles and microparticles respectively.  To 

classify these two types of vesicles, size identification was performed using FACS 

analysis.  Ps and MPs were fractionated by the serial centrifugation at day 5 after 

infection which is the peak of DV infection and beginning of the death of DV-infected 

cells by apoptosis.  Subsequently each fraction was identified as particles or 

microparticles based on forward scatter (FSC) and sideward scatter (SSC) of particles 

and microparticles (Figure 21A and B).  The particles fraction show more particle 

population, compared with microparticles fraction (10±0.6 vs. 2±1.3, respectively).  

Conversely, microparticles fraction show markedly increased in microparticles 

population, compared with particles fraction (45±8.2 vs. 2±1.2, respectively). 

        5.4.2 Total protein concentration in particles and microparticles derived 

from DV-infected MEG-01 

                To normalized the protein levels from particles and microparticles fraction 

the total protein concentrations from corresponding fraction were determined by 

Bradford assay.  The total protein in microparticles fraction was lower than particles 

fraction (300±13 µg/ml vs. 430±76 µg/ml) (Figure22) 
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        5.4.3 Viral protein expression in the particles and microparticles derived 

from DV-infected MEG-01 

                DV-infected cells express NS1 and E proteins on their surface membranes.  

The particles and microparticles derived from DV-infected cells should contain these 

proteins on their surface.  At day 5 after infection, DV-infected MEG-01 cells were 

harvested and fractionated by serial centrifugation.  The NS1 and E protein on DV-

infected MEG-01-derived Ps and MPs were determined by NS1-captured ELISA or 

E-ELISA.  The levels of NS1 and E protein were normalized by division with the total 

protein concentration of each fraction.  Both NS1 and E protein were detected in MPs 

fraction (116±29 pg/µg of total protein and 8±3 ng/µg of total protein respectively), 

although under detectable on Ps fraction (Figure23).  The total NS1 and E proteins in 

each fraction are determined by Western blotting, NS1-capture ELISA and E-ELISA 

using freezed-thawing lysates.  The total E protein concentrations detected in DV-

infected MEG-01 Ps, and MPs, were 12 ng/µg of total protein and 18 ng/µg of total 

protein respectively (Figure 25).  Interestingly, high levels of total NS1 antigens were 

detected in DV-infected MEG-01 derived MPs (380 pg/µg of total protein) compared 

with Ps (70 pg/µg of total protein) (Figure 24). 

        5.4.4 DV-infected MEG-01-derived particles and microparticles harbor 

infectious virus particles  

                The infectious virus progeny in DV-infected MEG-01 cells, Ps, and MPs 

were determined by FFU assay.  The levels of infectious virus progeny were 

normalized by division with the total protein concentration of each fraction.  The 

infectious virus progeny were detected in DV-infected MEG-01 Ps and MPs at day 5 

after DV-infection (Figure 26).  The infectious virus titers were 480 FFU/µg of total 

protein, and 1,500 FFU/µg of total protein in DV-infected MEG-01 Ps and MPs 

respectively. 
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Figure 21 Identification of DV-infected MEG-01-derived Ps and MPs 

                MEG-01 cells were infected with DV at MOI of 1.  The supernatants from 

DV-infected cells were collected at 5 day after infection.  DV-infected MEG-01-

derived particles, and microparticles were fractionated by serially centrifugation and 

each fraction was identified by FACS.  The particles fraction (A) and microparticles 

fraction (B) were identified using FSC and SSC analysis.  The population of platelet-

like particles and microparticles were show in R1 and R2 region, respectively.  The 

protein concentration was determined by Bradford assay.  Each fraction was lysed and 

the membrane debris was removed by centrifugation before assays.  Each bar 

represents the average of total protein concentration from three independent 

experiments + SD.  * indicated P value < 0.05. 
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Figure 22 Total proteins in DV-infected MEG-01-derived Ps and MPs 

                MEG-01 cells were infected with DV at MOI of 1.  The supernatants from 

DV-infected cells were collected at 5 day after infection.  DV-infected MEG-01-

derived particles and microparticles were fractionated by serially centrifugation.  The 

total protein concentration was determined by Bradford assay.  Each fraction was 

lysed and the membrane debris was removed by centrifugation before assays.  Each 

bar represents the average of total protein concentration from three independent 

experiments + SD.  * indicated P value < 0.05. 
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Figure 23 NS1 and E proteins on DV-infected-derived MEG-01-derived Ps and 

MPs 

                MEG-01 cells were infected with DV at MOI of 1.  The supernatants from 

DV-infected cells were collected at 5 day after infection.  DV-infected MEG-01-

derived particles and microparticles were fractionated by serially centrifugation.  

After two times washing, NS1 and E proteins in each fraction were determined by 

NS1-captured ELISA and E-ELISA, respectively.  The NS1 and E protein levels in 

each fraction were normalized by total protein concentration of a corresponding 

fraction.  Each bar represents the average of levels of NS1 and E protein expressed on 

the surface of particles and microparticles from three independent experiments + SD. 
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Figure 24 Total NS1 proteins in DV-infected MEG-01 Ps and MPs 

                MEG-01 cells were infected with DV at MOI of 1.  The supernatants from 

DV-infected cells were collected at 5 day after infection.  DV-infected MEG-01 cells, 

particles, and microparticles were fractionated by serial centrifugation and each 

fraction was subsequently lysed by repeatedly freezing and thawing.  NS1 levels in 

each fraction were determined by NS1-capture ELISA.  The NS1 protein level in each 

fraction was normalized by total protein concentration of a corresponding fraction.  

Each bar represents the average of NS1 levels from three independent experiments + 

SD.  Expression of NS1 protein in each fraction was confirmed by western blot using 

mouse monoclonal antibody specific to DV NS1 protein. 
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Figure 25 Total E proteins in DV-infected MEG-01-derived Ps and MPs 

                MEG- cells were infected with DV at MOI of 1.  The supernatants from 

DV-infected cells were collected at 5 days after infection.  DV-infected MEG-01-

derived particles, and microparticles were fractionated by serial centrifugation and 

lysates from each fraction were prepared by repeatedly freezing and thawing.  E 

protein levels in each fraction were determined by E-ELISA.  The E protein level in 

each fraction was normalized by total protein concentration of a corresponding 

fraction.  Each bar represents the average of levels of E protein expression from three 

independent experiments + SD. 
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Figure 26 Infectious virus particles in lysates of DV-infected MEG-01-derived Ps 

and MPs 

                MEG-01 or Vero cells were infected with DV at MOI of 1.0.  The 

supernatants from DV-infected cells were collected 5 days after infection.  DV-

infected MEG-01-derived particles and microparticles were fractionated by serial 

centrifugation and lysates from each fraction were prepared by repeatly freezing and 

thawing.  Then infectious virus titers in each fraction were determined by FFU assay.  

The infectious virus titer in each fraction was normalized by total protein 

concentration of a corresponding fraction.  Each bar represents the average of 

infectious virus titers from three independent experiments + SD. 
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CHAPTER VI 

DISCUSSION 

 

 

        The key finding of the present study is the susceptibility of the megakaryoblast 

cell line, MEG-01, to the infection and replication of dengue virus (DV).  In the past, 

several studies tried to demonstrate that hematopoietic progenitor cells in bone 

marrow can be infected with DV leading to a hypocellular condition in the acute 

phase of DV infection (11, 15, 151).  Thrombocytopenia is also mostly observed in 

the acute phase of DF and DHF/DSS patients as well as bone marrow suppression (9, 

13, 16).  However, the nadir of platelet counts occurs at the time of defervescence or 

shock, which later than the bone marrow suppression period (60).  Thrombocytopenia 

can be caused by either 1) consumption or destruction of platelets in circulation (9, 

152, 153) or 2) alteration of platelet production which is the result of bone marrow 

suppression (14).  At present, no study has demonstrated that DV can directly infect 

megakaryoblasts or megakaryocytes which are the origin of platelets in circulation.  

This is the first study showing that the megakaryoblast cell line, MEG-01, which has 

virtually characteristics to megakaryoblast cells in bone marrow (140, 146, 147) are 

susceptible to DV infection. 

        The low percentages of DV infection on MEG-01 at the early period of infection 

suggest that the delay of infection arise on DV-infected MEG-01 cells.  Inhibition of 

cytokine or chemokine, production by DV infection is one possible mechanism.  

Interferon (IFN) inhibits the infection of DV at the translational stage of the infectious 

viral RNA. This occurs via viral RNA attached ribosomes when they are independent, 

but not during virus binding and entry stages (154).  In vitro and in vivo studies 

demonstrated that upregulation of chemokines, including CXCR3 and CXCL10/IFN-

gamma-inducible protein 10 (IP-10), occur in DV infection (155, 156). 
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        CXCL10/IP-10 inhibits the DV-infection via competition of virus binding to 

heparin sulfate on the surface of target cells (155). However, measurements of these 

cytokine and chemokine produced from DV-infected MEG-01 cells should be 

performed in order to show that this is the mechanism of the delay of DV infection on 

MEG-01. 

