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Abstract  
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Department of Microbiology, Faculty of Medicine Siriraj Hospital, 

Mahidol Universisty 

E-mail Address: pilaipan.put@mahidol.ac.th 

Project Period:  3 years 
 
The present study investigated the molecular biological properties of the highly 

pathogenic avian influenza (HPAI) H5N1 viruses and the 2009 pandemic A(H1N1) 

viruses (H1N1pdm virus) as well as the immunological responses against those viral 

infections.  Electron microscopy demonstrated that more than 80% of the viral particles 

in a population of an influenza isolate were spherical type, while filamentous and 

pleomorphic forms were the minor populations. Based on M protein, morphological type 

of influenza viruses was unlikely under control of genetic control. A pathogenic 

mechanism of HPAI H5N1 viruses involved the active replication and cytokine induction 

in human vein endothelial cells. Additionally, a novel pathogenic mechanism that made 

HPAI H5N1 virus virulent involved the viral hemagglutinin mediated resistance to the 

serum inhibitors.  Surveillance for the reassortant H5N1 virus carrying human genomic 

segment had been conducted in 109 HPAI H5N1 viruses collected between 2003 and 

2006 by using multiplex reverse transcription-polymerase chain reaction (RT-PCR), and 

no reassortant was found. Our genetic analysis showed that the resurgence of the HPAI 

H5N1 outbreak usually occurred from the indigenous viruses surviving after subsidence 

of the previous outbreaks, not from the re-introducing of the new strain from the other 

country. Two reassortants emerged from the reassortment between two H5N1 parental 

viruses were discovered in 2007.  An infection caused by the clade 2.3.4, genotype V 

virus was diagnosed in a Lao patient who came into Thailand for receiving medical care 

and died in the Nongkhai hospital in 2007.  

Goose erythrocyte-hemagglutination inhibition (HI) assay together with 

microneutralization (microNT) assay in MDCK cells were used for the detection of 

antibody to H5N1 viruses. The increasing antibody titer in paired blood was shown 
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approximately 15 days after disease onset.  Both HI and NT antibodies at the titer of > 

40 (regardless of total volume in the reaction) persisted for almost 5 years after the 

disease onset in cases that could be followed-up that far.  An increase in level of cross 

neutralizing antibody against HPAI H5N1 could be seen in 5.2% of the old-age 

vaccinees who received seasonal influenza vaccine.  Six recombinant vaccinia viruses 

carrying individual gene of HPAI H5N1 virus, i.e., HA, NA, NP, M and NS and the 

pSC11 plasmid vector control were constructed.  Western blot analysis showed that all 

3 form of HA: HA0 and its cleavage products, HA1 and HA2 domains were expressed in 

the HA recombinant vaccinia virus-infected TK- cells.  H5N1 survivors contained the 

antibodies that directed against all 3 forms of HA; while all non-H5N1 subjects 

contained cross reactive antibody against the HA2 domain only. The viral proteins 

expressed in cells infected with these constructs were used as the test antigen in the 

indirect immunofluorescence assay for detection of the H5N1 antibodies. The result 

demonstrated that sera from all 4 survivors and almost of the non-H5N1 subjects were 

reactive against all kinds of these viral proteins; but the antibody titers were higher in 

the survivors. H5N1 survivors also developed cell-mediated immunity which lasted as 

long as the humoral immunity as determined by ELISpot assay using overlapping 

peptide pools spanning the entire NP and M proteins.  Flow cytometry assay 

demonstrated that majority of the reactive cytotoxic T cells from H5N1 survivors were 

CD4+T lymphocytes whereas CD8+T lymphocytes were the minor population; and NP 

peptides yielded stronger reactivity than M peptides. 

Satellite telemetry tracking of the Brown headed gulls from the Bang Poo study site 

demonstrated their flyways that spanned 7 countries (Thailand, Cambodia, Vietnam, 

China, India, Bangladesh and Myanmar) which were affected by H5N1 AI. This gull 

species inhabits 3 countries; Tibet lake area and Xinjiang in west China as the breeding 

grounds, and the inner gulf of Thailand as well as the TonLe Sap lake area in 

Cambodia as the places for overwintering. The other 4 countries were the places for 

stopover during migration.  The difference in the viral genetic clades between H5N1 

viruses in Thailand (clade 1 virus) and China (clade 2 virus) suggested that there was 

no linkage between AI spread between the two countries.  On the other hand, the HPAI 

H5N1 virus found in Thailand, Cambodia and Vietnam belonged to clade 1; and the 

firstly AI outbreaks in these countries occurred at about the same time, suggestive of 

the same virus origin.  The data from satellite telemetry together with the result on virus 
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inoculation in gulls kept in captivity suggested the possible role of AI spread by 

migratory birds. 

At the end of the first epidemic wave of the 2009 pandemic influenza the infection rates 

of 7% were found in blood donors and 12.8% in health care workers. The community 

based study reported the higher infection rates in children (58%) than adults (3.1%).  

Our study also showed that nasopharyngeal aspirate was the best sample which yielded 

the most sensitive result in the disease diagnosis, and followed in order by nasal swab 

and throat swab specimens. Using sequential respiratory samples, the viral load at the 

amount of 2.6×102 - 8.1×109 copies/ml were shed from the patients and duration of viral 

shedding lasted between 1 and  11 days (mean = 5 days).  The immunogenicity of 

monovalent, inactivated H1N1pdm vaccine was evaluated in HIV infected individuals 

and the uninfected controls after single injection by HI assay.  The seroconversion rate 

of 32% and the seroprotection rate of 33.3% were found in the HIV infected vaccinees; 

while the seroconversion rate as well as the seroprotection rate of 35% was found in 

the uninfected control group.    

Our group has established 4 techniques: direct nucleotide sequencing, plaque reduction 

assay, neuraminidase inhibition (NAI) assay and ELISA based viral nucleoprotein (NP) 

reduction assay for using in the surveillance for anti-viral drug resistant influenza 

viruses. The advantage of ELISA based viral NP reduction assay is its ability to 

investigate the drug or compounds targeting any viral gene; therefore, it has an 

advantage over the NAI assay which can investigate only the compounds targeting NA 

protein. Moreover, it has an advantage over the gold standard plaque reduction assay 

such that it consumes less reagents and time.  The pitfall of ELISA based viral NP 

reduction assay is its inability to test the viruses with unusually slow rate of replication. 
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Executive Summary 

 

The present study investigated the molecular biological properties of the highly 

pathogenic avian influenza (HPAI) H5N1 viruses and the 2009 pandemic A (H1N1) virus 

(H1N1pdm virus) together with the immunological responses against these two viral 

infections.  Electron micrographs of HPAI H5N1 viruses were not different from those of 

the low pathogenic avian influenza (LPAI) viruses and human influenza viruses.  With 

negative staining, 3 morphological forms of the virus particles, i.e.,  spherical form at 

size of 80-120 nm, filamentous form at size of  >300 nm and the pleomorphous 

particles at size of 120-300 nm were visualized under a transmission electron 

microscope.  However, the spherical form took account of greater than 80% of the 

entire viral population.  Based on an alignment of the M genomic sequences, our study 

also suggested that viral morphology was not under control of the viral genetics as had 

been previously reported. The hallmarks of H5N1 avian influenza are multi-organ failure 

and cytokine storm.  There are several factors that contribute to the highly virulent 

property of this virus subtype.  Presence of multiple basic amino acids at the 

hemagglutinin (HA) cleavage site is present in the entire virus isolates ever reported in 

Thailand.  Previous investigators suggested that this is an important property that 

facilitated the virus spreading beyond the respiratory tract to the other distal end organs, 

the property that is extremely rare for human viruses. Moreover, we have found that a 

pathogenic mechanism of HPAI H5N1 viruses involved the active replication in human 

endothelial cells, while human viruses poorly replicated. Production of certain pro-

inflammatory cytokines/ chemokines was induced in the infected human vein endothelial 

cells.  Additionally, we discovered a new pathogenic mechanism that made HPAI H5N1 

viruses virulent, that was the ability to resist the serum inhibitors.  Using guinea pig sera 

as the model, we demonstrated that the serum innate inhibitors could not block the 

infectivity of HPAI H5N1 viruses; while the infectivity of human viruses was almost 

completely inhibited. We also showed that this resistance was mediated through the H5 

HA gene.  Collectively, our findings add up the information on what made the HPAI 

H5N1 viruses become virulent. 

HPAI H5N1 viruses are highly virulent; fortunately, the viruses are rarely transmitted 

among human population according to the difference in receptor site binding preference 

between human and avian viruses. As gene reassortment is common among influenza 
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viruses, an emergence of a reassortant virus which might gain the virulence property 

from the HPAI H5N1 virus and the ability to transmit among human population from the 

human viruses is possible.  Surveillance for the reassortant virus had been conducted 

by our group when the occurrence of HPAI outbreaks was at its peak.  A total of 109 

HPAI H5N1 viruses collected between 2003 and 2006 were analyzed by multiplex 

reverse transcription-polymerase chain reaction (RT-PCR) using 8 primer pairs specific 

for each viral genomic segment.  No reassortant had been found.  

Thailand had suffered from many epidemic waves of H5N1 avian influenza outbreaks 

since 2004. Our phylogenetic analysis showed that the H5N1 virus isolates at the firstly 

outbreaks were genetically diverse.  By various strategic control plan of avian influenza 

(AI) in poultry, our genetic analysis showed that only few virus lineages did exist after 

subsiding of the outbreaks each year as shown by the bottle neck effect in summer of 

2006 and 2007.  Resurgence of the outbreak usually occurred in the areas around the 

Yom-Nan river basin from the indigenous viruses surviving the control after previous 

outbreak, not the re-introducing of the virus from other countries.  Additionally, we had 

discovered 2 reassortants emerged in 2007 from the reassortment of two H5N1 parental 

viruses. HPAI H5N1 viruses causing the outbreak in Thailand since 2004 belonged to 

clade 1, genotypeZ and had been circulating throughout Thailand since then.  The clade 

1 virus was the only clade remained in Central and Northern Thailand upto 2008.  On 

the other hand, the clade 2.3.4 was reported by the other group of Thai investigators in 

Northeast of the country in 2006. As the parallel laboratory of the National Institute of 

Health, we had diagnosed an infection caused by the clade 2.3.4, genotype V virus in a 

Lao patient who came into Thailand for receiving medical care and died in the Nongkhai 

hospital in 2007.  An estimation for the selective pressure on HA proteins regarding 

synonymous codon usage suggested that the subclade 2.1 virus from Indonesia had 

lowest codon volatility as compared among different clades and subclades of HPAI 

H5N1 viruses. 

Regarding the binding preference to 2, 3 galactose linked-sialic acid ( 2, 3 gal-linked 

SA) avian type receptor, the other group of investigators studied the HPAI H5N1 viruses 

from the 1997 outbreak in Hong Kong and suggested the usage of horse erythrocytes in 

hemagglutination-inhibition (HI) assay for detection of the viral specific antibody. This 

suggestion has lead to an issue of a WHO recommendation on using horse erythrocytes 

in HI assay. It is to be notified that this recommendation is relied on the comparison on 

2 erythrocyte species (horse and guinea pig) only. Nevertheless, it is not convenient to 
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obtain the horse erythrocytes in Thailand.  We then compared 5 erythrocyte species 

from human O blood group, chicken, goose, guinea pig and horse, and found that the 

current HPAI H5N1 viruses preferentially bound the goose erythrocytes, even though 

the analysis of receptor binding sites on HA genes of our study viruses and those of the 

1997 Hong Kong viruses are not different.  Goose erythrocytes yielded the most 

sensitive result in hemagglutination assay for recognition of the virus isolates; and the 

HI antibody titers obtained as using horse or goose erythrocytes were comparable.  At 

present, goose erythrocytes are accepted for HI assay in general laboratories in 

Thailand; and this erythrocyte species had been employed in our subsequent 

seroepidemiological studies.  Additionally, we also found that goose erythrocyte is also 

the most sensitive to detect all 16 subtypes of low pathogenic avian influenza (LPAI) 

viruses and the H1N1pdm virus as compared among the 5 erythrocyte species 

mentioned above. 

Kinetics and longevity of antibody response to the HPAI H5N1 viral infection was 

explored in 4 fatal cases and 4 survivors by microNT, HI and Western blot assays.  HI 

antibody was detected slightly earlier than NT antibody.  In general, the increasing 

antibody titer in paired blood was shown approximately 15 days after disease onset.  