        Reduction in total cell count (Figure 11) and the increase in the number of dead 

cells (Figure 12) in DV-infected MEG-01 are not observed until day 7 after DV-

infection.  The death of DV-infected cells, which are the sources of platelets, might 

result to thrombocytopenia.  A few amounts of DV-infected cells have no effect on 

DV replication, viral protein production, and virus progeny production as shown in 

figure 3.  Additionally, the delay of DV infection in MEG-01 is the cause of these 

results. 

        Several studies have demonstrated that DV infection leads to the death of DV-

infected cells by apoptosis.  In vitro studies demonstrate that DV infection could lead 

to the death of DV-infected cell by the apoptotic pathway (32, 157-162).  Moreover, 

studies in DV-infected patient tissues show that apoptosis can be observed (161, 163, 

164).  As expected, the infection of DV in MEG-01 also leads to the death of DV-

infected cells via apoptosis (Figures 13 and 14).  Although there are no differences 

when detected by annexin V/PI staining, the apoptotic cell population in DV-infected 

MEG-01 can be observed by TUNEL assay.  Phosphatidylserine (PS), locates on the 

inner membrane of normal cells and is exposed on the surface membrane of early 

apoptotic cells and recognized by annexin V. Then early apoptotic cells can be 

determined by annexin V positive signals and PI which binds directly to the DNA in 

nucleus negative cells.  Conversely, late apoptotic cells contain fragmented DNA in 

the nucleus which can be determined by TUNEL assay.  The similar amount of early 

apoptotic cells in mock and DV-infected MEG-01 may be the result of the rapid death 

of DV-infected cells at the late period of infection. 

        The levels of virus in circulation correlate well with the severity of dengue 

disease (165, 166).  However, the source of virus production in DV-infected patients  
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is still unknown.  Although several studies demonstrated that DV-targeted cells, 

including monocytes, B lymphocytes, and endothelial cells, can produce infectious 

viruses at low levels (45, 49, 167), no virus production has been detected in DV-

infected human Kupffer cells (168).  However, in vitro studies have shown a high titer 

after infection of DV in primary isolated hepatocytes and HepG2 cell, a hepatocyte 

cell line (169).  Although the percentages of infection are not over 25% of total cells 

at days 1 and 3 after infection the infectious virus productions are high 

(approximately 104-105 FFU/ml).  This is a very interesting phenomenon that a few of 

DV-infected MEG-01 cells produce high virus titer, compared with Vero cell.  

Megakaryoblast cells may be the source of virus propagation in DHF/DSS patients 

although the megakaryoblast and megakaryocyte populations in normal bone marrow 

are very low (approximately 0.1-0.5% of total cells) (170). 

        NS1 was first characterized as a soluble (non-virion-associated) complement 

fixing (SCF) antigen in infected suckling mice brain and cell culture (171).  NS1 has 

been found to co-localize with marker of RNA replication in association with 

membrane structures that are presumed sites of replication (172, 173).  A potential 

role of NS1 in immunopathogenesis of DV-infection has also been proposed based on 

the finding that high level of NS1 protein was detected in acute phase sera from 

patients experiencing primary or secondary DV-infection (174, 175).  Its level 

correlates with disease severity as the amount of circulating NS1 is higher in DHF 

than DF patients (176).  Moreover, secreted NS1 has shown a potential to activate 

complement leading to inflammation and vascular leakage (177).  However, the 

sources of NS1 production are still unknown.  In MEG-01, secreted NS1 levels are 

very low, compared with Vero cell.  From this result, we could highlight that 

megakaryoblast cell line, MEG-01 are not the NS1 producing cells. 

        Microparticles (MPs) are generated from activated (122-124) or apoptotic (125, 

126) cells or platelets (121) in the circulation.  MPs are involved in several processes 

of cell response and pathogenesis including 1) control of the coagulation process (31, 

131-133), 2) transporter of cellular surface antigens (134-137), 3) induction of cell 

and platelet activation (138) and, 4) induction of inflammatory responses (139).  From 

our result, MPs derived from DV-infected MEG-01 containing high levels of NS1 
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which may locate on their surface (Figure 24) although the total protein concentration 

was lower than Ps.  The membrane associated NS1 recognized by antibody is capable 

of activating complement (178).  Then DV-infected MEG-01-derived MPs may 

activate complement in circulation and/or bind to endothelial cells resulting in 

vascular endothelial damage.  Additionally, the infectious virus was found inside MPs 

and Ps derived from DV-infected MEG-01 (Figure 26).  As with complement 

activation, the infectious virus might distributed via MPs resulting in enhanced DV 

infection or increased risk of DV infection by DV receptors on the surface of MPs.  

While the MPs can bind to platelets as endothelial cells, destruction of MPs binding 

platelets might arise as on endothelial cells.  From these phenomena we could suggest 

that MPs may play an important role in the immunopathogenesis of DV infection and 

thrombocytopenia. 
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CHAPTER VII 

CONCLUSION 

 

 
        Thrombocytopenia and bone marrow suppression mostly occur in DF and 

DHF/DSS patients.  However, the mechanism of thrombocytopenia associated with 

bone marrow cells especially megakaryocytes, the platelet-producing cells, in DF and 

DHF/DSS are still not well understood.  The present study provides a clear hypothesis 

on thrombocytopenia and immunopathogenesis in DHF/DSS via direct infection of 

DV in megakaryocytes.  The susceptibility of the megakaryoblast cell line, MEG-01, 

to the infection and replication of all 4 serotypes of dengue virus (DV) was observed 

in this study.  Infection with DV leads to the death of DV-infected MEG-01 cells via 

apoptosis.  Although megakaryoblast cells are not the source of soluble NS1 in 

circulation, a high titer of dengue virus progeny is produced from this cell.  

Additionally, NS1 protein and infectious virus particles are observed on the particles 

and microparticles derived from DV-infected MEG-01.  From these results, the direct 

infection of DV in megakaryocytes in bone marrow could be a potential mechanism 

of thrombocytopenia and immunopathogenesis occurring in DHF/DSS. 

 

 



Somchai Thiemmeca 

 

References / 66

REFERENCES 

 

 
1. Pinheiro FP, Corber SJ. Global situation of dengue and dengue haemorrhagic 

fever, and its emergence in the Americas. World Health Stat Q. 

1997;50(3-4):161-9. 

2. Monath TP. Dengue: the risk to developed and developing countries. Proc Natl 

Acad Sci U S A. 1994 Mar 29;91(7):2395-400. 

3. Day JF. Host-seeking strategies of mosquito disease vectors. J Am Mosq 

Control Assoc. 2005 Dec;21(4 Suppl):17-22. 

4. Weaver SC. Host range, amplification and arboviral disease emergence. Arch 

Virol Suppl. 2005(19):33-44. 

5. Halstead SB. Pathogenesis of dengue: challenges to molecular biology. Science. 

1988 Jan 29;239(4839):476-81. 

6. Weiss RC, Scott FW. Antibody-mediated enhancement of disease in feline 

infectious peritonitis: comparisons with dengue hemorrhagic fever. 

Comp Immunol Microbiol Infect Dis. 1981;4(2):175-89. 

7. Kliks SC, Nisalak A, Brandt WE, Wahl L, Burke DS. Antibody-dependent 

enhancement of dengue virus growth in human monocytes as a risk 

factor for dengue hemorrhagic fever. Am J Trop Med Hyg. 1989 

Apr;40(4):444-51. 

8. Halstead SB. Dengue: hematologic aspects. Semin Hematol. 1982 

Apr;19(2):116-31. 

9. Mitrakul C, Poshyachinda M, Futrakul P, Sangkawibha N, Ahandrik S. 

Hemostatic and platelet kinetic studies in dengue hemorrhagic fever. 

Am J Trop Med Hyg. 1977 Sep;26(5 Pt 1):975-84. 

10. Funahara Y, Ogawa K, Fujita N, Okuno Y. Three possible triggers to induce 

thrombocytopenia in dengue virus infection. Southeast Asian J Trop 

Med Public Health. 1987 Sep;18(3):351-5. 

 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 67 

11. Nakao S, Lai CJ, Young NS. Dengue virus, a flavivirus, propagates in human 

bone marrow progenitors and hematopoietic cell lines. Blood. 1989 

Sep;74(4):1235-40.12. Young NS. Flaviviruses and bone marrow 

failure. Jama. 1990 Jun 13;263(22):3065-8. 

13. Nelson ER, Bierman HR. Dengue Fever: a Thrombocytopenic Disease? Jama. 

1964 Oct 12;190:99-103. 

14. Srichaikul T, Nimmannitya S. Haematology in dengue and dengue 

haemorrhagic fever. Baillieres Best Pract Res Clin Haematol. 2000 

Jun;13(2):261-76. 

15. La Russa VF, Innis BL. Mechanisms of dengue virus-induced bone marrow 

suppression. Baillieres Clin Haematol. 1995 Mar;8(1):249-70. 

16. Bierman HR, Nelson ER. Hematodepressive Virus Diseases of Thailand. Ann 

Intern Med. 1965 May;62:867-84. 

17. Nelson ER, Bierman HR, Chulajata R. Hematologic phagocytosis in 

postmortem bone marrows of dengue hemorrhagic fever. (Hematologic 

phagocytosis in Thai hemorrhagic fever). Am J Med Sci. 1966 

Jul;252(1):68-74. 

18. Rothwell SW, Putnak R, La Russa VF. Dengue-2 virus infection of human bone 

marrow: characterization of dengue-2 antigen-positive stromal cells. 

Am J Trop Med Hyg. 1996 May;54(5):503-10. 

19. Murgue B, Cassar O, Guigon M, Chungue E. Dengue virus inhibits human 

hematopoietic progenitor growth in vitro. J Infect Dis. 1997 

Jun;175(6):1497-501. 

20. Spain-Santana TA, Marglin S, Ennis FA, Rothman AL. MIP-1 alpha and MIP-1 

beta induction by dengue virus. J Med Virol. 2001 Oct;65(2):324-30. 

21. Gewirtz AM. Human megakaryocytopoiesis. Semin Hematol. 1986 

Jan;23(1):27-42. 

22. Vainchenker W, Kieffer N. Human megakaryocytopoiesis: in vitro regulation 

and characterization of megakaryocytic precursor cells by 

differentiation markers. Blood Rev. 1988 Jun;2(2):102-7. 



Somchai Thiemmeca 

 

References / 68

23. Kaushansky K. The mpl ligand: molecular and cellular biology of the critical 

regulator of megakaryocyte development. Stem cells (Dayton, Ohio). 

1994;12 Suppl 1:91-6; discussion 6-7. 

24. Kaushansky K, Broudy VC, Lin N, Jorgensen MJ, McCarty J, Fox N, et al. 

Thrombopoietin, the Mp1 ligand, is essential for full megakaryocyte 

development. Proc Natl Acad Sci U S A. 1995 Apr 11;92(8):3234-8. 

25. Kaushansky K. Thrombopoietin: the primary regulator of megakaryocyte and 

platelet production. Thromb Haemost. 1995 Jul;74(1):521-5. 

26. Kaushansky K. Thrombopoietin: basic biology, clinical promise. Int J Hematol. 

1995 Jul;62(1):7-15. 

27. Fielder PJ, Gurney AL, Stefanich E, Marian M, Moore MW, Carver-Moore K, 

et al. Regulation of thrombopoietin levels by c-mpl-mediated binding 

to platelets. Blood. 1996 Mar 15;87(6):2154-61. 

28. Kaushansky K. Thrombopoietin. N Engl J Med. 1998 Sep 10;339(11):746-54. 

29. Hathirat P, Isarangkura P, Srichaikul T, Suvatte V, Mitrakul C. Abnormal 

hemostasis in dengue hemorrhagic fever. Southeast Asian J Trop Med 

Public Health. 1993;24 Suppl 1:80-5. 

30. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated platelets 

release two types of membrane vesicles: microvesicles by surface 

shedding and exosomes derived from exocytosis of multivesicular 

bodies and alpha-granules. Blood. 1999 Dec 1;94(11):3791-9. 

31. Sims PJ, Faioni EM, Wiedmer T, Shattil SJ. Complement proteins C5b-9 cause 

release of membrane vesicles from the platelet surface that are 

enriched in the membrane receptor for coagulation factor Va and 

express prothrombinase activity. J Biol Chem. 1988 Dec 

5;263(34):18205-12. 

32. Avirutnan P, Malasit P, Seliger B, Bhakdi S, Husmann M. Dengue virus 

infection of human endothelial cells leads to chemokine production, 

complement activation, and apoptosis. J Immunol. 1998 Dec 

1;161(11):6338-46. 

33. Hahn YS, Galler R, Hunkapiller T, Dalrymple JM, Strauss JH, Strauss EG. 

Nucleotide sequence of dengue 2 RNA and comparison of the encoded 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 69 

proteins with those of other flaviviruses. Virology. 1988 

Jan;162(1):167-80. 

34. Irie K, Mohan PM, Sasaguri Y, Putnak R, Padmanabhan R. Sequence analysis 

of cloned dengue virus type 2 genome (New Guinea-C strain). Gene. 

1989 Feb 20;75(2):197-211. 

35. Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome organization, 

expression, and replication. Annu Rev Microbiol. 1990;44:649-88. 

36. Lindenbach BD, Rice CM. Molecular biology of flaviviruses. Adv Virus Res. 

2003;59:23-61. 

37. Bressanelli S, Stiasny K, Allison SL, Stura EA, Duquerroy S, Lescar J, et al. 

Structure of a flavivirus envelope glycoprotein in its low-pH-induced 

membrane fusion conformation. Embo J. 2004 Feb 25;23(4):728-38. 

38. Halstead SB. Antibody, macrophages, dengue virus infection, shock, and 

hemorrhage: a pathogenetic cascade. Rev Infect Dis. 1989 May-Jun;11 

Suppl 4:S830-9. 

39. Morens DM. Antibody-dependent enhancement of infection and the 

pathogenesis of viral disease. Clin Infect Dis. 1994 Sep;19(3):500-12. 

40. Courageot MP, Frenkiel MP, Dos Santos CD, Deubel V, Despres P. Alpha-

glucosidase inhibitors reduce dengue virus production by affecting the 

initial steps of virion morphogenesis in the endoplasmic reticulum. J 

Virol. 2000 Jan;74(1):564-72. 

41. Hung SL, Lee PL, Chen HW, Chen LK, Kao CL, King CC. Analysis of the steps 

involved in Dengue virus entry into host cells. Virology. 1999 Apr 

25;257(1):156-67. 

42. Hase T, Summers PL, Eckels KH, Baze WB. An electron and immunoelectron 

microscopic study of dengue-2 virus infection of cultured mosquito 

cells: maturation events. Arch Virol. 1987;92(3-4):273-91. 

43. Scott RM, Nisalak A, Cheamudon U, Seridhoranakul S, Nimmannitya S. 

Isolation of dengue viruses from peripheral blood leukocytes of 

patients with hemorrhagic fever. J Infect Dis. 1980 Jan;141(1):1-6. 

44. Rothman AL, Ennis FA. Immunopathogenesis of Dengue hemorrhagic fever. 

Virology. 1999 Apr 25;257(1):1-6. 



Somchai Thiemmeca 

 

References / 70

45. Lin YW, Wang KJ, Lei HY, Lin YS, Yeh TM, Liu HS, et al. Virus replication 

and cytokine production in dengue virus-infected human B 

lymphocytes. J Virol. 2002 Dec;76(23):12242-9. 

46. Mentor NA, Kurane I. Dengue virus infection of human T lymphocytes. Acta 

Virol. 1997 Jun;41(3):175-6. 

47. Andrews BS, Theofilopoulos AN, Peters CJ, Loskutoff DJ, Brandt WE, Dixon 

FJ. Replication of dengue and junin viruses in cultured rabbit and 

human endothelial cells. Infect Immun. 1978 Jun;20(3):776-81. 

48. Bunyaratvej A, Butthep P, Yoksan S, Bhamarapravati N. Dengue viruses induce 

cell proliferation and morphological changes of endothelial cells. 

Southeast Asian J Trop Med Public Health. 1997;28 Suppl 3:32-7. 

49. Huang YH, Lei HY, Liu HS, Lin YS, Liu CC, Yeh TM. Dengue virus infects 

human endothelial cells and induces IL-6 and IL-8 production. Am J 

Trop Med Hyg. 2000 Jul-Aug;63(1-2):71-5. 

50. Kurane I, Janus J, Ennis FA. Dengue virus infection of human skin fibroblasts in 

vitro production of IFN-beta, IL-6 and GM-CSF. Arch Virol. 

1992;124(1-2):21-30. 

51. Jessie K, Fong MY, Devi S, Lam SK, Wong KT. Localization of dengue virus in 

naturally infected human tissues, by immunohistochemistry and in situ 

hybridization. J Infect Dis. 2004 Apr 15;189(8):1411-8. 

52. Clyde K, Kyle JL, Harris E. Recent advances in deciphering viral and host 

determinants of dengue virus replication and pathogenesis. J Virol. 

2006 Dec;80(23):11418-31. 

53. Halstead SB. Interview with Scott B. Halstead, M.D. Vector Borne Zoonotic 

Dis. 2007 Spring;7(1):99-105. 

54. WHO. Dengue haemorrhagic fever : Diagnosis, treatment, prevention and 

control. 2 ed; 1997. 

55. Suvatte V. Haemorrhagic disorders. Part 2: Tropical Asia. Clin Haematol. 1981 

Oct;10(3):933-62. 

56. Hayes EB, Gubler DJ. Dengue and dengue hemorrhagic fever. Pediatr Infect Dis 

J. 1992 Apr;11(4):311-7. 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 71 

57. Platt KB, Linthicum KJ, Myint KS, Innis BL, Lerdthusnee K, Vaughn DW. 

Impact of dengue virus infection on feeding behavior of Aedes aegypti. 

Am J Trop Med Hyg. 1997 Aug;57(2):119-25. 

58. Gubler DJ. Dengue and dengue hemorrhagic fever. Clin Microbiol Rev. 1998 

Jul;11(3):480-96. 

59. Malavige GN, Fernando S, Fernando DJ, Seneviratne SL. Dengue viral 

infections. Postgrad Med J. 2004 Oct;80(948):588-601. 