The H5N1 survivors were bled at an interval of 6 months during 3 years of the follow-up 

study.  We found that both HI and NT antibodies at the titer of > 40 (regardless of total 

volume in the reaction) persisted for almost 5 years after the disease onset in cases 

that we could follow-up that far.  As a result, the titer of 40 has been established as the 

cut-off titer for differentiating the H5N1 cases from the non-H5N1 cases; and then 

applied in the surveillance for asymptomatic H5N1 infection in populations at risk such 

as poultry farmers, poultry cullers and villagers.  We also found that cross neutralizing 

antibody against HPAI H5N1 at the titer of 10 were found in 6.7-10.3% of the elderly; 

and seroconversion could be seen in 5.2% of the old-age vaccinees who received 

seasonal influenza vaccine.  We had constructed 6 recombinant vaccinia viruses 

carrying individual gene of HPAI H5N1 virus, i.e., HA, NA, NP, M, NS and the 6th 

construct carries only the pSC11 plasmid vector.  These constructs infected TK- cells 

and expressed the viral protein which could be detected by immunoflorescence and 

Western blot assays.  The recombinant H5 HA was extensively characterized as it is the 

most important immunodominant epitope that induces the protective immunity.  Western 

blot analysis showed that all 3 forms of HA were expressed in the infected cells: HA0 

and its cleavage products, HA1 and HA2 domains.  H5N1 survivors contained the 



21 

 

antibodies that directed against all 3 forms of HA; while all non-H5N1 subjects 

contained cross reactive antibody against the HA2 domain only. BALB/c mice 

immunized with the recombinant HA developed both HI and NT antibody against the 

reverse genetic virus carrying H5 HA gene and also with the wild type HPAI H5N1 

parental virus.  NT antibody mostly directs against HA protein and functions as the 

protective antibody.  However, the other viral proteins might induce the antibody that 

serve other roles such as opsonization, antibody dependent cell cytotoxicity and 

antagonize with the action of certain viral protein.  The infected TK- cells expressing HA, 

NA, NP, M, or NS protein together with the pSC11 carrying cells were used as the 

antigen in the indirect immunofluorescence assay for detection of the antibodies in 

H5N1 survivors and non-H5N1 subjects including the patients infected with the 2009 

pandemic virus, H3N2 virus and healthy controls.  The result demonstrated that sera 

from all 4 survivors and almost of the non-H5N1 subjects were reactive against all kinds 

of these viral proteins; but the antibody titers were higher in the survivors.  

H5N1 survivors also developed cell-mediated immunity which lasted as long as the 

humoral immunity as determined by ELISpot assay using overlapping peptide pools 

spanning the entire NP and M proteins.  Flow cytometry assay using immunophenotype 

markers (CD4+ or CD8+) together with -interferon, TNF-  and T cell-related cytotoxic 

marker CD107a demonstrated that majority of the reactive cytotoxic T cells from H5N1 

survivors were CD4+T lymphocytes whereas CD8+T lymphocytes were the minor 

population; and NP peptides yielded stronger reactivity than M peptides.  The study also 

demonstrated that the non-H5N1 subjects also contained the cross reactive cellular 

immunity against the NP peptide pools, the only peptides used in this group of subjects.   

Mahidol University in collaboration with the Department of National Parks, Wildlife and 

Plant Conservation had conducted the satellite telemetry study to explore the role of 

migratory birds in AI spread.  An analysis in adjunct with GPS program, the birds’ 

flyways and their habitats could be positioned. A total of 20 transmitter platforms were 

tagged in 4 bird species: Brown headed gulls (Larus brunnicephalus), Open-billed storks 

(Anastomus oscitans), Gret egrets (Egretta alba) and Lesser whistling ducks 

(Dendrocygna javanica).  We did not success to monitor the flyway of Lessler whistling 

ducks because the transmitter signals were lost within few weeks after tracking. At 

present, the study on the habitats of the Open-billed storks and Gret egrets are 

ongoing.  Of 8 gulls tracked, only 5 gulls could complete 1-2 migratory cycles between 

Thailand and China.  The flyways of gulls spanned 7 countries that were affected by 
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avian influenza: Thailand, Cambodia, Vietnam, China, India, Bangladesh and Myanmar.  

Based on duration of staying for longer than one month, only Thailand, Cambodia and 

China were considered to be the gulls’ habitats; while the other countries were the 

places of stopover during migration.  With the distance and duration of migration 

together with the experiment on duration of virus shedding till death or survival in the 

gulls inoculated with H5N1 virus, our study suggested that it is possible for the infected 

gulls to spread the virus along their migratory flyways. 

The emergence of the 2009 pandemic influenza began in Mexico in March 2009.  The 

first 2 cases of Thailand were also imported from Mexico.  As the companion laboratory 

of the National Institute of Health, Thailand, these 2 cases were diagnosed and reported 

on May 4, 2009. The causative viruses were isolated and named 

A/Nonthaburi/102/2009 (H1N1) and A/Thailand/104/2009(H1N1). Their entire genomes 

were sequenced and deposited in the GenBank database.  A/Thailand/104 is easier to 

be propagated; therefore, it has been used by our group as the test antigen in many 

serological studies.  The investigation in archival serum samples collected before 2009 

showed the presence of pre-existing antibody that could cross neutralize the H1N1pdm 

virus to various extents of titers.  This finding implied that the Thai population had been 

partially protected; and explained why the disease caused by the pandemic virus was 

not severe.  Goose erythrocyte HI assay together with microNT assay were employed to 

investigate paired blood samples from the patients.  The result led to the establishment 

of the cut-off antibody titer that can differentiate between the cases and non-cases, i.e., 

the HI titer of >40 for adults and >20 for children. These cut-off titers were applied to 

investigate the magnitude of the pandemic in Thai people at the end of the first 

epidemic wave.  The infection rates of 7% were found in blood donors and 12.8% in 

health care workers which were statistically non-significant different.   Questionnaires 

regarding self-reported adherence of nurses to the infection control practices (hand 

hygiene, masks and gloves) revealed that the exposure to health care professionals 

with influenza-like illness without wearing a mask was the only identified risk factor for 

the infection.  Eventually, our study showed that most of the Thai people were lack of 

immunity.  So, we predicted that subsequent epidemic waves would occur following the 

first one.  Our estimation has been confirmed by the occurrence of at least 4 

subsequent outbreaks thereafter.  The H1N1pdm virus has completely replaced the 

original seasonal H1N1 virus since 2009. The community based study conducted in 

collaboration with the Bureau of Epidemiology (BoE) after the first epidemic wave in 
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rural areas (Chiang Mai and Nakhon Si Thammarat) showed that the infection rates 

were much higher in children (58%) than adults (3.1%).  HI assay had been used to 

evaluate the antibody response in HIV infected vaccinees and the uninfected controls 

who received single injection of the monovalent inactivated pandemic influenza vaccine.  

The seroconversion rate of 32% and the seroprotection of 33.3% were found in the HIV 

infected vaccinees; while the seroconversion rate as well as the seroprotection rate of 

35% were found in the uninfected control group. 

Various kinds of respiratory specimens: nasopharyngeal aspirates (NPA), nasal swabs 

(NS) and throat swabs (TS) can be used for the viral genome detection by real time RT-

PCR to diagnose the influenza disease.  Our study investigated those specimens 

collected from the same infected individual prior to drug treatment and showed that NPA 

was the best sample that yielded the most sensitive result in the disease diagnosis, and 

followed in order by NS and TS specimens. During an outbreak in a closed community 

such as a military camp, the isolation of the infected case is one approach to stop the 

virus spread; but how long is the isolation period needed to be determined.  BoE in 

collaboration with our group had investigated the viral loads and duration of viral 

shedding from the infected cases by real time RT-PCR using sequential respiratory 

samples.  We found that the viral load at the amount of 2.6×102 - 8.1×109 copies/ml 

were shed from the patients and duration of viral shedding lasted between 1 and  11 

days (mean = 5 days). 

At present, 2 kinds of neuraminidase inhibitors: oseltamivir and zanamivir have been 

licensed for general use.  Our group has established 4 techniques: direct nucleotide 

sequencing, plaque reduction assay, neuraminidase inhibition (NAI) assay employing 

2’2’-(4-methylumbelliferyl)- -D-N-acetylneuraminic acid (MUNANA) and ELISA based 

viral nucleoprotein (NP) reduction assay to conduct the surveillance for anti-viral drug 

resistant influenza viruses. We previously showed that 90-100% of the seasonal 

influenza A(H1N1) viruses investigated in 2008 and 2009 were oseltamivir resistant 

according to H274Y substitution in NA gene.  Fortunately, this virus has been extinct 

after 2010.  We have successfully applied the newly developed ELISA based viral NP 

reduction assay to investigate the anti-viral activity of the compounds or plant extracts 

prepared by other institutes. The advantage of this technique is its ability to investigate 

the drug or compounds targeting any viral gene, while NAI assay can be used for the 

drugs that target the NA protein only.  ELISA based viral NP reduction assay also has 
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an advantage over the gold standard plaque reduction assay such that it consumes less 

reagents and time. 
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1. Electron micrographs of highly and low pathogenic avian influenza 

viruses 

Background: The outbreak of highly pathogenic avian influenza (HPAI) H5N1 

virus was first reported in Thailand in 2004. Up to present, electron micrographs 

demonstrating the morphology of HPAI H5N1 virus particle are quite limited. Objective: 
To demonstrate the morphology of free particles of human influenza viruses, HPAI 

H5N1 viruses and low pathogenic avian influenza (LPAI) viruses as well as the H5N1 

structural components in the infected cells. In addition, the amino acid substitutions 

affecting the virus morphology was also investigated. Methods: Electron micrographs of 

the negative stained virus particles and the positive stained thin sections of the HPAI 

H5N1 virus infected cells were visualized under a transmission electron microscope 

(TEM).  The M1 and M2 amino acid sequences were retrieved from GenBank. Results: 
Morphologically, the free influenza virus particles appeared in 3 forms: spherical, regular 

and irregular rods, and long filamentous particles, were demonstrated.  However, 

spherical form was the most predominant morphological type and took account of more 

than 80% of the virus populations examined. In addition, the step of viral entry and exit 

including incomplete particles in the infected MDCK cells were found. Conclusion: Of all 

virus isolates studied, we demonstrated that the spherical particles were the major 

population observed regardless of virus subtypes, host of origin, virus virulence, 

passage history and amino acid substitutions in  M1and M2 proteins. 

 

2. A novel pathogenic mechanism of highly pathogenic avian influenza 

H5N1 viruses involves hemagglutinin mediated resistance to serum innate 

inhibitors 

In this study, the effect of innate serum inhibitors on influenza virus infection was 

addressed. Seasonal influenza A(H1N1) and A(H3N2), 2009 pandemic A(H1N1) 

(H1N1pdm) and highly pathogenic avian influenza (HPAI) A(H5N1) viruses were tested 

with guinea pig sera negative for antibodies against all of these viruses as evaluated by 

hemagglutination-inhibition and microneutralization assays. In the presence of serum 

inhibitors, the infection by each virus was inhibited differently as measured by the 

amount of viral nucleoprotein produced in Madin-Darby canine kidney cells. The serum 
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inhibitors inhibited seasonal influenza A (H3N2) virus the most, while the effect was less 

in seasonal influenza A(H1N1) and H1N1pdm viruses. The suppression by serum 

inhibitors could be reduced by heat inactivation or treatment with receptor destroying 

enzyme. In contrast, all H5N1 strains tested were resistant to serum inhibitors. To 

determine which structure (hemagglutinin (HA) and/or neuraminidase (NA)) on the virus 

particles that provided the resistance, reverse genetics (rg) was applied to construct 

chimeric recombinant viruses from A/Puerto Rico/8/1934(H1N1) (PR8) plasmid vectors. 

rgPR8-H5 HA and rgPR8-H5 HANA were resistant to serum inhibitors while rgPR8-H5 

NA and PR8 A(H1N1) parental viruses were sensitive, suggesting that HA of HPAI 

H5N1 viruses bestowed viral resistance to serum inhibition.  These results suggested 

that the ability to resist serum inhibition might enable the viremic H5N1 viruses to 

disseminate to distal end organs. The present study also analyzed for correlation 

between susceptibility to serum inhibitors and number of glycosylation sites present on 

the globular heads of HA and NA. H3N2 viruses, the subtype with highest susceptibility 

to serum inhibitors, harbored the highest number of glycosylation sites on the HA 

globular head. However, this positive correlation cannot be drawn for the other influenza 

subtypes. 

 

3. Surveillance for reassortant virus by multiplex reverse transcription-PCR 

specific for eight genomic segments of avian influenza A H5N1 viruses 

Avian influenza H5N1 virus is a global threat. An emergence of a reassortant 

virus with a pandemic potential is a major concern. Here we describe a multiplex 

reverse transcription-PCR assay that is specific for the eight genomic segments of the 

currently circulating H5N1 viruses to facilitate surveillance for a virus resulting from 

reassortment between human influenza virus and the H5N1 virus. 

 

4. Indigenous sources of 2007–2008 H5N1 avian influenza outbreaks in 

Thailand 

Outbreaks of H5N1 avian influenza show strong seasonality.  It is not clear 
where the source of virus originates from in each new outbreak season.  This study 
sought to understand the nature of viral resurgence in recent outbreak seasons in 
Thailand, where the epidemic is relatively well controlled.  In such a situation, 
indigenous viruses surviving the inter-outbreak season would have to pass through a 
bottleneck.  In order to look for evidence of the bottleneck effect, viral genome 
sequences from recent outbreaks in the country were analysed. H5N1 avian influenza 
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viruses were isolated from six outbreaks in the rainy season and winter of 2007 through 
to early 2008.  Most of the outbreaks were in the Yom–Nan River basin in the southern 
part of the northern region of the country.  Sequences of these viral isolates were 
identified as clade 1, genotype Z, similar to viruses from previous years in the central 
region of the country.  The sequences clustered into two groups, one of which was 
closely related to viruses isolated from the same area in July 2006.  These analyses 
indicated that there was a strong bottleneck effect on the virus population and that only 
a few lineages remained in the area. In addition, evidence of reassortment among these 
viruses was found.  These indicated re-emergence of viruses from a small pool of 
indigenous sources that had been silently perpetuated over the dry summer months.  
Therefore, an approach to eradicate H5N1 avian influenza from the area by eliminating 
these local reservoirs may be feasible and should be seriously considered. 