60. Srichaikul T, Punyagupta S, Nitiyanant P, Alkarawong K. Disseminated 

intravascular coagulation in adult Dengue haemorrhagic fever: Report 

of three cases. Southeast Asian J Trop Med Public Health. 1975 

Mar;6(1):106-14. 

61. Nimmannitya S, Thisyakorn U, Hemsrichart V. Dengue haemorrhagic fever 

with unusual manifestations. Southeast Asian J Trop Med Public 

Health. 1987 Sep;18(3):398-406. 

62. Wang S, He R, Patarapotikul J, Innis BL, Anderson R. Antibody-enhanced 

binding of dengue-2 virus to human platelets. Virology. 1995 Oct 

20;213(1):254-7. 

63. Bielefeldt-Ohmann H. Analysis of antibody-independent binding of dengue 

viruses and dengue virus envelope protein to human myelomonocytic 

cells and B lymphocytes. Virus Res. 1998 Sep;57(1):63-79. 

64. Lin CF, Lei HY, Liu CC, Liu HS, Yeh TM, Wang ST, et al. Generation of IgM 

anti-platelet autoantibody in dengue patients. J Med Virol. 2001 

Feb;63(2):143-9. 

65. Falconar AK. The dengue virus nonstructural-1 protein (NS1) generates 

antibodies to common epitopes on human blood clotting, 

integrin/adhesin proteins and binds to human endothelial cells: 

potential implications in haemorrhagic fever pathogenesis. Arch Virol. 

1997;142(5):897-916. 

66. Lei HY, Yeh TM, Liu HS, Lin YS, Chen SH, Liu CC. Immunopathogenesis of 

dengue virus infection. J Biomed Sci. 2001 Sep;8(5):377-88. 

67. Green S, Rothman A. Immunopathological mechanisms in dengue and dengue 

hemorrhagic fever. Curr Opin Infect Dis. 2006 Oct;19(5):429-36. 



Somchai Thiemmeca 

 

References / 72

68. Kho LK, Wulur H, Himawan T. Blood and bone marrow changes in dengue 

haemorrhagic fever. Paediatr Indones. 1972 Jan;12(1):31-9. 

69. Cardier JE, Balogh V, Perez-Silva C, Romano E, Rivas B, Bosch N, et al. 

Relationship of thrombopoietin and interleukin-11 levels to 

thrombocytopenia associated with dengue disease. Cytokine. 2006 

May;34(3-4):155-60. 

70. Fink J, Gu F, Vasudevan SG. Role of T cells, cytokines and antibody in dengue 

fever and dengue haemorrhagic fever. Rev Med Virol. 2006 Jul-

Aug;16(4):263-75. 

71. Rachman A, Rinaldi I. Coagulopathy in dengue infection and the role of 

interleukin-6. Acta Med Indones. 2006 Apr-Jun;38(2):105-8. 

72. Azizan A, Sweat J, Espino C, Gemmer J, Stark L, Kazanis D. Differential 

proinflammatory and angiogenesis-specific cytokine production in 

human pulmonary endothelial cells, HPMEC-ST1.6R infected with 

dengue-2 and dengue-3 virus. J Virol Methods. 2006 Dec;138(1-

2):211-7. 

73. Shi YJ, Jiang ZY, Zeng K. [Effect of IL-6 and TNF-alpha on Dengue virus 

infection of human dendritic cells]. Xi Bao Yu Fen Zi Mian Yi Xue Za 

Zhi. 2006 Jul;22(4):469-71. 

74. Chakravarti A, Kumaria R. Circulating levels of tumour necrosis factor-alpha & 

interferon-gamma in patients with dengue & dengue haemorrhagic 

fever during an outbreak. Indian J Med Res. 2006 Jan;123(1):25-30. 

75. Dunlop DJ, Wright EG, Lorimore S, Graham GJ, Holyoake T, Kerr DJ, et al. 

Demonstration of stem cell inhibition and myeloprotective effects of 

SCI/rhMIP1 alpha in vivo. Blood. 1992 May 1;79(9):2221-5. 

76. Burstein SA, Harker LA. Control of platelet production. Clin Haematol. 1983 

Feb;12(1):3-22. 

77. Cajano A, Polosa P. [Contribution to the study of the morphology of 

megakaryocytes and blood platelets with Feulgen's test.]. 

Haematologica. 1950;34(10):1113-21. 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 73 

78. Odell TT, Jr., Jackson CW, Gosslee DG. Maturation of rat megakaryocytes 

studied by microspectrophotometric measurement of DNA. Proc Soc 

Exp Biol Med. 1965 Aug-Sep;119(4):1194-9. 

79. Long MW. Megakaryocyte differentiation events. Semin Hematol. 1998 

Jul;35(3):192-9. 

80. Branehog I, Ridell B, Swolin B, Weinfeld A. Megakaryocyte quantifications in 

relation to thrombokinetics in primary thrombocythaemia and allied 

diseases. Scandinavian journal of haematology. 1975 Dec;15(5):321-

32. 

81. Kondo M, Weissman IL, Akashi K. Identification of clonogenic common 

lymphoid progenitors in mouse bone marrow. Cell. 1997 Nov 

28;91(5):661-72. 

82. Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common 

myeloid progenitor that gives rise to all myeloid lineages. Nature. 2000 

Mar 9;404(6774):193-7. 

83. Wendling F, Cohen-Solal K, Debili N, Villeval JL, Titeux M, Vainchenker W. 

[Mpl ligand (thrombopoietin) and platelet regulation]. Ann Pharm Fr. 

1996;54(4):177-82. 

84. Adolfsson J, Borge OJ, Bryder D, Theilgaard-Monch K, Astrand-Grundstrom I, 

Sitnicka E, et al. Upregulation of Flt3 expression within the bone 

marrow Lin(-)Sca1(+)c-kit(+) stem cell compartment is accompanied 

by loss of self-renewal capacity. Immunity. 2001 Oct;15(4):659-69. 

85. Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, et al. 

Identification of Flt3+ lympho-myeloid stem cells lacking erythro-

megakaryocytic potential a revised road map for adult blood lineage 

commitment. Cell. 2005 Apr 22;121(2):295-306. 

86. Nakorn TN, Miyamoto T, Weissman IL. Characterization of mouse clonogenic 

megakaryocyte progenitors. Proc Natl Acad Sci U S A. 2003 Jan 

7;100(1):205-10. 

87. Schulze H, Shivdasani RA. Molecular mechanisms of megakaryocyte 

differentiation. Seminars in thrombosis and hemostasis. 2004 

Aug;30(4):389-98. 



Somchai Thiemmeca 

 

References / 74

88. Italiano JE, Jr., Lecine P, Shivdasani RA, Hartwig JH. Blood platelets are 

assembled principally at the ends of proplatelet processes produced by 

differentiated megakaryocytes. The Journal of cell biology. 1999 Dec 

13;147(6):1299-312. 

89. De Botton S, Sabri S, Daugas E, Zermati Y, Guidotti JE, Hermine O, et al. 

Platelet formation is the consequence of caspase activation within 

megakaryocytes. Blood. 2002 Aug 15;100(4):1310-7. 

90. Tavassoli M, Aoki M. Migration of entire megakaryocytes through the marrow--

blood barrier. Br J Haematol. 1981 May;48(1):25-9. 

91. Patel SR, Hartwig JH, Italiano JE, Jr. The biogenesis of platelets from 

megakaryocyte proplatelets. J Clin Invest. 2005 Dec;115(12):3348-54. 

92. Radley JM, Haller CJ. Fate of senescent megakaryocytes in the bone marrow. Br 

J Haematol. 1983 Feb;53(2):277-87. 

93. Zauli G, Vitale M, Falcieri E, Gibellini D, Bassini A, Celeghini C, et al. In vitro 

senescence and apoptotic cell death of human megakaryocytes. Blood. 

1997 Sep 15;90(6):2234-43. 

94. Lim WK, Mathur R, Koh A, Yeoh R, Chee SP. Ocular manifestations of dengue 

fever. Ophthalmology. 2004 Nov;111(11):2057-64. 

95. Debili N, Issaad C, Masse JM, Guichard J, Katz A, Breton-Gorius J, et al. 

Expression of CD34 and platelet glycoproteins during human 

megakaryocytic differentiation. Blood. 1992 Dec 15;80(12):3022-35. 

96. Kirito K, Kaushansky K. Transcriptional regulation of megakaryopoiesis: 

thrombopoietin signaling and nuclear factors. Current opinion in 

hematology. 2006 May;13(3):151-6. 

97. de Sauvage FJ, Hass PE, Spencer SD, Malloy BE, Gurney AL, Spencer SA, et 

al. Stimulation of megakaryocytopoiesis and thrombopoiesis by the c-

Mpl ligand. Nature. 1994 Jun 16;369(6481):533-8. 

98. Drachman JG, Rojnuckarin P, Kaushansky K. Thrombopoietin signal 

transduction: studies from cell lines and primary cells. Methods (San 

Diego, Calif. 1999 Mar;17(3):238-49. 

99. Ku H, Hirayama F, Kato T, Miyazaki H, Aritomi M, Ota Y, et al. Soluble 

thrombopoietin receptor (Mpl) and granulocyte colony-stimulating 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 75 

factor receptor directly stimulate proliferation of primitive 

hematopoietic progenitors of mice in synergy with steel factor or the 

ligand for Flt3/Flk2. Blood. 1996 Dec 1;88(11):4124-31. 

100. Sitnicka E, Lin N, Priestley GV, Fox N, Broudy VC, Wolf NS, et al. The effect 

of thrombopoietin on the proliferation and differentiation of murine 

hematopoietic stem cells. Blood. 1996 Jun 15;87(12):4998-5005. 

101. Papayannopoulou T. Biologic effects of thrombopoietin, the Mpl ligand, and its 

therapeutic potential. Cancer chemotherapy and pharmacology. 

1996;38 Suppl:S69-73. 

102. Debili N, Wendling F, Katz A, Guichard J, Breton-Gorius J, Hunt P, et al. The 

Mpl-ligand or thrombopoietin or megakaryocyte growth and 

differentiative factor has both direct proliferative and differentiative 

activities on human megakaryocyte progenitors. Blood. 1995 Oct 

1;86(7):2516-25. 

103. Quesenberry PJ, Ihle JN, McGrath E. The effect of interleukin 3 and GM-CSA-2 

on megakaryocyte and myeloid clonal colony formation. Blood. 1985 

Jan;65(1):214-7. 

104. Robinson BE, McGrath HE, Quesenberry PJ. Recombinant murine granulocyte 

macrophage colony-stimulating factor has megakaryocyte colony-

stimulating activity and augments megakaryocyte colony stimulation 

by interleukin 3. J Clin Invest. 1987 Jun;79(6):1648-52. 

105. Aronica SM, Mantel C, Gonin R, Marshall MS, Sarris A, Cooper S, et al. 

Interferon-inducible protein 10 and macrophage inflammatory protein-

1 alpha inhibit growth factor stimulation of Raf-1 kinase activity and 

protein synthesis in a human growth factor-dependent hematopoietic 

cell line. J Biol Chem. 1995 Sep 15;270(37):21998-2007. 

106. Metcalf D, Nicola NA. Proliferative effects of purified granulocyte colony-

stimulating factor (G-CSF) on normal mouse hemopoietic cells. J Cell 

Physiol. 1983 Aug;116(2):198-206. 

107. Szalai G, LaRue AC, Watson DK. Molecular mechanisms of megakaryopoiesis. 

Cell Mol Life Sci. 2006 Nov;63(21):2460-76. 



Somchai Thiemmeca 

 

References / 76

108. Chelucci C, Federico M, Guerriero R, Mattia G, Casella I, Pelosi E, et al. 

Productive human immunodeficiency virus-1 infection of purified 

megakaryocytic progenitors/precursors and maturing megakaryocytes. 

Blood. 1998 Feb 15;91(4):1225-34. 

109. Cole JL, Marzec UM, Gunthel CJ, Karpatkin S, Worford L, Sundell IB, et al. 

Ineffective platelet production in thrombocytopenic human 

immunodeficiency virus-infected patients. Blood. 1998 May 

1;91(9):3239-46. 

110. Harker LA, Marzec UM, Novembre F, Sundell IB, Waller EK, Karpatkin S, et 

al. Treatment of thrombocytopenia in chimpanzees infected with 

human immunodeficiency virus by pegylated recombinant human 

megakaryocyte growth and development factor. Blood. 1998 Jun 

15;91(12):4427-33. 

111. Kowalska MA, Ratajczak J, Hoxie J, Brass LF, Gewirtz A, Poncz M, et al. 

Megakaryocyte precursors, megakaryocytes and platelets express the 

HIV co-receptor CXCR4 on their surface: determination of response to 

stromal-derived factor-1 by megakaryocytes and platelets. Br J 

Haematol. 1999 Feb;104(2):220-9. 

112. Sato T, Sekine H, Kakuda H, Miura N, Sunohara M, Fuse A. HIV infection of 

megakaryocytic cell lines. Leuk Lymphoma. 2000 Jan;36(3-4):397-

404. 

113. Scaradavou A. HIV-related thrombocytopenia. Blood Rev. 2002 Mar;16(1):73-

6. 

114. Sundell IB, Koka PS. Thrombocytopenia in HIV infection: impairment of 

platelet formation and loss correlates with increased c-Mpl and ligand 

thrombopoietin expression. Curr HIV Res. 2006 Jan;4(1):107-16. 

115. Srivastava A, Bruno E, Briddell R, Cooper R, Srivastava C, van Besien K, et al. 

Parvovirus B19-induced perturbation of human megakaryocytopoiesis 

in vitro. Blood. 1990 Nov 15;76(10):1997-2004. 

116. Lamana ML, Albella B, Bueren JA, Segovia JC. In vitro and in vivo 

susceptibility of mouse megakaryocytic progenitors to strain i of 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 77 

parvovirus minute virus of mice. Exp Hematol. 2001 

Nov;29(11):1303-9. 

117. Kong XL, Wang QW, Chen ML, Cai Y, He ZX, Yang M. [Human 

cytomegalovirus aggravates apoptosis of human megakaryocytes via 

direct infection in vitro]. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2004 

Feb;12(1):70-3. 

118. Petursson SR, Chervenick PA, Wu B. Megakaryocytopoiesis and granulopoiesis 

after murine cytomegalovirus infection. J Lab Clin Med. 1984 

Sep;104(3):381-90. 

119. Li X, Jeffers LJ, Garon C, Fischer ER, Scheffel J, Moore B, et al. Persistence of 

hepatitis C virus in a human megakaryoblastic leukaemia cell line. 

Journal of viral hepatitis. 1999 Mar;6(2):107-14. 

120. Gonelli A, Mirandola P, Grill V, Secchiero P, Zauli G. Human herpesvirus 7 

infection impairs the survival/differentiation of megakaryocytic cells. 

Haematologica. 2002 Nov;87(11):1223-5. 

121. Wolf P. The nature and significance of platelet products in human plasma. Br J 

Haematol. 1967 May;13(3):269-88. 

122. Wiedmer T, Sims PJ. Participation of protein kinases in complement C5b-9-

induced shedding of platelet plasma membrane vesicles. Blood. 1991 

Dec 1;78(11):2880-6. 

123. Yano Y, Kambayashi J, Shiba E, Sakon M, Oiki E, Fukuda K, et al. The role of 

protein phosphorylation and cytoskeletal reorganization in 

microparticle formation from the platelet plasma membrane. Biochem 

J. 1994 Apr 1;299 ( Pt 1):303-8. 

124. Miyazaki Y, Nomura S, Miyake T, Kagawa H, Kitada C, Taniguchi H, et al. 

High shear stress can initiate both platelet aggregation and shedding of 

procoagulant containing microparticles. Blood. 1996 Nov 

1;88(9):3456-64. 

125. Hamilton KK, Hattori R, Esmon CT, Sims PJ. Complement proteins C5b-9 

induce vesiculation of the endothelial plasma membrane and expose 

catalytic surface for assembly of the prothrombinase enzyme complex. 

J Biol Chem. 1990 Mar 5;265(7):3809-14. 



Somchai Thiemmeca 

 

References / 78

126. Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS. Endothelial 

cells release phenotypically and quantitatively distinct microparticles 

in activation and apoptosis. Thromb Res. 2003 Feb 15;109(4):175-80. 

127. Bevers EM, Comfurius P, van Rijn JL, Hemker HC, Zwaal RF. Generation of 

prothrombin-converting activity and the exposure of 

phosphatidylserine at the outer surface of platelets. Eur J Biochem. 

1982 Feb;122(2):429-36. 

128. Zwaal RF, Bevers EM. Platelet phospholipid asymmetry and its significance in 

hemostasis. Subcell Biochem. 1983;9:299-334. 

129. Zwaal RF, Schroit AJ. Pathophysiologic implications of membrane 

phospholipid asymmetry in blood cells. Blood. 1997 Feb 

15;89(4):1121-32. 

130. Shet AS, Aras O, Gupta K, Hass MJ, Rausch DJ, Saba N, et al. Sickle blood 

contains tissue factor-positive microparticles derived from endothelial 

cells and monocytes. Blood. 2003 Oct 1;102(7):2678-83. 

131. Satta N, Toti F, Feugeas O, Bohbot A, Dachary-Prigent J, Eschwege V, et al. 

Monocyte vesiculation is a possible mechanism for dissemination of 

membrane-associated procoagulant activities and adhesion molecules 

after stimulation by lipopolysaccharide. J Immunol. 1994 Oct 

1;153(7):3245-55. 

132. Sims PJ, Wiedmer T, Esmon CT, Weiss HJ, Shattil SJ. Assembly of the platelet 

prothrombinase complex is linked to vesiculation of the platelet plasma 

membrane. Studies in Scott syndrome: an isolated defect in platelet 

procoagulant activity. J Biol Chem. 1989 Oct 15;264(29):17049-57. 

133. Lo SC, Hung CY, Lin DT, Peng HC, Huang TF. Involvement of platelet 

glycoprotein Ib in platelet microparticle mediated neutrophil 

activation. J Biomed Sci. 2006 Nov;13(6):787-96. 

134. Neutra MR. Interactions of viruses and microparticles with apical plasma 

membranes of M cells: implications for human immunodeficiency 

virus transmission. J Infect Dis. 1999 May;179 Suppl 3:S441-3. 