 
5. Avian influenza virus (H5N1) in human, Laos 
The first avian influenza (H5N1) outbreak in poultry in Laos occurred in 2003 

and subsided in March 2004 after massive killing of poultry to contain the disease.  
Extensive surveillance from July 2005 through January 2006 did not detect any 
influenza virus subtypes in chicken, ducks, quails, and pigs in live bird markets in the 
Vientiane, Champasak, and Savannakhet Provinces.  Avian influenza virus (H5N1) was 
reintroduced into Laos in February 2006 but showed a lower incidence.  Viruses 
isolated in this country in 2004 belonged to genotype Z, clade 1, and 2006 isolates 
belonged to clade 2.3.4 

 
6. Codon volatility of hemagglutinin genes of H5N1 avian influenza viruses 

from different clades 
Codon volatility is a method recently developed to estimate selective pressures 

on proteins on the basis of their synonymous codon usage.  Volatility of a codon was 
defined as the fraction of single nucleotide substitutions that would be nonsynonymous. 
Higher volatility may indicate that the gene has been under more positive selection in 
the recent past. We analyzed volatility of hemagglutinin genes of H5N1 viruses in the 
recent outbreaks and observed differences in the volatility among viruses of different 
clades. The codon volatility of subclade 2.1 viruses from Indonesia was the lowest 
among all H5N1 clades and subclades. Time series analyses since the beginning of the 
epidemic in 2004 showed that codon volatility of subclade 2.1 has gradually decreased, 
while those of other major clades have been increasing. This may reflect differences in 
the recent evolution of these viruses. 
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7. Erythrocyte binding preference of avian influenza H5N1 viruses 

Five erythrocyte species (horse, goose, chicken, guinea pig, and human) were 

used to agglutinate avian influenza H5N1 viruses by hemagglutination assay and to 

detect specific antibody by hemagglutination inhibition test. We found that goose 

erythrocytes confer a greater advantage over other erythrocyte species in both assays. 

 

8. Erythrocyte binding preference of 16 subtypes of low pathogenic avian 

influenza and 2009 pandemic influenza A (H1N1) viruses 

All 16 subtypes of avian influenza viruses of low pathogenicity (LPAIV) as well 

as their hemagglutinin (H) antigens, and four 2009 pandemic influenza A (H1N1) virus 

isolates were assayed for hemagglutinating activity against 5 erythrocyte species: 

goose, guinea pig, human group O, chicken and horse. Of all viruses and antigens 

assayed, the highest hemagglutination (HA) titers were obtained with goose and guinea 

pig erythrocytes. Hemagglutinating activity of replicating LPAIV and LPAIV antigens 

decreased, in order, with chicken and human group O; meanwhile, horse erythrocytes 

yielded lowest or no HA titer. Moreover, the 2009 pandemic viruses did not agglutinate 

both horse and chicken erythrocytes. Our study concluded that goose and guinea pig 

erythrocytes are the best in HA assay for all subtypes of influenza viruses. 

 

9. Kinetics and longevity of antibody response to influenza A H5N1 virus 

infection in humans 

Anti-H5N1 antibody was determined by microneutralization, hemagglutination 

inhibition, and Western blotting assays in serial blood samples collected from eight Thai 

patients, including four fatal cases and four survivors. The antibody was detected as 

early as 5 days and, typically, with an increase in titer in paired blood at about 15 days 

after disease onset. The anti-H5 antibody response was long-lasting, for almost 5 years 

in cases which can be followed that far. In addition, cross-neutralizing activity to related 

clade 1 viruses was observed. 

 

 

10. Induction of cross-neutralizing antibody against H5N1 virus after 

vaccination with seasonal influenza vaccine in COPD patients 
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Archival serum samples from elderly individuals with underlying chronic 

obstructive pulmonary disease (COPD) who were enrolled in a double-blind case-control 

study of seasonal influenza vaccine efficacy were assayed for cross-neutralizing 

antibody formation to avian influenza A (H5N1) virus. Of 118 serum samples, 58 were 

collected from influenza vaccinees (mean age 68.5 y), and 60 from placebo controls 

(mean age 68.4 y) who received vitamin B injections. Blood samples were collected 

before and at 1mo after seasonal influenza vaccination from all subjects; in addition, for 

a longitudinal follow-up period of 1 y paired-blood samples were collected again from 

subjects who developed acute respiratory illness. Hemagglutination inhibition assay for 

antibodies to influenza A (H1N1), influenza A (H3N2), and influenza B viruses was 

carried out to determine the serological response to vaccination, and to diagnose 

influenza viral infection, while microneutralization assays were performed to detect 

cross-reactive antibody to H5N1 virus. Pre-existing cross-reactive H5N1 antibody at 

reciprocal titer 10 was found in 6 (10.3%) vaccinees and 4 (6.7%) placebo controls. 

There was no change in H5N1 antibody titer in these subjects after vaccination. On the 

other hand, 3 (5.2%) vaccinees developed seroconversion to H5N1 virus at 1mo after 

vaccination, even though they had no pre-existing H5N1 antibody in their first blood 

samples. No cross-neutralizing antibody to H5N1 virus was detected in the placebo 

controls or in the 22 influenza patients, suggesting that influenza vaccination, but not 

influenza virus infection, induces cross-neutralizing antibody against avian influenza 

H5N1 virus. 

11. Biological properties of H5 hemagglutinin expressed by vaccinia virus 

vector and its immunological reactivity with human sera 

A recombinant vaccinia virus harboring the full length hemagglutinin (HA) gene 

derived from a highly pathogenic avian influenza A/Thailand/1(KAN-1)/2004 (H5N1) 

virus (rVac-H5 HA virus) was constructed. The immunogenicity of the expressed HA 

protein was characterized using goat antiserum, mouse monoclonal antibody and 

human sera. Expressed HA protein localized both in the cytoplasm and on the 

cytoplasmic membrane of the thymidine kinase negative cells infected with the rVac-H5 

HA virus, as determined by immunofluorescence assay. Moreover, Western blot 

analysis demonstrated that the rVac-H5 HA protein was post-translationally processed 

by proteolytic cleavage of the HA0 precursor into HA1 and HA2 domains; and all of 

these HA forms were immunogenic in BALB/c mice. The molecular weight (MW) of each 
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HA domain was the same as the wild-type H5 HA produced in Madin-Darby canine 

kidney cells infected with the H5N1 virus, but was higher than that expressed by a 

baculovirus-insect cell system. Sera from all H5N1 survivors reacted to HA0, HA1 and 

HA2 domains; whereas sera from H5N1-uninfected subjects reacted to the rVac-H5 

HA2 domain only, but not to HA0 or HA1, indicating that some cross-subtypic immuniy 

exists in the general population. There was a lot-to-lot variation of the recombinant HA 

produced in the baculovirus-insect cell system that might affect the detection rate of 

antibody directed against certain HA domain. 

 

12. The difference in IL-1 , MIP-1 , IL-8 and IL-18 production between the 

infection of PMA activated U937 cells with recombinant vaccinia viruses inserted 

2004 H5N1 influenza HA genes and NS genes  

Summary Background: The severity of avian influenza H5N1 disease is 

correlated with the ability of the virus to induce an over production of pro-inflammatory 

cytokines from innate immune cells. However, the role of each virus gene is unknown. 

To elaborate the function of each virus gene, the recombinant vaccinia virus inserted 

HA and NS gene from the 2004 H5N1 virus were used in the study. Methods: U937 

cells and PMA activated U937 cells were infected with recombinant vaccinia virus 

inserted with HA or NS gene. The expressions of HA and NS proteins in cells were 

detected on immunofluorescence stained slides using a confocal microscope. The 

cytokine productions in the cell supernatant were quantitated by ELISA. Results: The 

recombinant vaccinia virus inserted with HA genes induces the production of IL-1 , 

MIP-1 , IL-8 and IL-18 cytokines from PMA activated U937 cells significantly more than 

cells infected with wild type vaccinia, whereas the recombinant vaccinia virus inserted 

with NS genes it was similar to that with the wild type vaccinia virus. However, there 

was no synergistic nor antagonistic effect of HA genes and NS genes in relation to 

cytokines production.  Conclusion: Only the HA gene from the 2004 H5N1 virus induces 

IL-1 , MIP-1 , IL-8 and IL-18 cytokine productions from activated U937 cells. The 

same HA gene effect may or may not be the same in respiratory epithelial cells and this 

needs to be explored. 
 

13. Satellite tracking on the flyways of Brown-headed gulls and their 

potential role in the spread of highly pathogenic avian influenza H5N1 virus 
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Brown-headed gulls (Larus brunnicephalus), winter visitors of Thailand, were 

tracked by satellite telemetry during 2008-2011 for investigating their roles in the highly 

pathogenic avian influenza (HPAI) H5N1 virus spread. Eight gulls negative for influenza 

virus infection were marked with solar-powered satellite platform transmitters, their 

movements were monitored by the Argos satellite tracking system, and locations were 

mapped. Five gulls completed their migratory cycles, which spanned 7 countries (China, 

Bangladesh, India, Myanmar, Thailand, Cambodia, and Vietnam) affected by the HPAI 

H5N1 virus. Gulls migrated from their breeding grounds in China to stay overwinter in 

Thailand and Cambodia; while Bangladesh, India, Myanmar, and Vietnam were the 

places of stopovers during migration. Gulls traveled an average distance of about 2400 

km between Thailand and China and spent 1-2 weeks on migration. Although AI 

surveillance among gulls was conducted at the study site, no AI virus was isolated and 

no H5N1 viral genome or specific antibody was detected in the 75 gulls tested, but 

6.6% of blood samples were positive for pan-influenza A antibody. No AI outbreaks 

were reported in areas along flyways of gulls in Thailand during the study period. 

Distance and duration of migration, tolerability of the captive gulls to survive the HPAI 

H5N1 virus challenge and days at viral shedding after the virus challenging suggested 

that the Brown-headed gull could be a potential species for AI spread, especially among 

neighboring countries. This is the only study that demonstrated flyways which links 

between China and Southeast Asia, the epicenter of H5N1 AI outbreak. 

 

14. Serological response to the 2009 pandemic influenza A (H1N1) virus for 

disease diagnosis and estimating the infection rate in Thai population 

Background: Individuals infected with the 2009 pandemic virus A(H1N1) 

developed serological response which can be measured by hemagglutination-inhibition 

(HI) and microneutralization (microNT) assays. Methodology/Principal Findings: MicroNT 

and HI assays for specific antibody to the 2009 pandemic virus were conducted in 

serum samples collected at the end of the first epidemic wave from various groups of 

Thai people: laboratory confirmed cases, blood donors and health care workers (HCW) 

in Bangkok and neighboring province, general population in the North and the South, as 

well as archival sera collected at pre- and post-vaccination from vaccinees who received 

influenza vaccine of the 2006 season. This study demonstrated that goose erythrocytes 

yielded comparable HI antibody titer as compared to turkey erythrocytes. In contrast to 

the standard protocol, our investigation found out the necessity to eliminate nonspecific 
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inhibitor present in the test sera by receptor destroying enzyme (RDE) prior to 

performing microNT assay. The investigation in pre-pandemic serum samples showed 

that HI antibody was more specific to the 2009 pandemic virus than NT antibody. Based 

on data from pre-pandemic sera together with those from the laboratory confirmed 

cases, HI antibody titers $40 for adults and $20 for children could be used as the cut-off 

level to differentiate between the individuals with or without past infection by the 2009 

pandemic virus. Conclusions/Significance: Based on the cut-off criteria, the infection 

rates of 7 and 12.8% were estimated in blood donors and HCW, respectively after the 

first wave of the 2009 influenza pandemic. Among general population, the infection rate 

of 58.6% was found in children versus 3.1% in adults. 

 

15. Seroprevalence of 2009 H1N1 virus infection and self-reported infection 

control practices among healthcare professionals following the first outbreak in 

Bangkok, Thailand 

A serologic study with simultaneous self-administered questionnaire regarding 

infection control (IC) practices and other risks of influenza A (H1N1) pdm09 (2009 

H1N1) infection was performed approximately 1 month after the first outbreak among 

frontline health care professionals (HCPs).  Of 256 HCPs, 33 (13%) were infected. Self-

reported adherence to IC practices in >90% of exposure events was 82.1%, 73.8%, and 

53.5% for use of hand hygiene, masks, and gloves, respectively. Visiting crowded public 

places during the outbreak was associated with acquiring infection (OR 3.1, P=0.019). 

Amongst nurses, exposure to HCPs with influenza-like illness during the outbreak 

without wearing a mask was the only identified risk factor for infection (OR = 2.3, 

P=0.039).  