135. Rozmyslowicz T, Majka M, Kijowski J, Murphy SL, Conover DO, Poncz M, et 

al. Platelet- and megakaryocyte-derived microparticles transfer 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 79 

CXCR4 receptor to CXCR4-null cells and make them susceptible to 

infection by X4-HIV. Aids. 2003 Jan 3;17(1):33-42. 

136. Mack M, Kleinschmidt A, Bruhl H, Klier C, Nelson PJ, Cihak J, et al. Transfer 

of the chemokine receptor CCR5 between cells by membrane-derived 

microparticles: a mechanism for cellular human immunodeficiency 

virus 1 infection. Nat Med. 2000 Jul;6(7):769-75. 

137. Fritzsching B, Schwer B, Kartenbeck J, Pedal A, Horejsi V, Ott M. Release and 

intercellular transfer of cell surface CD81 via microparticles. J 

Immunol. 2002 Nov 15;169(10):5531-7. 

138. Barry OP, Pratico D, Lawson JA, FitzGerald GA. Transcellular activation of 

platelets and endothelial cells by bioactive lipids in platelet 

microparticles. J Clin Invest. 1997 May 1;99(9):2118-27. 

139. Cerri C, Chimenti D, Conti I, Neri T, Paggiaro P, Celi A. 

Monocyte/macrophage-derived microparticles up-regulate 

inflammatory mediator synthesis by human airway epithelial cells. J 

Immunol. 2006 Aug 1;177(3):1975-80. 

140. Ogura M, Morishima Y, Ohno R, Kato Y, Hirabayashi N, Nagura H, et al. 

Establishment of a novel human megakaryoblastic leukemia cell line, 

MEG-01, with positive Philadelphia chromosome. Blood. 1985 

Dec;66(6):1384-92. 

141. Imamura N, Mtasiwa DM, Inada T, Kuramoto A. Different expression of CD36 

antigen molecule on the surface of megakaryocyte lineage leukemias 

and megakaryocyte leukemia cell lines MEG-01 and HEL. Leukemia. 

1990 Jul;4(7):525-8. 

142. Imamura N, Inada T, Mtasiwa DM, Kuramoto A, Ogura M, Saito H. 

Demonstration of TSP receptor both on the cell surface and in the 

cytoplasm of the megakaryoblastic leukemia cell line (MEG-01). Am J 

Hematol. 1989 Sep;32(1):78-9. 

143. Imamura N, Mtasiwa DM, Ota H, Inada T, Kuramoto A. Distribution of cell 

surface glycoprotein CD9 (P24) antigen on megakaryocyte lineage 

leukemias and cell lines. Am J Hematol. 1990 Sep;35(1):65-7. 



Somchai Thiemmeca 

 

References / 80

144. Markovic B, Wu Z, Chesterman CN, Chong BH. Quantitation of soluble and 

membrane-bound Fc gamma RIIA (CD32A) mRNA in platelets and 

megakaryoblastic cell line (Meg-01). Br J Haematol. 1995 

Sep;91(1):37-42. 

145. Franks DJ, Mroske C, Laneuville O. A fluorescence microscopy method for 

quantifying levels of prostaglandin endoperoxide H synthase-1 and 

CD-41 in MEG-01 cells. Biol Proced Online. 2001 Dec 12;3:54-63. 

146. Ogura M, Morishima Y, Okumura M, Hotta T, Takamoto S, Ohno R, et al. 

Functional and morphological differentiation induction of a human 

megakaryoblastic leukemia cell line (MEG-01s) by phorbol diesters. 

Blood. 1988 Jul;72(1):49-60. 

147. Takeuchi K, Satoh M, Kuno H, Yoshida T, Kondo H, Takeuchi M. Platelet-like 

particle formation in the human megakaryoblastic leukaemia cell lines, 

MEG-01 and MEG-01s. Br J Haematol. 1998 Feb;100(2):436-44. 

148. Mroske C, Plant MH, Franks DJ, Laneuville O. Characterization of 

prostaglandin endoperoxide H synthase-1 enzyme expression during 

differentiation of the megakaryocytic cell line MEG-01. Exp Hematol. 

2000 Apr;28(4):411-21. 

149. Henchal EA, McCown JM, Burke DS, Seguin MC, Brandt WE. Epitopic 

analysis of antigenic determinants on the surface of dengue-2 virions 

using monoclonal antibodies. Am J Trop Med Hyg. 1985 

Jan;34(1):162-9. 

150. Puttikhunt C, Kasinrerk W, Srisa-ad S, Duangchinda T, Silakate W, Moonsom 

S, et al. Production of anti-dengue NS1 monoclonal antibodies by 

DNA immunization. J Virol Methods. 2003 Apr;109(1):55-61. 

151. Lin SF, Liu HW, Chang CS, Yen JH, Chen TP. [Hematological aspects of 

dengue fever]. Gaoxiong Yi Xue Ke Xue Za Zhi. 1989 Jan;5(1):12-6. 

152. Malasit P. Complement and dengue haemorrhagic fever/shock syndrome. 

Southeast Asian J Trop Med Public Health. 1987 Sep;18(3):316-20. 

153. Srichaikul T, Nimmannitya S, Sripaisarn T, Kamolsilpa M, Pulgate C. Platelet 

function during the acute phase of dengue hemorrhagic fever. 

Southeast Asian J Trop Med Public Health. 1989 Mar;20(1):19-25. 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 81 

154. Diamond MS, Harris E. Interferon inhibits dengue virus infection by preventing 

translation of viral RNA through a PKR-independent mechanism. 

Virology. 2001 Oct 25;289(2):297-311. 

155. Chen JP, Lu HL, Lai SL, Campanella GS, Sung JM, Lu MY, et al. Dengue virus 

induces expression of CXC chemokine ligand 10/IFN-gamma-

inducible protein 10, which competitively inhibits viral binding to cell 

surface heparan sulfate. J Immunol. 2006 Sep 1;177(5):3185-92. 

156. Hsieh MF, Lai SL, Chen JP, Sung JM, Lin YL, Wu-Hsieh BA, et al. Both 

CXCR3 and CXCL10/IFN-inducible protein 10 are required for 

resistance to primary infection by dengue virus. J Immunol. 2006 Aug 

1;177(3):1855-63. 

157. Despres P, Flamand M, Ceccaldi PE, Deubel V. Human isolates of dengue type 

1 virus induce apoptosis in mouse neuroblastoma cells. J Virol. 1996 

Jun;70(6):4090-6. 

158. Marianneau P, Cardona A, Edelman L, Deubel V, Despres P. Dengue virus 

replication in human hepatoma cells activates NF-kappaB which in 

turn induces apoptotic cell death. J Virol. 1997 Apr;71(4):3244-9. 

159. Despres P, Frenkiel MP, Ceccaldi PE, Duarte Dos Santos C, Deubel V. 

Apoptosis in the mouse central nervous system in response to infection 

with mouse-neurovirulent dengue viruses. J Virol. 1998 Jan;72(1):823-

9. 

160. Marianneau P, Flamand M, Deubel V, Despres P. Induction of programmed cell 

death (apoptosis) by dengue virus in vitro and in vivo. Acta Cient 

Venez. 1998;49 Suppl 1:13-7. 

161. Couvelard A, Marianneau P, Bedel C, Drouet MT, Vachon F, Henin D, et al. 

Report of a fatal case of dengue infection with hepatitis: demonstration 

of dengue antigens in hepatocytes and liver apoptosis. Hum Pathol. 

1999 Sep;30(9):1106-10. 

162. Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S, 

Tangthawornchaikul N, Chairunsri A, et al. Original antigenic sin and 

apoptosis in the pathogenesis of dengue hemorrhagic fever. Nat Med. 

2003 Jul;9(7):921-7. 



Somchai Thiemmeca 

 

References / 82

163. Huerre MR, Lan NT, Marianneau P, Hue NB, Khun H, Hung NT, et al. Liver 

histopathology and biological correlates in five cases of fatal dengue 

fever in Vietnamese children. Virchows Arch. 2001 Feb;438(2):107-

15. 

164. Limonta D, Capo V, Torres G, Perez AB, Guzman MG. Apoptosis in tissues 

from fatal dengue shock syndrome. J Clin Virol. 2007 Sep;40(1):50-4. 

165. Vaughn DW, Green S, Kalayanarooj S, Innis BL, Nimmannitya S, Suntayakorn 

S, et al. Dengue viremia titer, antibody response pattern, and virus 

serotype correlate with disease severity. J Infect Dis. 2000 

Jan;181(1):2-9. 

166. Libraty DH, Endy TP, Houng HS, Green S, Kalayanarooj S, Suntayakorn S, et 

al. Differing influences of virus burden and immune activation on 

disease severity in secondary dengue-3 virus infections. J Infect Dis. 

2002 May 1;185(9):1213-21. 

167. Chen YC, Wang SY. Activation of terminally differentiated human 

monocytes/macrophages by dengue virus: productive infection, 

hierarchical production of innate cytokines and chemokines, and the 

synergistic effect of lipopolysaccharide. J Virol. 2002 

Oct;76(19):9877-87. 