 

16. Monitoring the influenza pandemic of 2009 in Thailand by a community-

based survey 

As an international traveling hub of South-East Asia, Thailand was one of the 

countries hardest and earliest hit by the influenza A (H1N1) 2009 pandemic. In order to 

understand the epidemic spread in the country, we conducted community-based 

surveys in metropolitan, urban, and rural areas using questionnaire interviews. We also 

determined sero-positive rates from randomly selected samples within the surveyed 

population. Recalled incidences of fever and acute respiratory symptoms in the survey 

correlated well with systematic reports of 2009 pandemic influenza cases from hospitals 
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in the same areas, giving a ratio of total cases extrapolated from the surveyed data for 

persons who sought medical attention reported in the hospital-based surveillance 

system at 275:1. Conducting a large scale survey of the influenza outbreak is time 

consuming and also can be difficult to complete in a short time. Therefore, we used the 

survey for monitoring the outbreak of respiratory disease in the early pandemic phase. 

The seroprevalence rate was 8 to 10%, with higher rate for younger age groups, and 

suggests that sufficient herd immunity may have been reached in Thailand, especially in 

urban areas, while others may still be vulnerable to the second wave of the pandemic. 

 

17. Immune response to 2009 H1N1 vaccine in HIV-infected adults in 

Northern Thailand 

Background: In late 2009, the Thai Ministry of Public Health provided two million 

doses of the monovalent pandemic influenza H1N1 2009 vaccine (Panenza (®) Sanofi 

Pasteur), which was the only vaccine formulation available in Thailand, to persons at 

risk of more severe manifestations of the disease including HIV infection. Several 

studies have shown poorer immune responses to the 2009 H1N1 vaccines in HIV-

infected individuals. There are limited data in this population in resource-limited 

countries.   Results: At day 28 post-vaccination, seroconversion was found in 32.0% 

(95%CI 24.5 - 40.2) of the HIV-infected group and 35.0% (95%CI 15.4- 59.2) of the 

healthy controls (p = 0.79). Seroprotection rate was observed in 33.3% (95%CI 25.8-

41.6) and 35.0% (95%CI 15.4-59.2) of the HIV-infected group and the control group, 

respectively (p = 0.88). Among HIV-infected participants, the strongest factor associated 

with vaccine response was age 42 y or younger (p = 0.05). Methods: We evaluated the 

immunogenicity of a single, 15 g/0.5ml dose of a monovalent, non-adjuvanted 2009 

H1N1 vaccine in 150 HIV-infected Thai adults and 20 healthy controls. Immunogenicity 

was measured by hemagglutination inhibition assay (HI) at baseline and 28 d after 

vaccination. Seroconversion was defined as 1) pre-vaccination HI titer < 1:10 and post-

vaccination HI titer  1:40, or 2) pre-vaccination HI titer  1:10 and a minimum of 4-

fold rise in post-vaccination HI titer. Seroprotection was defined as a post-vaccination HI 

titer of  1:40. Conclusions: A low seroconversion rate to the 2009 H1N1 vaccine in 

both study groups, corresponding with data from trials in the region, may suggest that 

the vaccine used in our study is not very immunogenic. Further studies on different 

vaccines, dosing, adjuvants, or schedule strategies may be needed to achieve effective 

immunization in HIV-infected population. 
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18. Influenza A viral loads in respiratory samples collected from patients 

infected with pandemic H1N1, seasonal H1N1 and H3N2 viruses 

Background: Nasopharyngeal aspirate (NPA), nasal swab (NS), and throat swab 

(TS) are common specimens used for diagnosis of respiratory virus infections based on 

the detection of viral genomes, viral antigens and viral isolation. However, there is no 

documented data regarding the type of specimen that yields the best result of viral 

detection. In this study, quantitative real time RT-PCR specific for M gene was used to 

determine influenza A viral loads present in NS, NPA and TS samples collected from 

patients infected with the 2009 pandemic H1N1, seasonal H1N1 and H3N2 viruses. 

Various copy numbers of RNA transcripts derived from recombinant plasmids containing 

complete M gene insert of each virus strain were assayed by RT-PCR. A standard 

curve for viral RNA quantification was constructed by plotting each Ct value against the 

log quantity of each standard RNA copy number. Results: Copy numbers of M gene 

were obtained through the extrapolation of Ct values of the test samples against the 

corresponding standard curve. Among a total of 29 patients with severe influenza 

enrolled in this study (12 cases of the 2009 pandemic influenza, 5 cases of seasonal 

H1N1 and 12 cases of seasonal H3N2 virus), NPA was found to contain significantly 

highest amount of viral loads and followed in order by NS and TS specimen. Viral loads 

among patients infected with those viruses were comparable regarding type of 

specimen analyzed. Conclusion: Based on M gene copy numbers, we conclude that 

NPA is the best specimen for detection of influenza A viruses, and followed in order by 

NS and TS. 

 

19. Infection rate, duration of viral shedding and viral load in an outbreak of 

novel influenza A (H1N1) 2009 infections among military conscripts in a training 

center, Thailand, June 2009 (   

  200 

    . . 2552) 

 2009  

21   29.3  2009 

 5   

11   
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 (Nasopharyngeal swab)   

 2.6×102 copies/ml  8.1×109 copies/ml  2.4×104 copies/ml 

   2  5 

  

 10 

 

  

 8   4  

 

 

20.  (cellular immune response)  

 (humoral immune response)   (H5N1)   

20.1 (cross-subtype cellular immunity)  

 

 H5N1 virus  T cell  

peptide epitopes   ex vivo IFN-  enzyme-

linked immunospot (ELISpot) assay  cross-reactive T cells 

  

 memory T cells  conserve  neucleoprotein (NP) 

 H1N1  H3N2  synthetic 

overlapping peptide epitopes  H5N1  

epitope  conserve  

 ELISpot assay 

 ELISpot assay  NP overlapping peptides 

 conserve  H5N1 specific epitopes  epitope 

 T cell   peptide-specific T cell line 

 T cell dependency  Flow cytometry 

 recombinant vaccinia viruses 2   NP  HA 

protein insert   CTL assay 

 subtypes   (

)  PBMC 
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  ELISpot assay  

 (H5N1 survivors) 

  NP protein  

cross-reactive T cell immunity   peptide  49 

  common epitope  H5N1 survivors  non-H5N1 subjects  39  

  NP protein  H5N1  

(conserve)  90%  NP protein   amino acid sequence 

 1  overlapping peptides  49   20 

amino acids  overlapping  10 amino acids (  2)  

peptide   T cells  IFN-  producing T cell  ELISpot 

assay  3  individual peptide   

H5N1 survivors  4   2  4  immunodominant NP 

epitopes   4  serial blood samples 

  peptide-specific memory T cells 

 4   magnitude (spot forming unit, SFU) 

  serial blood samples  non-H5N1 subjects  16  35   

memory T cells  NP peptide  1-2 peptides/subject  magnitude 

 H5N1 survivors  5  

NP peptide  2  H5N1-specific T cell epitope 

 H5N1 survivors   5  common epitopes 

 non-H5N1 subjects  NP peptide  (

)

>gi|54610028|gb|AAV35112.1| nucleocapsid protein [Influenza A 
virus (A/Thailand/1(KAN-1)/2004(H5N1))] 
MASQGTKRSYEQMETGGERQNATEIRASVGRMVSGIGRFYIQMCTELKLSDYEGRLIQNSITIERMVLSA
FDERRNRYLEEHPSAGKDPKKTGGPIYRRRDGKWVRELILYDKEEIRRIWRQANNGEDATAGLTHLMIWH
SNLNDATYQRTRALVRTGMDPRMCSLMQGSTLPRRSGAAGAAVKGVGTMVMELIRMIKRGINDRNFWRGE
NGRRTRIAYERMCNILKGKFQTAAQRAMMDQVRESRNPGNAEIEDLIFLARSALILRGSVAHKSCLPACV
YGLAVASGYDFEREGYSLVGIDPFRLLQNSQVFSLIRPNENPAHKSQLVWMACHSAAFEDLRVSSFIRGT
RVVPRGQLSTRGVQIASNENMEAMDSNTLELRSRYWAIRTRSGGNTNQQRASAGQISVQPTFSVQRNLPF
ERATIMAAFTGNTEGRTSDMRTEIIRMMESARPEDVSFQGRGVFELSDEKATNPIVPSFDMNNEGSYFFG
DNAEEYDN

 1 Amino acid sequence  NP protein  A/Thailand/1(KAN-1)/2004 (H5N1) 
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Peptide pool A Peptide pool B 

Negative control PHA 9μg 

A4

B6

 

 

 

 

 

 

 

 

 

 2 Diagram  overlapping peptide  20  

 10   
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 3  ELISpot assay  H5N1 
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A) H5N1 survivor no.1    B) H5N1 survivor no.2 
 
 
 
 
 
 
 
 
 
 
 
 
 

 4  overlapping NP peptides  H5N1 survivors 

 NP peptides  49   1-2  

peptide-specific memory T cells  blood samples   disease 

onset  
 
 
 
 
 
 
 
 
 
 
 
 
 

 5  overlapping NP peptides  non-H5N1 

survivors  35   16  NP peptides 5  

49  
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         20.2  (cross-subtype humoral 
immunity)  
  (H5N1) 

 H5N1  
H5N1   TK- cells  
recombinant vaccinia virus  insert gene: M, HA, NP, NS  NA  H5N1 

 immunofluorescence  
   recombinant H5 HA, NA, NP, M and NS 
proteins  TK- cells  recombinant vaccinia virus 

   6  recombinant 
proteins   TK- cells   HA  NA  cytoplasm  cell 
membrane  NP  NS  nucleus  cytoplasm  M  
cytoplasm  7 
   
H5N1  H5N1   

  HA  NA   
NP, M  NS  

 4    1 (
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A

B

C

D

E

F

 6  

recombinant proteins 

 TK- cells  

recombinant vaccinia viruses 
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rVac-H5 HA

rVac-NA

rVac-NP

rVac-M

rVac-NS

Nucleus staining      Protein staining             Merge

 
 

 7   recombinant proteins  TK- cells  

recombinant vaccinia virus
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 1   

 

IFA antibody titer to H5N1
survivor Age 

(years) 
Blood 

samples 

Time at specimen 
collection after 
disease onset 

NT Ab 
titer to 
KAN-1

HI Ab 
titer to 
KAN-1

HA NA NP M NS 
No.1 32 1 1y 6m 160 80 640 320 80 160 160 

  2 2y 6m 160 80 640 320 80 80 160 
  3 3y 8m 80 80 640 160 160 80 160 

No.2 29 1 2y 2m 160 80 320 160 80 40 40 
  2 3y 2m 160 80 160 320 80 40 160 
  3 4y 3m 80 80 320 160 80 40 80 

No.3 7 1 20d 640 160 320 320 320 80 160 
  2 11m 80 80 320 160 160 80 160 
  3 2y 2m 80 40 160 80 160 80 160 
  4 3y 1m 40 40 160 80 80 40 160 

No.4 2 1 2y 3m 80 80 80 80 40 40 40 
  2 3y 11m 80 80 80 160 40 40 80 
  3 4y 11m 40 40 80 160 40 40 40 

  21.  H5N1 virus  respiratory 

epithelial cells 

   kinetics  cytokine 

 H1N1  H3N2  (Human 

Umbilical Vein Endothelial Cells; HUVEC)  

respiratory system  H5N1  

A/H1N1 2009   viral nucleoprotein  

immunofluorescence assay 

 TCID50  MDCK   cytokine/chemokine (TNF- , 

IP-10, IL-1 ,  IL-8)  ELISA   

   

immunofluorescence assay  8

 



56 

 

 
 

 8   inoculate 

  5   (A) Uninfected cells,  (B) KAN-1 (H5N1),  

(C) KK-494 (H5N1),  (D) NBL-1(H5N1) (feces), (E)  Fujian(H3N2)- like virus, (F)  New 

Caledonia (H1N1) -like virus  

 

  kinetic  

(0.005 TCID50/cell)  H5N1  KAN-1, Nong Khai 1  NBL 1 (feces) 

  

H5N1   

  

subtype     (1TCID50/cell) 

 H1N1  H3N2   

 A/H1N1 2009  3   

   kinetic 

 2-4 
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 2 Kinetics 

 (0.005 TCID50/cell)  

 

Viruses Experiment 
Titer of virus progenies at log 10 of 

TCID50 on 

  No. Day1 Day3 Day5 Day7 

A/Thailand/1(KAN-1)/2004 (H5N1) 1 4.33 5.88 5.5 4.21 

  2 3.74 5 3.88 3 

A/Thailand/2(SP-33)/2004 (H5N1) 1 0 0 2 0 

  2 2.66 1.37 1.17 0 

A/Thailand/3(SP-83)/2004 (H5N1) 1 0 0 0 0 

  2 0 1.86 0 0 

A/Thailand/5(KK-494)/2004 (H5N1) 1 0 0 0 0 

  2 1.23 0 0 0 

A/Thailand/676(NYK)/2005(H5N1) 1 3.16 2 1.83 1.67 

                  2 1.74 1.86 0.3 0 

A/Thailand/NBL-1/2006 (H5N1)  1 2.74 1.74 1.78 0 

 (trachea) 2 2.58 1.88 1.58 1.88 

A/Thailand/NBL-1/2006 ( H5N1) 1 2 1.83 2 0 

 (lung) 2 2.25 0 0 0 

A/Thailand/NBL-1/2006 (H5N1)  1 4.5 4.58 3.83 2.91 

(feces) 2 3.88 5.12 4.08 3.25 

A/Laos/Nong Khai 1/2007(H5N1) 1 3.2 6.2 5.2 4.2 

  2 2.88 5.83 4.28 3.66 

      

A/Fujian/411/2002(H3N2)-like virus 1 1.83 3.62 2.62 1.25 

(Siriraj 03/04)  2 2.16 5.66 4.83 5 

 A/Sydney/05/97(H3N2)-like virus 1 2.83 2.25 1.32 0 

(Siriraj-03/98) 2 1.08 1.75 0 0 

A/Moscow/10/99(H3N2)-like virus 1 0.25 0.25 0 0 

(Siriraj 06/02)          

      

A/New Caledonia/20/99  1 0 0 0 0 

(H1N1)-like virus: Siriraj-07/00 2 0 0 0 0 

A/ New Caledonia/20/99  1 0 0 1.66 0 

(H1N1)-like virus : Siriraj 10/06 2 0 1.51 0 0 

A/ New Caledonia/20/99 1 0 0 0 0 
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(H1N1)-like virus : Siriraj 02/06      

 3  Kinetics  A/H1N1 A/H3N2  A/H5N1 

 (1 TCID50/cell)  

Virus 
Titer of virus progenies at log10 

of TCID50 on 

 12 hpi 24 hpi 36 hpi 

A/Thailand/1(KAN-1)/2004 (H5N1) 3.61 2.33 2.91 

A/Thailand/676(NYK)/2005 (H5N1) 2.73 3.37 3.5 

A/Laos/Nong Khai 1/2007 (H5N1) 2.75 3.83 3.74 

A/Fujian/411/2002 (H3N2)-like virus 2.75 2.5 2.33 

A/New Caledonia/20/99 (H1N1)-like virus  

(Siriraj 07/00)     2.67 

 

3.25  

 

2.71 

 

 

 

 4  Kinetics  A/H1N1 2009 

 (1 TCID50/cell) 

 

Virus Experiment Log10 of TCID50 titer 

 No. 12 hpi 24 hpi 36 hpi 

A/Nonthaburi/102/09 (H1N1pdm) 1 0 0 0 

  2 1.11 1.13 0.25 

A/Thailand/104/09 (H1N1pdm) 1 3.38 2.83 3.16 

  2 3.08 2.11 2.81 

A/Bangkok/ICRC-1/09 (H1N1pdm) 1 3.25 3.11 2.37 

  2 4 3.61 3.33 
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  cytokine/chemokine (  9  10) 

      H5N1  A/H1N1 2009  

  IL-8  IP10  H1N1  H3N2 

 IL-8   

  cytokine  
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 9  virus progeny titers   IL-8 

 (0.005 TCID50/cell)   

 

 

 

 
 

 10  virus progeny titers   IP10 

 (0.005 TCID50/cell)   
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 H5N1 

  

  

  cytokine 

  

 (

) 

22.  

22.1  genotypic based assay  

NA gene  mutation    

mutation   NA inhibitors  

22.2  phenotypic based assays  

 3  (MUNANA-based NAI assay, plaque reduction assay,   

ELISA-based NP reduction assay)  oseltamivir  zanamivir 

/   20 isolates  3  

  5   H5N1 

 3 isolates  IC50  NAI assay  NP reduction assay  

 NAI assay   NP reduction assay  oseltamivir 

 zanamivir  amino acid sequence  NA gene  mutation 

 H274Y substitution   

 mutation  

 H5N1  3 isolates  plaque  

(  11)  plaque reduction assay  

 neuraminidase  NP 

  

 treat     treat 

     

ELISA-based NP reduction assay  

 

 

 ( ) 
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 5  IC50   
 

  IC50a of oseltamivir carboxylate   IC50a of zanamivir 

Viruses NAI  (nM) 

Plaque 

reduction 

( M) 

NP 

reduction 

( M)b    NAI (nM) 

Plaque 

reduction 

( M) 

NP 

reduction  

( M)b  

Reference strains               

Mississippi/01                 

(NA-274H) 1.799  0.27 0.04   1.27  0.50  0.11  

Mississippi/01                

(NA-H274Y) 477.76  43.64  108.23    1.33  0.52  0.331  

Seasonal strains               

ICRC_SEA-3043/07 875.25  104.44  781.49   3.89  0.39  1.659  

ICRC_SEA-3026/07 1.21  0.012  0.833   0.64 0.045  2.205  

ICRC_SEA-3613/07 0.85 0.055 0.166   1.82  0.50 1.331  

H1N1pdm               

Thailand/104/09 1.02 0.39  1.94   0.60 1.52  4.671 

ICRC_CBI_20/09 1.01 0.16 0.41   0.67 1.35  0.71  

H5N1 viruses               

KAN-1/04 0.15  0.181  0.447   1.82  4.42  7.92  

SP-83/04   0.19 0.003  0.008   1.02  0.017  0.231  

KK-494/04 0.26 0.031  0.223   2.21  0.885  0.186  

676(NYK)/05 0.17  0.035  0.012   3.12  0.479  0.932  

NBL-1/06 (Lung) 0.86  0.006  0.004   2.04 0.009  0.053  

NBL-1/06 (Feces) 0.11  0.001  0.013   4.24  0.06  0.145  

Nong Khai-1/07 8.05  1.339  5.309   1.13  1.104  3.163  

VSMU-11-SPB/04 0.13  0.238  0.4395   0.40  0.042  0.099  

AI-1216A/04 0.14  0.003  3.266   0.16  0.038  1.982  

VSMU-21-SPB/05 0.18  NA 13.25   0.24  NA 358.3  

ICRC-V143/07 1.88  0.002  0.007   7.68  0.013  0.14  

ICRC-V195/07 0.53  NA 27.63    4.9  NA 239.7  

ICRC-V213/07 0.28 NA 431.3  4.84 NA 271.1 
a IC50 values are means from at least two independent experiments in duplicate wells (for NAI assay) or triplicate wells (for plaque reduction 

and NP reduction assays).  

b IC50 values of ELISA-based viral NP reduction assay were determined by using the virus inoculum dose at 25 TCID50. 

NA, Not applicable because the plaque formation is small and not well defined.  



63 

 

           

 11  plaque  H5N1  6-well plate 

 H5N1 3 isolates  VSMU-21-SPB/05, ICRC-213/07,  ICRC-V195/07 

 plaque  
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Abstract

In this study, the effect of innate serum inhibitors on influenza virus infection was addressed. Seasonal influenza A(H1N1)
and A(H3N2), 2009 pandemic A(H1N1) (H1N1pdm) and highly pathogenic avian influenza (HPAI) A(H5N1) viruses were
tested with guinea pig sera negative for antibodies against all of these viruses as evaluated by hemagglutination-inhibition
and microneutralization assays. In the presence of serum inhibitors, the infection by each virus was inhibited differently as
measured by the amount of viral nucleoprotein produced in Madin-Darby canine kidney cells. The serum inhibitors inhibited
seasonal influenza A(H3N2) virus the most, while the effect was less in seasonal influenza A(H1N1) and H1N1pdm viruses.
The suppression by serum inhibitors could be reduced by heat inactivation or treatment with receptor destroying enzyme.
In contrast, all H5N1 strains tested were resistant to serum inhibitors. To determine which structure (hemagglutinin (HA)
and/or neuraminidase (NA)) on the virus particles that provided the resistance, reverse genetics (rg) was applied to
construct chimeric recombinant viruses from A/Puerto Rico/8/1934(H1N1) (PR8) plasmid vectors. rgPR8-H5 HA and rgPR8-
H5 HANA were resistant to serum inhibitors while rgPR8-H5 NA and PR8 A(H1N1) parental viruses were sensitive, suggesting
that HA of HPAI H5N1 viruses bestowed viral resistance to serum inhibition. These results suggested that the ability to resist
serum inhibition might enable the viremic H5N1 viruses to disseminate to distal end organs. The present study also
analyzed for correlation between susceptibility to serum inhibitors and number of glycosylation sites present on the
globular heads of HA and NA. H3N2 viruses, the subtype with highest susceptibility to serum inhibitors, harbored the
highest number of glycosylation sites on the HA globular head. However, this positive correlation cannot be drawn for the
other influenza subtypes.
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Introduction

Human and H5N1 avian influenza viruses are different in terms

of pathogenesis and severity of the disease. While the infections by

influenza A(H1N1), A(H3N2) and influenza B viruses are confined

mostly to the upper respiratory tract, the infection caused by

highly pathogenic avian influenza (HPAI) H5N1 viruses frequently

invades lower respiratory tract, induces cytokine storm, and causes

severe pneumonia which progresses to acute respiratory distress

syndrome and multi-organ failure [1,2]. Dissemination of H5N1

virus beyond the respiratory tract is well documented. The viral

RNA could be detected in the autopsies of several organs [3],

cerebrospinal fluid [4], and fetal tissues [5]. In addition, HPAI

H5N1 virus could be isolated from a plasma sample of a Thai

patient [6]. This information indicates that the propensity to

undergo viremic phase is not uncommon for HPAI H5N1 virus

infection. On the other hand, there has been just one recent report

on viremia in patients infected with the 2009 pandemic A(H1N1)

(H1N1pdm) virus [7]. Moreover, viremia associated with seasonal

influenza H1N1 and H3N2 viruses is very rare [8–10]. These

findings indicate that various influenza subtypes are different in

the capability to exhibit viremic phase.

Sera and respiratory fluids of mammals contain several innate

soluble factors that exhibit anti-influenza activity, for examples,

members of the collectin superfamily such as surfactant protein A

(SP-A), surfactant protein D (SP-D), conglutinin and mannose-

binding lectin (MBL) [11–13], member of the pentraxin

superfamily such as pentraxin 3 (PTX3) [14], and serum amyloid

P component [15]. The binding of human SP-D and MBL to both

hemagglutinin (HA) and neuraminidase (NA) can inhibit influenza

PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | e36318



virus hemagglutinating activity, interfere with virus release

through inhibition of viral neuraminidase activity, and hinder

viral infection by preventing viral attachment to the cell receptor.

The anti-influenza activities of human SP-D and MBL do not

involve other complement factors [16]. Interestingly, the highly

glycosylated seasonal H1N1 strains are sensitive to inhibition by

both SP-D and MBL, while the poorly glycosylated A/Puerto

Rico/8/1934(H1N1) (PR8) and H1N1pdm are resistant to either

one of them [17]. The long chain pentraxin, PTX3 inhibits several

strains of seasonal influenza A(H1N1), A(H3N2) and influenza B

viruses [14], though the susceptibility to PTX3 may be strain-

specific as some seasonal human influenza isolates including PR8

virus and the H1N1pdm viruses are resistant to PTX3 [17].

Complement, the major component of innate immunity, may play

anti-influenza activity independently or in adjunct with other

components. Activation of the complement system results in virus

aggregation, virolysis or opsonization [18]. It can lead to increased

vascular permeability and recruitment of phagocytic cells to

destroy the pathogens. MBL, together with complement in guinea

pig serum, exerted lytic activity on influenza virus infected-BHK-

21 cells through the classical pathway [19]. MBL also binds

influenza HA and activates complement through lectin pathway

[20]. Moreover, complement together with natural IgM antibody

can destroy virus through the classical pathway [21].

In the other system, non-specific inhibitors against influenza

viruses present in normal sera of various animal species were

classified into three types: a-, b-, and c-inhibitors based on their

chemical composition and several biological properties [22,23]. a-

inhibitors are heat- stable, but receptor destroying enzyme (RDE)-

sensitive glycoproteins. It inhibited influenza virus hemagglutina-

tion, but not influenza virus infectivity. The examples of a-

inhibitors found in serum are soluble mucoproteins. b-inhibitors

are non-sialylated, Ca2+ dependent and heat-labile but RDE-

resistant. Study in bovine and mouse serum suggested that MBL

and SP-D belonged to b-inhibitors [24]; and MBL was

serologically cross reactive with human mannose-binding protein

(MBP) [20]. c-inhibitors are heat-stable and RDE-sensitive

sialylated glycoproteins which compete with cellular receptor for

binding with HA; these inhibitors neutralize viral infectivity by

blocking the attachment step in the influenza virus replication

cycle [23,25]. In horse, guinea pig and mouse sera, c-inhibitor had

been identified as a2-macroglobulin [25,26]. In addition, the study

in murine model also demonstrated that the a2-macroglobulin

could inhibit hemagglutination inhibition (HI) assay, but its

activity on microneutralization (microNT) assay against various

viruses expressing H3N2 HA was varied among H3N2 isolates

[26].

For the influenza viruses to exhibit viremic phase, they should

be able to overcome the inhibition by innate serum inhibitors.