168. Marianneau P, Steffan AM, Royer C, Drouet MT, Jaeck D, Kirn A, et al. 

Infection of primary cultures of human Kupffer cells by Dengue virus: 

no viral progeny synthesis, but cytokine production is evident. J Virol. 

1999 Jun;73(6):5201-6. 

169. Suksanpaisan L, Cabrera-Hernandez A, Smith DR. Infection of human primary 

hepatocytes with dengue virus serotype 2. J Med Virol. 2007 

Mar;79(3):300-7. 

170. Dolzhanskiy A, Basch RS, Karpatkin S. Development of human 

megakaryocytes: I. Hematopoietic progenitors (CD34+ bone marrow 

cells) are enriched with megakaryocytes expressing CD4. Blood. 1996 

Feb 15;87(4):1353-60. 



Fac. of Grad. Studies, Mahidol Univ. 

 

M.Sc. (Immunology) / 83 

171. Brandt WE, Chiewslip D, Harris DL, Russell PK. Partial purification and 

characterization of a dengue virus soluble complement-fixing antigen. 

J Immunol. 1970 Dec;105(6):1565-8. 

172. Mackenzie JM, Jones MK, Young PR. Immunolocalization of the dengue virus 

nonstructural glycoprotein NS1 suggests a role in viral RNA 

replication. Virology. 1996 Jun 1;220(1):232-40. 

173. Westaway EG, Mackenzie JM, Kenney MT, Jones MK, Khromykh AA. 

Ultrastructure of Kunjin virus-infected cells: colocalization of NS1 and 

NS3 with double-stranded RNA, and of NS2B with NS3, in virus-

induced membrane structures. J Virol. 1997 Sep;71(9):6650-61. 

174. Young PR, Hilditch PA, Bletchly C, Halloran W. An antigen capture enzyme-

linked immunosorbent assay reveals high levels of the dengue virus 

protein NS1 in the sera of infected patients. J Clin Microbiol. 2000 

Mar;38(3):1053-7. 

175. Alcon S, Talarmin A, Debruyne M, Falconar A, Deubel V, Flamand M. 

Enzyme-linked immunosorbent assay specific to Dengue virus type 1 

nonstructural protein NS1 reveals circulation of the antigen in the 

blood during the acute phase of disease in patients experiencing 

primary or secondary infections. J Clin Microbiol. 2002 

Feb;40(2):376-81. 

176. Libraty DH, Young PR, Pickering D, Endy TP, Kalayanarooj S, Green S, et al. 

High circulating levels of the dengue virus nonstructural protein NS1 

early in dengue illness correlate with the development of dengue 

hemorrhagic fever. J Infect Dis. 2002 Oct 15;186(8):1165-8. 

177. Avirutnan P, Punyadee N, Noisakran S, Komoltri C, Thiemmeca S, 

Auethavornanan K, et al. Vascular leakage in severe dengue virus 

infections: a potential role for the nonstructural viral protein NS1 and 

complement. J Infect Dis. 2006 Apr 15;193(8):1078-88. 

178. Avirutnan P, Zhang L, Punyadee N, Manuyakorn A, Puttikhunt C, Kasinrerk W, 

et al. Secreted NS1 of dengue virus attaches to the surface of cells via 

interactions with heparan sulfate and chondroitin sulfate E. PLoS 

Pathog. 2007 Nov;3(11):e183. 



Somchai Thiemmeca Appendix/ 84

 

 

 

 

 

 

 

 

 

 

APPENDIX 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Immunology) / 85 

APPENDIX 

 

 
1 Chemical/substances 

Chemicals          Molecular    Source 

       weight (g/mol) 

Absolute ethanol (C2H5OH)     46.07  BDH, England, UK 

Absolute methanol (CH3OH)  32.24  Lab-Scan, Thailand 

Acetic acid glacial (CH3COOH)  60.05  Carlo Erba, Milan, Italy 

Acrylamide (C3H5NO)   71.08  Sigma, USA 

N, N’-Methylene bis-acrylamide  154.20  Sigma, USA 

Ammonium persulfate (NH4HCO3) 228.20  USB, USA 

Bovine Serum Albumin      Sigma, USA 

Carboxy methyl cellulose (CMC)     Sigma, USA 

3, 3-Diaminobenzidine  

tetrahydrochloride,anhydrous (DAB) 360.10  Sigma, USA 

Fetal bovine serum       GibcoBRL, England, UK 

Formaldehyde 40% m/v (HCOH)  30.026  Carlo Erba, Milan, Italy 

L-Glutamine        Sigma, USA 

Glycine (H2NCH2CO2H)   75.27  USB, USA 

Gum tragacanth        Sigma, USA 

Hydrogen peroxide (H2O2)   74.015  Sahakarn-Osos (1996), 

Bangkok 

Hydrochloric acid (HCl)   36.50  E. Merck, Germany 

Isopropanol (CH3CHOHCH3)  60.10  BDH, England, UK 

ß-Mercaptoethanol (HSCH2CH2OH) 78.13  Fluka, Italy 

Magnesium chloride hexahydrate  

(MgCl2.6H2O)     203.30  E. Merck, Germany 
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Chemicals          Molecular    Source 

       weight (g/mol) 

Nickel chloride hexahydrate  

(NiCl2.6H2O)     237.70  Sigma, USA  

Paraformaldehyde       Sigma, USA  

Penicillin 

(C16H17N2O4SNa) 6130 U/mg  356.40  Sigma, USA  

Potassium chloride (KCl)   74.56  E. Merck, Germany  

Potassium dihydrogen phosphate  

(KH2PO4)      136.09  E. Merck, Germany  

Skim milk (Instant non fat milk powder)   Mission, Thailand 

Sodium azide (NaN3)     65.01  E. Merck, Germany 

Sodium bicarbonate (NaHCO3)  84.01  E. Merck, Germany 

Sodium carbonate (Na2CO3)  105.99  E. Merck, Germany 

Sodium chloride (NaCl)   58.44  E. Merck, Germany 

Sodium Hydroxide (NaOH)   40.00  E. Merck, Germany 

Sodium dodecyle sulfate 

or SDS (C12H25O4SNa)   288.38  Sigma, USA 

Streptomycin sesquisulfate (750U/mg)    Sigma, USA 

N,N,N’,N’-Tetramethyl Methylene- 

Diamine or TEMED (C4H11NO3)  166.21  Bio-Rad, USA 

Tris (Hydroxymethyl aminomethane) 121.10  Sigma, USA 

Triton X-100        Fluka, Italy 

Tryptose phosphate broth      Sigma, USA 

Ultra DOMA-PF       Cambrex Bio Science 

Walkersville, USA 

 

2 Instruments  

2.1 Autoclave, Mode HA-240M, Tokyo, Japan. 

2.2 Automatic Pipettes, Gilson, Villiers-le-B4el, France. 

2.3 Beckman Microfuge E, Califonia,USA. 

2.4 Beckman Optima LE-80K Ultracentrifuge, USA. 
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2.5 Biofreezer (-70˚C), Forma Scientific, Marietta, Ohio, USA. 

2.6 Bio-Rad, Econo Systems, Japan. 

2.7 CO2 incubator, Forma Scientific, Marietta, Ohio, USA. 

2.8 Confocal Microscopy, Zeiss LSM 510 META, Germany. 

2.9 Vacuum pump, Sartorius, Gottingen, Germany. 

2.10 Digital camera, Nikon, coolpix 950, Japan. 

2.11 Digital, refrigerated centrifuge IEC Centra-8R, Internation Equipment Company 

2.12 Dotted Apparatus, Bio-Rad, USA.  

2.13 Electronic analytical and Precision Balance, Sartorius, Gottingen, Germany. 

2.14 ELISA-reader, Titer Multiskan, Flow laboratories, North Ryde, Australia. 

2.15 Filter Sterilization Unit, Sartorius, Gottingen, Germany. 

2.16 Flow cytometer, FACScan, Becton Dickinson Immunocyometry System, 

SanJose, CA, USA.  

2.17 Fluorescent microscope, Zeiss, Oberkochn, Germany. 

2.18 Freezer (-20˚C), Sanyo Medical freezer model MDF 0535, Sanyo 

ElectricCo.Ltd., Japan. 

2.19 Fume Hood, TOXICAP 1000, CARTATR LABX, USA. 

2.20 High speed refrigerated centrifuge MTX-150, Tomy Seiko, Tokyo, Japan 

2.21 Incubator, Ehret, Germany. 

2.22 Inverted microscope, Olympus CK2, Tokyo, Japan. 

2.23 Laboratory centrifuge, Biofuge pico Heraeus, Kendro Laboratory 

Product,Germany. 

2.24 Laminar airflow equipment, NuAir Biological Safty Cabinrts, USA. 

2.25 Magnetic stirrers Hotplate, Stuart Scientific, Bibby Sterilin Ltd., UK. 

2.26 Milli-Q Plus, Millipore Corporation Massachusetts, USA. 

2.27 Model J2-MC centrifuge, Beckman, California,USA. 

2.28 Multichannel pipette, Biohit praline, Biohit Oyj, Helsinki, Finland. 

2.29 pH meter, Orion 520A, Boston, USA. 