Therefore, the ability of HPAI H5N1 viruses to spread beyond the

respiratory tract is suggestive of their ability to resist the serum

inhibitors. Herein, guinea pig sera were used as the model to study

serum innate immunity against various influenza viruses of human

and avian origins, including seasonal H1N1, H3N2, H1N1pdm,

and HPAI H5N1 viruses. The nature of inhibitors was

characterized by their sensitivity to heat or RDE treatment. We

demonstrated that HPAI H5N1 virus was the only subtype that

could resist the inactivation by serum innate inhibitors. Using

reverse genetics, the viral resistance to serum inhibitors could be

mapped to HA. Our finding suggested a novel pathogenic

mechanism on H5N1 virus dissemination beyond the respiratory

system.

Results

Biological properties of the guinea pig sera
In order to determine role of serum inhibitors against influenza

viruses, it is necessary to screen that the test guinea pig sera

contained no specific antibodies against the study viruses.

Otherwise, it would be difficult to differentiate between inhibitory

effects mediated by the serum specific inhibitors and specific

antibodies. Sera of three guinea pigs from different batches of

animals were screened for specific antibody against all 14 influenza

virus isolates and 4 reassorted viruses by HI and microNT assays.

The result showed that none of the test sera contained pre-existing

HI or NT antibody as screened at the initial serum dilution 1:10

(data not shown).

It has been known that some serum innate inhibitors are heat-

labile and some are heat-stable. There is no control measure to

determine stability of those unknown heat-labile components in

the stored sera during the on going experiments. Therefore, our

study used complement as the representative of heat-labile

components based on its abundant amount in guinea pig sera

and availability of the measurement method. We assumed that if

complement in the test sera did not deteriorate, the other heat-

labile components should remain in good condition. Each guinea

pig serum was measured for complement titer by complement

fixation test using hemolysin sensitized-sheep red blood cells

(SRBCs) as the indicator system. We also showed that the three

guinea pigs used in our experiments contained comparable serum

concentrations of complement, i.e., 32–64 complement hemolytic

units; in another word, the serum dilution of 1:32 or 1:64

contained one complement hemolytic unit. The native sera and

heat-inactivated sera were assayed in parallel for their lytic activity

on hemolysin sensitized- SRBCs. The result demonstrated that the

native sera completely lysed the sensitized-SRBCs, while the lytic

activity was eradicated after heat inactivation.

Furthermore, the sera were diluted to contain the complement

concentrations of 0.25, 0.5, 1, 2, 4 and 8 hemolytic units and

assayed against the seasonal A(H1N1) (SI-RA-TT/04), seasonal

A(H3N2) (SI 03/04), H1N1pdm (Nonth/102/09) and HPAI

H5N1 (KAN-1) viruses in order to determine the optimal dilutions

that could exert anti-influenza activity. The result showed a slight

increase in the percentages of viral inhibition when serum

complement concentrations were greater than two hemolytic units

(Figure 1). Therefore, the concentration of 2 complement

hemolytic units was employed in subsequent experiments.

Determination for activity of serum innate inhibitors
against various influenza subtypes

Guinea pig sera were used as source of innate inhibitors in the

assay for infection inhibition against influenza viruses. The study

viruses at concentration of 1,000 TCID50/50 ml (TCID50; 50%

tissue culture infectious dose) were incubated with native guinea

pig serum at working dilution which contained complement

concentration of 2 hemolytic units. The virus-serum mixture in

quadruplicate was inoculated onto Madin-Darby canine kidney

(MDCK) cell monolayers for overnight. Infectivity of the viruses

which were susceptible to serum innate inhibitors should be

inhibited and resulted in the decreased amount of viral

nucleoprotein produced in the infected MDCK cells as deter-

mined by enzyme-linked immunosorbent assay (ELISA). Based on

the percentages of viral infection inhibition as compared to the

virus control, H3N2 viruses were the subtype most susceptible to

serum inhibitors (81–100% inhibition); and followed in order by

H1N1pdm (34–89% inhibition) and seasonal H1N1 viruses (21–

62% inhibition) (Table 1 and Figure 2). In contrast, all HPAI

HPAI H5N1 Viral Resistance to Serum Inhibitors
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H5N1 viruses were resistant to serum inhibitors with the

percentages of inhibition of less than 10, except one serum which

exerted 19% inhibition against KAN-1, and 12% inhibition

against NBL (feces in origin) viruses (Table 1).

Biochemical nature of serum innate inhibitors and the
viral susceptibility

Heat-inactivated serum or RDE-treated+heat-inactivated serum

was assayed for their viral inhibitory effect against various

influenza subtypes/strains in comparison with the native serum

control. Statistically significant difference in the percentage of

inhibition was considered at p#0.05. Each serum was assayed in

quadruplicate and the percentages of viral inhibition of all 3

guinea pig sera were averaged. The viral inhibition effects exerted

by native sera, heat-inactivated sera and RDE-treated+heat-

inactivated sera are shown as the histograms in Figure 2.

Among H1N1 viruses (Figure 2A), PR8 virus was the most

susceptible to serum inhibitors (62% viral inhibition) and followed

in order by SI 3043/09 and SI-RA-TT/04. Nevertheless, the

inhibitory activity against PR8 decreased to almost 4% when the

viruses were treated with either heat-inactivated sera or RDE-

treated+heat-inactivated sera. Thus, the PR8 virus was susceptible

to heat-sensitive inhibitors only, as the addition of RDE (in the

RDE-treated+heat-inactivated sera) did not further decrease the

percentages of viral inhibitory activity. Similarly, SI 3043/09 was

also inhibited by native serum; and percentages of viral inhibition

decreased from 31% to 15% with heat-inactivated sera, and to

12% with RDE-treated+heat-inactivated sera. As the decrease in

the percentages of inhibition from 15 to 12% was not statistically

significant, it is interpreted that SI 3043/09 was susceptible to

heat-labile inhibitors, but susceptibility to RDE-sensitive inhibi-

Figure 1. Anti-influenza activities of guinea pig sera at various
complement hemolytic units. Native guinea pig sera at various
complement hemolytic units were incubated with seasonal H1N1 (SI-
RA-TT/04), H3N2 (SI 03/04), H1N1pdm (Nonth/102/09) or HPAI H5N1
(KAN-1/04) virus followed by inoculation the serum-virus mixture onto
MDCK cell monolayers. After an overnight incubation, the viral
inhibitory activity of the test serum was measured by determining
the amount of viral nucleoprotein produced in the inoculated MDCK
cells by ELISA. The results are shown as mean of the percentages of viral
inhibition derived from quadruplicate experiments. Error bars represent
the standard deviation.
doi:10.1371/journal.pone.0036318.g001

Table 1. Presence of inhibitory factors against influenza viruses in guinea pig sera.

% inhibition of viral infection mediated by
guinea pig sera

Subtype Virus name Abbreviations No. 1 No. 2 No. 3

Seasonal H1N1 A/PR/8/34 (reassorted virus) PR8 47.7 56.9 62.1

A/Thailand/Siriraj-Rama-TT/04 (A/New Caledonia/20/
99-like virus)

SI-RA-TT/04 21.9 23.3 21.0

A/Thailand/Siriraj3043/09 (A/Brisbane/59/07-like
virus)

SI 3043/09 37.9 31.8 30.7

Seasonal H3N2 A/Thailand/Siriraj-08/98 (A/Sydney/05/97-like virus) SI 08/98 82.6 82.2 80.9

A/Thailand/Siriraj-06/02 (A/Moscow/10/99-like virus) SI 06/02 88.7 87.0 100

A/Thailand/Siriraj-02/03 (A/Fujian/411/02-like virus) SI 02/03 99.5 97.1 96.2

A/Thailand/Siriraj-03/04 (A/Fujian/411/02-like virus) SI 03/04 94.9 97.2 96.9

H1N1pdm A/Thailand/104/09 Thai/104/09 51.6 65.0 34.2

A/Nonthaburi/102/09 Nonth/102/09 81.2 80.8 83.7

A/California/07/09 CA/07/09 86.7 85.3 88.7

HPAI H5N1 A/Thailand/1(KAN-1)/04 KAN-1 8.9 18.6 5.5

A/Thailand/676(NYK)/05 676(NYK) 0 2.9 6.0

A/Thailand/NBL-1/06 (feces) NBL feces 6.8 12.0 9.8

A/Thailand/NBL-1/06 (lung) NBL lung 7.3 6.5 5.2

A/Laos/Nong Khai 1/07 Nong Khai 1 3.4 7.6 0.8

H5 reverse genetics rgPR8-H5 HANA (KAN-1) rgPR8-H5 HANA 1.9 7.1 6.4

rgPR8-H5 HA (KAN-1) rgPR8-H5 HA 0 4.6 1.6

rgPR8-H5 NA (KAN-1) rgPR8-H5 NA 80.0 41.6 84.9

doi:10.1371/journal.pone.0036318.t001
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tors, if any, should be very minute. On the other hand, SI-RA-

TT/04 was susceptible to both heat-sensitive inhibitors and RDE-

sensitive inhibitors as the percentages of viral inhibition dropped

from 21% to 13% or 1% after treatment with heat-inactivated sera

or RDE-treated+inactivated sera, respectively.

Among H1N1pdm (Figure 2B), percentages of inhibition of

Thai/104/09 virus as assayed against native sera, heat-inactivated

sera and RDE-treated+heat-inactivated sera were 34, 15 and 5%,

respectively. This result showed that Thai/104/09 virus was

susceptible to heat-labile serum inhibitors; however, its suscepti-

bility to RDE-sensitive inhibitors could not be drawn statistically.

On the other hand, percentages of inhibition of Nonth/102/09

virus as assayed with native sera, heat-inactivated sera and RDE-

treated+heat-inactivated sera were 84, 81 and 42%, respectively.

The data suggested that Nonth/102/09 virus was partially

susceptible to RDE-sensitive inhibitors. The percentages of viral

inhibition of CA/07/09 virus as assayed with native sera, heat-

inactivated sera and RDE-treated+heat-inactivated were 89, 74,

and 8%, respectively. The result suggested that CA/07/09 virus

was slightly susceptible to heat-labile inhibitors, but highly

susceptible to RDE-sensitive inhibitors.

Interestingly, all H3N2 viruses were highly susceptible to native

serum with percentages of viral inhibition greater than 80%

(Figure 2C). SI 08/98, SI 06/02 and SI 02/03 were susceptible to

both heat-labile inhibitors and RDE-sensitive inhibitors. Such that

the percentages of viral inhibition dropped from 81 to 5% for SI

08/98, from 100 to 20% for SI 06/02, and from 96 to 49% for SI

02/03, as the results obtained from the assays with native sera

were compared with those employed heat-inactivated sera; and

also, the percentages of viral inhibition dropped from 5 to 0% for

SI 08/98, from 20 to 0% for SI 06/02, and from 49 to 3% for SI

02/03, as the results obtained from the assay with heat-inactivated

sera were compared with those employed RDE-treated+heat-

inactivated sera. The statistical analyses were significantly different

for those comparisons. On the other hand, SI 03/04 was

susceptible to heat-labile inhibitors alone as shown by the

significant decrease in the percentages of viral inhibition from 97

to 22% as the assays with native sera were compared with those

employed heat-inactivated sera. In contrast, the percentages of

viral inhibition which decreased from 22% (as assayed with heat-

inactivated sera) to 12% (as assayed with RDE-treated+heat-

inactivated sera) was not significantly different.

Owing to low susceptibility of the HPAI H5N1 viruses to native

guinea pig sera (the mean percentage of viral inhibition of 11, 3,

10, 6, and 4 for KAN-1, 676(NYK), NBL feces, NBL lung, and

Nong Khai 1, respectively), the assays employing heat-inactivated

serum as well as RDE-treated+heat-inactivated serum were not

performed.

Role of HA on viral resistance to serum innate inhibitors
Owing to the difference in susceptibility to serum innate

inhibitors among various influenza subtypes, it is speculated that

HA and/or NA play a key role in this difference. To elucidate this

speculation, reassorted PR8 virus together with three reverse

genetic viruses harboring HA and/or NA genes from HPAI H5N1

(KAN-1) viruses in PR8 backbone, i.e., rgPR8-H5 HANA (6+2

Figure 2. Inhibitory activities of native guinea pig serum, heat-
inactivated serum, and RDE-treated+heat-inactivated serum
against influenza viruses. Guinea pig sera were incubated with (A)
H1N1 viruses, (B) H1N1pdm viruses, or (C) H3N2 viruses. The viral
inhibitory activities of the test sera were determined in MDCK cells
inoculated with the serum-virus mixtures by ELISA. The results are
shown as mean of the percentages of viral inhibition derived from
quadruplicate experiments. Error bars represent the standard deviation.

* There are statistically significant differences between the inhibitory
activity of the native serum and the heat-inactivated serum or the
native serum and the RDE-treated+heat-inactivated serum (p#0.05).
** There are statistically significant differences in the inhibitory activity
between heat-inactivated serum and RDE-treated+heat-inactivated
serum (p#0.05).
doi:10.1371/journal.pone.0036318.g002
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virus), rgPR8-H5 HA (7+1 virus), and rgPR8-H5 NA (7+1 virus)

were tested against guinea pig sera. The result showed that

reassorted PR8 parental virus and rgPR8-H5 NA could be

inhibited by serum innate inhibitors with 48–62% and 42–85%

viral inhibition, respectively (Table 1). In contrast, rgPR8-H5 HA

and rgPR8-H5 HANA could resist the serum inhibitors with

percentages of viral inhibition of only 0–5% for rgPR8-H5 HA

and 2–7% for rgPR8-H5 HANA, similarly to the H5N1 wild type

viruses. When the viral inhibitory activity of native serum, heat-

inactivated serum and RDE-treated+heat-inactivated serum were

compared, the result showed that efficiency to inhibit reassorted

PR8 parental virus and rgPR8-H5 NA viruses were almost

completely lost simply by heat inactivation alone; and thus, the

inhibitory effect from RDE could not be seen (Figure 3). No

significant change in percentages of viral inhibition was observed

with rgPR8-H5 HA and rgPR8-H5 HANA viruses when reacted

with either heat-inactivated serum or RDE-treated+heat-inacti-

vated serum. The results were reproducible with all three guinea

pig serum samples tested (Table 1). In conclusion, it was the HA

not NA that rendered HPAI H5N1 viruses the resistance to serum

inhibitors.

Prediction of the potential N-linked glycosylation sites on
HA and NA globular domains

Our previous experiments demonstrated that HA determined

the viral susceptibility or resistance to serum innate inhibitors.

Additionally, previous groups of investigators reported that an

increase in glycosylation site in HA protein resulted in the

increased susceptibility to innate inhibitory factors such as SP-D

and collectins [27,28]. Therefore, our study viruses were predicted

for their potential sites of glycosylation in HA and NA molecules

by CountGS application in BioEdit program version 7.0.4.1 [29].

HA and NA sequences of the study viruses are retrieved from the

GenBank database using the accession numbers as shown in

Table 2. The potential N-linked glycosylation motif was defined as

Asn-X-Ser/Thr, where X may represent any amino acids except

proline. The present study determined number of glycosylation

sites in the HA globular head of the study viruses, defining that the

globular head is situated between the loop region flanked with a

conserved disulfide bond in the cysteine bridge in HA1 domain

[30]. With methionine as the start position, the globular heads are

situated between amino acid position 59 to 291 (reassorted PR8

and seasonal H1N1 viruses), 59 to 292 (H1N1pdm viruses), 68 to

293 (seasonal H3N2 viruses), and 58 to 290 (HPAI H5N1 viruses).

The results showed that H3N2 viruses, the most susceptible

subtype to serum inhibitors, contained highest number of

glycosylation sites in HA. On the other hand, reassorted PR8

and H1N1pdm viruses which were moderately susceptible to

serum innate inhibitors contained one glycosylation site on the HA

globular head, while the resistant H5N1 viruses harbored 2

glycosylation sites (Table 2). A homology-based structural model of

the HA molecules of seasonal H1N1 (SI-RA-TT/04), H1N1pdm

(Thai/104/09), seasonal H3N2 (SI 03/04) and HPAI H5N1

(KAN-1) viruses were constructed using HA crystal structures of

PR8, A/California/04/09, A/X-31 (H3N2) or A/HK/212/03

(H5N1) (PDB codes: 1RU7, 3LZG, 1HGF and 3FKU, respec-

tively) as the template. All three-dimensional models are generated

by Chimera program version 1.5.3 [31] as shown in Figure 4.

Amino acid positions that are the potential N-linked glycosylation

sites on globular head of HA were predicted for reasserted PR8

(Asn285), seasonal H1N1 (Asn71, Asn104, Asn142 and Asn176),

H1N1pdm (Asn104), seasonal H3N2 (Asn79, Asn138, Asn142,

Asn149, Asn160, Asn181 and Asn262, but Asn160 was not found

in SI 08/98 (H3N2)), and H5N1 (Asn170 and Asn181).

Number of glycosylation sites on NA of the study viruses is

shown in Table 2. Based on NA crystal structures of A/Brevig

Mission/1/18 (H1N1) and A/Memphis/31/98 (H3N2) (PDB

codes: 3BEQ and 2AEP, respectively) with methionine as the start

position, the globular head domain of N1 NA starts at position 83

to 468 (N1 numbering) and that of N2 NA starts at position 82 to

469 (N2 numbering). Amino acid positions that are the potential

N-linked glycosylation sites on globular head of NA were predicted

for reassorted PR8 (Asn88 and Asn235), seasonal H1N1 (Asn88,

Asn146, Asn235, Asn434 and Asn455), H1N1pdm (Asn88,

Asn146, Asn235 and Asn385), seasonal H3N2 (Asn86, Asn146,

Asn200, Asn234, Asn392 and Asn402, but additional site, Asn93,

was found in SI 06/02), and H5N1 viruses (Asn126, Asn215, but

additional site, Asn321, was found in 676(NYK), and Asn366 was

found in Nong Khai 1 virus).

Discussion

Most of human sera contain pre-existing anti-influenza

antibodies as the results of vaccinations or past infections with

some influenza subtypes. Therefore, guinea pig sera instead of

human sera were used as the model to study innate immunity

Figure 3. Inhibitory activities of native guinea-pig serum, heat-
inactivated serum, and RDE-treated+heat-inactivated serum
against reverse genetic viruses. Guinea pig sera were incubated
with rgPR8 viruses that contain HPAI H5N1 HANA, HA alone or NA
alone. The viral inhibitory activities of the test sera were determined in
MDCK cells inoculated with the serum-virus mixtures by ELISA. The
results are shown as mean of the percentages of viral inhibition derived
from quadruplicate experiments. Error bars represent the standard
deviation. * There are statistically significant differences between the
inhibitory activity of the native serum and the heat-inactivated serum or
the native serum and the RDE-treated+heat-inactivated serum (p#0.05).
** There are statistically significant differences in the serum inhibitory
activity as compared between the reassorted PR8 virus and the rgPR8-
H5 HA virus or the reassorted PR8 virus and the rgPR8-H5 HANA
(p#0.05).
doi:10.1371/journal.pone.0036318.g003
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against influenza viruses in order to avoid interference effect from

human specific antibody which might create miss-interpretation in

the viral infection inhibition assay. Nevertheless, it has been shown

that the serum components such as MBL and SP-D are presented

in both guinea pig and human sera [11–13]. To some extents and

with a careful interpretation, our results from guinea pig should be

able to extrapolate to humans. Additionally, to ascertain that the

guinea pig sera were also free from anti-influenza antibodies, the

sera were tested negative against all study viruses at the screening

dilution of 1:10 by HI and microNT assays.

Our viral infection inhibition assay demonstrated that among 10

human influenza viruses (reassorted PR8, 2 seasonal H1N1, 4

seasonal H3N2 and 3 H1N1pdm viruses) tested, 5 were susceptible

to both heat-inactivated sera and RDE-treated+heat-inactivated

sera, 4 were susceptible to heat-inactivated sera only and 1 was

susceptible to RDE-treated+heat-inactivated sera only, with

degree of inhibition varying to virus subtypes and strains within

the same subtype. H3N2 subtype was the most susceptible to

serum inhibitors, while seasonal H1N1 and H1N1pdm viruses

were moderately susceptible. All HPAI H5N1 isolates tested were

highly resistant to serum inhibitors. While the identities of the

serum inhibitors were not determined in our study, the class of

serum innate immunity could be estimated from the viral

inhibition effects after the sera were treated with heat or

RDE+heat. Since a-inhibitors can inhibit only hemagglutination

but not virus infection [22,23], they are likely not contributing to

the virus inhibition observed in our experiments. On the other

hand, our results suggested that serum innate inhibitors against the

non H5N1 influenza viruses could be b-inhibitors which are heat-

labile and RDE-resistant, c-inhibitors which are heat-stable and

RDE-sensitive, and complement which is heat-labile.

While most of investigators utilized individual serum factors

such as SP-D, SP-A, MBL or PTX-3 to study influenza innate

immunity, serum factors are likely to work together to exert their

anti-influenza activities. In addition, there might be several more

anti-influenza factors in sera that have not been discovered yet;

thus, complicating the interpretation of the results in broader

picture of pathogenesis. The activity of individual factor may not

represent overall inhibitory activity observed in the native serum.

For example, investigators previously reported that PR8 virus was

resistant to MBL [17], and SP-D [27]; however, the present study

demonstrated that our reassorted PR8 virus was sensitive to native

guinea pig sera with 48–62% viral inhibition activity. The effect of

reverse genetics manipulation on susceptibility to serum inhibitors

has been excluded as our rgPR8-H5 NA was sensitive while

rgPR8-H5 HA and rgPR8-H5 HANA were resistant to the serum

inhibitors. Therefore, our system of using whole serum to examine

anti-influenza innate serum inhibitors provides a suitable platform

to dissect how the HPAI H5N1 virus could disseminate to distal

organs.

Number of glycosylation sites on the envelope glycoprotein, HA

in particular, has been correlated to the susceptibility of influenza

viruses to innate serum inhibitors [28]. Our study showed that

H3N2, the most susceptible subtype, has the highest number of

glycosylation sites on HA as compared to the other virus subtypes,

with 11–12 sites on the H3N2 complete HA amino acid sequences

and 6–7 sites on the globular head. A previous study demonstrated

that high degree of N-linked glycosylation could attenuate H3N2

influenza viruses. The addition of oligosaccharide moieties to

globular head of HA had been linked to increased sensitivity of

H3N2 viruses to SP-D and MBL [32]. Glycosylation sites on HA

have accumulated in the human influenza H3N2 virus since its

appearance in 1968. This gain of sites and their long-term

maintenance are presumed to be due to a selective advantage of

glycosylation [33]. Extensive evidences indicated that glycosylation

plays important roles in the life cycle of influenza viruses by

conferring structural integrity and stability of virus particles as well

as modulating the functions of HA and NA in the recognition of

Table 2. Potential glycosylation sites on HA and NA proteins of the study viruses.

Accession number Number of glycosylation sites on

Virus name HA NA HA
Globular head
of HA NA

Globular head
of NA

A/PR/8/34 (reassorted virus H1N1) EF467821 EF467823 7 1 4 2

A/Thailand/Siriraj-Rama-TT/04 (H1N1) JN676132 JN676133 10 4 9 5

A/Thailand/Siriraj3043/09 (H1N1) JN676130 JN676131 10 4 9 5

A/Thailand/104/09 (H1N1) GQ169382 GQ169381 8 1 8 4

A/Nonthaburi/102/09 (H1N1) GQ150342 GQ150343 8 1 8 4

A/California/07/09 (H1N1) FJ969540 HM138502 8 1 8 4

A/Thailand/Siriraj-08/98 (H3N2) JN617980 JN617985 11 6 8 6

A/Thailand/Siriraj-06/02 (H3N2) JN617982 JN617984 12 7 9 7

A/Thailand/Siriraj-02/03 (H3N2) JN617979 JN617983 12 7 8 6

A/Thailand/Siriraj-03/04 (H3N2) JN617981 JN617986 12 7 8 6

A/Thailand/1(KAN-1)/04 (H5N1) AY555150 AY555151 8 2 3 2

A/Thailand/676(NYK)/05 (H5N1) DQ360835 DQ360836 8 2 4 3

A/Thailand/NBL1/06 (H5N1) lung GQ466176 GQ466177 8 2 3 2

A/Laos/Nong Khai 1/07 (H5N1) EU499372 EU499378 8 2 4 3

rgPR8-H5 HANA (KAN-1) AY555150 AY555151 8 2 3 2

rgPR8-H5 HA (KAN-1) AY555150 - 8 2 4 2

rgPR8-H5 NA (KAN-1) - AY555151 7 1 3 2

doi:10.1371/journal.pone.0036318.t002
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host cell receptors, in particular [34]. Mannose-containing

oligosaccharides on the virus envelope were shown to be a target

for recognition and destruction by lectins of the innate immune

system [35]. Based on the data obtained from H3N2 viruses, it is

likely that the degree of viral neutralizing activity of our guinea pig

sera was positively correlated to number of glycosylation sites

Figure 4. Potential N-linked glycosylation sites on HA globular domain. HA1 chains are displayed as space-filling models in HA trimer, while
HA2 chains are displayed as ribbon. One of the three HA1 chains is highlighted in lighter shade than the other two HA1 chains. Model of H1N1pdm is
related to models of PR8 by 60-degree counterclockwise rotation on vertical axis. The top view is related to the side view by 90-degree rotation on
horizontal axis.
doi:10.1371/journal.pone.0036318.g004

HPAI H5N1 Viral Resistance to Serum Inhibitors

PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e36318



present on HA globular head. Nevertheless, our data from other

human influenza subtypes does not support this hypothesis. Our

reassorted PR8 and H1N1pdm viruses, which are moderately

susceptible to serum inhibitors, contain only one glycosylation site

on the HA globular head; while HPAI H5N1 viruses, which are

the most resistant subtype, contain two sites. These findings

suggested that the viral domains other than glycosylation sites on

HA globular head could be the target for binding with serum

innate inhibitors. In addition, our previous work also suggested

that receptor binding site might not be the target of recognition by

the serum inhibitors as 676(NYK) which preferred human type

receptor (sialic acid-linked a2,6-galactose) was as resistant as the

other H5N1 isolates which preferred avian type receptor (sialic

acid-linked a2,3-galactose) [36].