2.30 Pipetboy acu, integra Bioscience 

2.31 Power supply E-C Apparatus Corporation, St.Peterberg, Florida, USA. 

2.32 Refrigerator, Sanyo New touch, Sanyo Electric Co. Ltd., Japan. 
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2.33 Refrigerator, Traflo Fraame model Expo 310 PT/E, san Giorgio Monf.(AL), 

Italy 

2.34 Rocker, Hoefer model PR 55, Hoefer Scientific Instruments, San Giorgio Monf 

(AL), Italy. 

2.35 Semi-dry blotting apparatus, HoeferTM TE77 semiphor transphor Unit, 

Amersham Bioscience, Uppsala, Sweden. 

2.36 Shaking water bath Julabo SW-20C, Julabo Labortecjnik.Germany. 

2.37 UV-160A UV-visible recording spectrophotometer, Shimadzu, Japan. 

2.38 Vertical gel electrophoretic apparatus model AE-6410E, ATTO Corporation, 

Japan. 

2.39 Vortex mixer, Vortex Gene 2, Scientific Industries, Bohemia, N.Y, USA. 

 

3 Protein markers 

3.1.1 SDS-PAGE Molecular weight standards (Broad Range), Bio-Rad 

Laboratories, Hercules, CA, USA. 

3.1.2 SDS-PAGE Molecular weight standards (Low Range), Bio-Rad 

Laboratories, Hercules, CA, USA. 

 

4 Reagents  

4.1 Cell culture reagent 

4.1.1 Phosphate buffered-saline (PBS), pH 7.4 

  NaCl       8.00 g 

  KCl       0.20 g 

  Na2HPO4      1.44 g 

  KH2PO4      0.20 g 

  These chemicals were mixed; well dissolved in deionized water, and 

adjusted the final volume to 1 liter prior to sterilize by autoclave. 
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4.1.2 Tryptose phosphate broth 

  Dissolve 29.5 g of tryptose phosphate broth powder in 1 liter of deionized 

water, and sterilized by autoclave at 121 ˚C for 15 min.  

4.1.3 Penicillin G-Streptomycin solution 

Penicillin G     301.81 mg 

Streptomycin sulfate    500.00 mg 

These antibiotics were mixed in 0.9% normal saline solution (Siiraj 

Hospital) and stirred until completely dissolved prior to adjust 100 ml in volumetric 

flask. The solution was sterilized by filtrate though 0.2 μm of cellulose acetate filter 

membrane under sterile condition, aliquot and stored at –20 ˚C until use. 

4.1.4 200 mM L-Glutamine 

L-Glutamine 1.46 g was dissolved in 50 ml deionized water and sterilized 

by filtrate through 0.2 μM cellulose acetate filter membrane. 

4.1.5 Cell dissociation solution 

4.1.5.1 2.5 mM EDTA in PBS 

EDTA.Na2.2H2O 0.4653 g was dissolved in PBS, pH 7.4, stirred, 

and adjusted at a final volume to 500 ml in volumetric flask.  The reagent was 

sterilized by autoclave at 121 ˚C for 15 min. 

4.1.5.2 Trypsin solution (10% Trypsin in 2.5 mM EDTA/PBS) 

2 g of trypsin was dissolved in 20 ml of 2.5 mM EDTA/PBS, 

stirred until completely dissolved and sterilized by filtrated through 0.2 μM cellulose 

acetate filter membrane.  The regent was diluted to the desire concentration with 

sterile 2.5 mM EDTA/PBS before use. 

4.2 Focus Forming Unit (FFU) reagents 

4.2.1 Overlay medium 

4.0 g of Carboxy methyl cellulose (CMC) was dissolved in 100 ml 

distilled water and sterilized by autoclaved.  Equal volume of 4% (w/v) CMC was 

mixed together with MEM medium then FBS and PenG-Streptomycin solution were 

added up to 3% and 1.2%, respectively. 
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4.2.2 Fixative solution (3.7% formaldehyde in PBS) 

37% (v/v) formaldehyde was 10-fold diluted with PBS pH 7.4 and stored 

in-dark at room temperature. 

4.2.3 Permeable solution (1% Triton X-100 in PBS) 

 1 ml of Triton X-100 was added to 99 ml of PBS pH 7.4 and stored in-dark 

at room temperature. 

4.2.4 Substrate solution 

3, 3-Diaminobenzidine  

tetrahydrochloride anhydrous (DAB)    0.6 mg 

Hidrogen peroxide (H2O2, 6% v/v)  20.0 µl 

Nickel chloride (NiCl2, 8% w/v)   90.0 µl 

DAB was dissolved in 10 ml PBS buffer and mixed with H2O2 and NiCl2 

before used. 

4.3 SDS-PAGE, Nodenaturing PAGE and Western Blotting Analysis. 

4.3.1 30.8% (w/v) Acrylamide-Bisacrylmide 

Acrylamide      30.0 g 

Bis-acrylamide        0.8 g 

These chemicals were dissolved in deionized water, and adjust the final 

volume to 100 ml.  The reagent was filtrated through 125 mm diameter-filter paper 

(Whatman No.1). 

4.3.2 Resolving gel buffer pH8.8.3 M Tris–HCl 

Tris        36.3 g 

1 M HCL       48.0 ml 

Tris was added to 1 M HCl and adjusted the final volume to 100 ml with 

dionized water.  The solution was adjusted the pH to 8.8 with 1 M CL, and stored at 4 

˚C 
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4.3.3 10% (w/v) Sodium dodecyl sulphate 

Sodium dodecyl sulphate (SDS) 10 g was dissolved in 100 ml deionized 

water and stored at room temperature. 

4.3.4 10% (w/v) Ammonium persulfate 

Ammmonium persulfate 1.0 g was dissolved in deioized water and 

adjusted the final volume to 10 ml 

4.3.5 Stacking gel buffer pH 6.8:0.5 M Tris-HCL 

Tris          6 g 

1 M HCL       48 ml 

Tris was dissolved in 1 M HCL and adjusted the final volume to 100 ml 

with deionized water. The solution was adjusted the pH to 6.8 with 1 M hcl and tore 

at 4 ˚C. 

4.3.6 10% Resolving gel of SDS-PAGE (for 1 PAGE) 

30.8% (w/v) Acrylamide-bisacrylamide  1.670 ml 

3.0 M Tris-HCL (pH 8.8)     0.630 ml 

10%SDS        0.050 ml 

10%Ammonium persulfate     0.038 ml 

Distilled water       2.630 ml 

TEMED        0.0025 ml 

4.3.7 3.85%Stacking gel of SDS-PAGE (for 1 PAGE) 

30.8% (w/v) Acrylamide-bisacrylamide  0.250 ml 

0.5 M Tris-HCl (pH 6.8)     0.500 ml 

10%SDS        0.020 ml 

10%Ammonium persulfate     0.015 ml 

Distilled water       1.220 ml 

TEMED        0.0015 ml 
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4.3.8 10X Running buffer pH 8.3  

(0.25 M Tris-HCl, 1.92 M Glycine, 1% (w/v) SDS) 

Tris         30.3 g 

Glycine       144 g 

SDS          10 g 

These chemicals were dissolved and adjusted the final volume to 1 liter 

with deionized water.  The solution was diluted to 1X with deionized water before 

use. 

4.3.9 1X Towbin buffer pH 8.3 

Tris          3.0 g 

Glycine       14.4 g 

SDS          1.0 g 

These chemicals were dissolved in 600 ml deionized water; 200 ml of 

methanol was added a brought to 1 liter with deionized water.  The reagent was stored 

at 4 ˚C. 

 

4.4 Enzyme linked-immunosorbent assay (ELISA) 

4.4.1 Coating buffer pH 9.6 

Na2CO3       0.1696 g 

NaHCO3       0.2856 g 

Dissolved in 80 ml of DW, adjusted to pH 9.6 and made up to volume to 

100 ml with DW 

4.4.2 Blocking buffer 

BSA        0.5 g 

Dissolved in 100 ml of PBS 

4.4.3 Diluent buffer 

BSA        0.1 g 

Dissolved in 100 ml of PBS 
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4.4.4 Washing buffer 

Tween 20       500 μl 

Dissolved in 1 litter of PBS 

4.4.5 Chromogenic substrate 

O-Phenylenediamiine       6.0 mg 

5-7% H2O2      10.0 μl 

Citrate phosphate buffer pH 5.0   10.0 ml 

The solution was mixed well and used immediately. 

 

5 Consumable supplies 

5.1 Microcentrifuge tubes (1.5 ml), Treff, Switzerland. 

5.2 15 ml centrifuge tube, Costar, Coring Incorporated, Coring, NY, USA. 

5.3 50 ml centrifuge tube, Costar, Coring Incorporated, Coring, NY, USA. 

5.4 96-well cell culture clusters flat bottom with lid 3599, Costar, Coring 

Incorporated, Coring, NY, USA. 

5.5 25-cm2 cell culture flask phenolic style cap 3055, Coring Incorporated, 

Coring, NY, USA. 

5.6 75 cm2 cell culture flask phenolic style cap 3055, Coring Incorporated, 

Coring, NY, USA. 

5.7 162 cm2 cell culture flask phenolic style cap 3055, Coring Incorporated, 

Coring, NY, USA. 
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