Previous studies have shown genetic elements that contribute to

the H5N1 viral virulence such as glutamine to lysine substitution at

amino acid position 627 in PB2, the presence of multiple basic

amino acids at the HA cleavage site, and the presence of a

sequence motif, Glu-Ser-Glu-Val at the carboxyl terminus of NS1

protein [37]. Herein, our study suggests a novel mechanism to

virulence of HPAI H5N1 viruses through their ability to resist

serum innate immunity, enabling the viruses to disseminate

beyond the respiratory tract, the primary organ of infection, to

various visceral organs. The disseminated viruses may subsequent-

ly exert their immunopathological effect via an induction of

cytokine storm and multi-organ failure, the hallmarks of HPAI

H5N1 in humans.

Materials and Methods

Guinea pig sera
Guinea pig blood was purchased from the National Laboratory

Animal Center, Mahidol University. When the blood clot

retracted, serum was separated by spinning at 2,000 rpm in a

refrigerated centrifuge, and then aliquoted and stored at 280uC.

Guinea pig sera were negative for antibody to all study influenza

viruses as determined by HI and microNT assays.

The viruses
Influenza A viruses in this study including seasonal H1N1 and

H3N2, H1N1pdm and HPAI H5N1 viruses (Table 1), were

propagated in MDCK cells (obtained from the American Type

Culture Collection; CCL-34). These virus isolates were kindly

provided by Siriraj Influenza Cooperative Research Center; and

the routine service laboratory, Department of Microbiology,

Faculty of Medicine Siriraj Hospital, Mahidol University.

Construction of influenza reassortants by reverse
genetics

The pHW reverse genetic system [38] comprising 8 recombi-

nant plasmids containing PA, PB1, PB2, NP, HA, NA, M or NS
genomic segments derived from the parental PR8 virus were

kindly provided by Prof. Robert Webster and Dr. Erich Hoffman,

St. Jude Children Research Hospital, Memphis, Tennessee, USA.

Three kinds of reverse genetic viruses harboring HA, NA, or both

HA and NA genes derived from A/Thailand/1(KAN-1)/04

(H5N1) viruses were constructed. HA and NA genomic segments

were amplified by RT-PCR using universal primers [39] and

cloned individually into pHW2000 vector. HA segment (accession

number AY555150) was engineered to eliminate the multiple basic

amino acids at HA cleavage site (337-PQRERRRKKR-346 was

changed to 337-PQ----IETR-346, H5 numbering) which mimics

the cleavage site of the low pathogenic avian H6 virus before

cloning; while the NA segment (accession number AY555151) was

cloned unmodified. To construct the reverse genetic viruses,

rgPR8-H5 HA (7+1), rgPR8-H5 NA (7+1) and rgPR8-H5 HANA

(6+2) viruses, 1 mg of each of the 8 recombinant plasmids were

transfected into HEK-293 cells co-culturing with MDCK cells

using TransITH-LT1 Transfection Reagent (Mirus Bio LLC,

Madison, WI). After 24 hours, the reassortants were rescued by

adding with 1 ml of Opti-MEMH I Reduced Serum Medium

(Invitrogen, Carlsbad, CA) containing 2 mg/ml of TPCK-treated

trypsin (Sigma, St. Louis, MO). The culture plate was further

incubated at 37uC for 24–48 hours, observed for cytopathic effect

and screened for progeny viruses released in the culture

supernatant by hemagglutination assay. In addition, all 8 pHW

recombinant plasmids containing each gene of PR8 origin were

transfected into HEK-293 cells co-culturing with MDCK cells to

generate reassorted PR8 virus as the control of the experiments.

The reassortants were propagated and titrated in MDCK cells.

HI assay
HI assay was performed based on the protocol as described in

the WHO manual [40]. Goose RBCs were employed in the assay

for antibody to HPAI H5N1 and H1N1pdm. On the other hand

guinea pig RBCs were employed in the assay for antibody to the

other human influenza viruses. Briefly, 50 ml of guinea pig serum

was mixed with 150 ml of RDE (Denka Seiken Co. Ltd., Tokyo,

Japan) and incubated at 37uC for 16–18 hours to eliminate the

nonspecific inhibitors. The treated serum was inactivated at 56uC
for 30 minutes and absorbed with the test RBCs to remove

nonspecific agglutinators. The replicating influenza virus at the

final concentration of 4 hemagglutination units/25 ml was used as

the test antigen. The treated serum was serially two-fold diluted at

an initial dilution of 1:10 into a final volume of 25 ml per well

before 25 ml of the test antigen was added. After incubation at

room temperature for 30 minutes, 50 ml of 0.5% goose RBCs (for

HI antibody to H1N1pdm and H5N1 viruses) or 0.75% guinea pig

RBCs (for HI antibody to seasonal H1N1 and H3N2 viruses) were

added into every well and further incubated the reaction plate at

4uC 30 minutes (for goose RBCs) or 60 minutes (for guinea pig

RBCs). HI titer was defined as the reciprocal of the last serum

dilution that completely inhibited hemagglutination of RBCs.

MicroNT assay
Guinea pig sera were screened for the antibodies to the test

influenza viruses by microNT assay using the protocol as described

previously [40]. Guinea pig serum was treated with RDE before

heat inactivation at 56uC for 30 minutes. The treated sera were

serially two- fold diluted with 1X EMEM at an initial dilution of

1:10 in a microtiter plate. The diluted serum was incubated with

the test virus at the final concentration of 100 TCID50/100 ml for

2 hours at 37uC. Then, 100 ml of each virus-antibody mixture was

transferred onto the MDCK cell monolayer maintained in EMEM

supplemented with trypsin TPCK (Sigma, St. Louis, MO), and

incubated overnight at 37uC, 5% CO2. The inoculated MDCK

cell monolayers in the reaction plates were fixed with 80% acetone

prior to determining for presence of viral nucleoprotein by ELISA.

Antibody titer was defined as the highest serum dilution that

yielded a 50% reduction in the amount of nucleoprotein as

compared to the virus infected cell control.

Complement titration
Guinea pig serum contains many soluble factors, including

complement factors that confer activity against influenza virus.

The amount of complement present in each guinea pig serum can

be measured by titration against hemolysin-sensitized SRBCs [41].

Equal volume of 2% SRBCs was mixed with appropriate
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concentration of hemolysin (Sigma-Aldrich, St. Louis, MO) for

1 hour with shaking at intervals to obtain hemolysin sensitized

SRBCs. The test guinea pig serum was serially two-fold diluted

with veronal buffer to obtain a volume of 25 ml per well in a U-

shaped microtiter plate. Then, the serum was incubated with

hemolysin sensitized SRBCs for 45 minutes with shaking at

intervals. In the presence of serum complement, the sensitized

SRBCs would be lysed; while the SRBCs and sensitized SRBC

controls appeared as a red button at the bottom of the well. One

hemolytic unit was defined as the highest dilution of complement

which yielded complete hemolysis of the sensitized SRBCs. Owing

to heat-labile nature of the complement proteins, guinea pig sera

were stored at 270uC; and complement titration was conducted

prior to each use.

Assay for inhibition of influenza virus infection by soluble
factors in guinea pig serum

Guinea pig serum at the working concentration of 2

complement hemolytic units was incubated with the test virus at

a final concentration of 1,000 TCID50/50 ml at 37uC for

45 minutes in quadruplicate wells. Then, the mixtures were

transferred onto MDCK cell monolayers and incubated overnight

at 37uC prior to measuring the amount of viral nucleoprotein in

the infected MDCK cell monolayers by ELISA. In the presence of

serum inhibitors, viral infection was blocked, resulting in the

decreased amount of viral nucleoprotein synthesized in the

inoculated culture as compared to the infected MDCK cell

controls. In the case where serum inhibitors could not inhibit viral

infection, the high O.D. values indicating viral nucleoprotein

synthesis would be observed. The percentages of viral inhibition

were calculated based on the O.D. values as compared to the virus

control without serum.

The assay employed native guinea pig serum was conducted in

parallel with the heat-inactivated serum and together with the

RDE-treated+heat-inactivated serum. Heat treatment to inacti-

vate the b-inhibitors was performed by treating the guinea pig

serum at 56uC for 30 minutes and then cooled on ice. RDE

treatment was conducted to destroy a- and c-inhibitors such that

the guinea pig serum was mixed with RDE according to the

protocol used for HI assay, followed by heat inactivation at 56uC
for 30 minutes to get rid of RDE activity and b-inhibitors.

ELISA
ELISA for influenza viral nucleoprotein was performed with

mouse specific monoclonal antibody against influenza nucleopro-

tein (Catalog number MAB8257, Millipore Corporation, Teme-

cula, CA) as the primary antibody. Horseradish peroxidase (HRP)-

conjugated goat anti-mouse Ig (Catalog number 1010-05,

Southern Biotech, Birmingham, AL) was used as the secondary

antibody. The optical density was measured at dual wavelengths of

450/630 in a spectrophotometer.

Statistical analysis
Statistical analysis was done with PASW Statistics 18 software.

The percentages of viral inhibition by native sera, heat-inactivated

sera and RDE-treated+heat-inactivated sera were analyzed using

analysis of variance (ANOVA). Difference between two data sets

was examined using Student’s t-test. The significance level was set

at p#0.05.
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15. Horváth A, Andersen I, Junker K, Lyck Fogh-Schultz B, Holm Nielsen E, et al.

(2001) Serum amyloid P component inhibits influenza A virus infections: in vitro
and in vivo studies. Antiviral Res 52: 43–53.

16. Kase T, Suzuki Y, Kawai T, Sakamoto T, Ohtani K, et al. (1999) Human
mannan-binding lectin inhibits the infection of influenza A virus without

complement. Immunology 97: 385–392.

17. Job ER, Deng YM, Tate MD, Bottazzi B, Crouch EC, et al. (2010) Pandemic

H1N1 influenza A viruses are resistant to the antiviral activities of innate
immune proteins of the collectin and pentraxin superfamilies. J Immunol 185:

4284–4291.

18. Blue CE, Spiller OB, Blackbourn DJ (2004) The relevance of complement to

virus biology. Virology 319: 176–184.

19. Reading PC, Hartley CA, Ezekowitz RA, Anders EM (1995) A serum mannose

binding lectin mediates complement dependent lysis of influenza virus-infected

cells. Biochem Biophys Res Commun 26: 1128–1136.

20. Anders EM, Hartley CA, Reading PC, Ezekowitz RA (1994) Complement-

dependent neutralization of influenza virus by a serum mannose-binding lectin.
J Gen Virol 75: 615–622.

21. Jayasekera JP, Moseman EA, Carroll MC (2007) Natural antibody and
complement mediate neutralization of influenza virus in the absence of prior

immunity. J Virol 81: 3487–3494.

22. Cohen A, Belyavin G (1961) The influenza virus hemagglutination inhibitors of

normal rabbit serum: I. Separation of the inhibitory components. Virology 13:
58–67.

HPAI H5N1 Viral Resistance to Serum Inhibitors

PLoS ONE | www.plosone.org 9 May 2012 | Volume 7 | Issue 5 | e36318

1.   Abdel-Ghafar AN, Chotpitayasunondh T, Gao Z, Hayden FG, Nguyen DH,
et al. Writing Committee of the Second World Health Organization Consultation

on Clinical Aspects of Human Infection with Avian Influenza A (H5N1) Virus
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Summary

Background: The severity of avian influenza 
H5N1 disease is correlated with the ability of the 
virus to induce an over production of pro-
inflammatory cytokines from innate immune 
cells. However, the role of each virus gene is
unknown. To elaborate the function of each virus 
gene, the recombinant vaccinia virus inserted HA 
and NS gene from the 2004 H5N1 virus were 
used in the study. 

Methods: U937 cells and PMA activated U937 
cells were infected with recombinant vaccinia
virus inserted with HA or NS gene. The 
expressions of HA and NS proteins in cells were 
detected on immunofluorescence stained slides 
using a confocal microscope. The cytokine 
productions in the cell supernatant were quantitated 
by ELISA.

Results: The recombinant vaccinia virus inserted 
with HA genes induces the production of IL-1
MIP- -8 and IL-18 cytokines from PMA 
activated U937 cells significantly more than cells 
infected with wild type vaccinia, whereas the 
recombinant vaccinia virus inserted with NS 
genes it was similar to that with the wild type 
vaccinia virus. However, there was no synergistic 
nor antagonistic effect of HA genes and NS genes 
in relation to cytokines production.

Conclusion: Only the HA gene from the 2004 
H5N1 virus induces  IL- - -8 and IL-
18 cytokine productions from activated U937 
cells. The same HA gene effect may or may not

be the same in respiratory epithelial cells and 
this needs to be explored. (Asian Pac J Allergy 
Immunol 2011;29:349-56)
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Introduction
Avian influenza in humans is severe and fatal.  

The severity of the disease correlates with an ability 
of the virus to induce an over production of pro-
inflammatory cytokines.1-5 The cytokine response 
occurs, whereas a specific immune response has 
hardly been detected.  Thus, a cytokine storm is the 
immunopathology mediated by innate immunity in 
H5N1 infection. Pro-inflammatory cytokines are 
produced in bronchial epithelial cells infected with 
H5N1 viruses6 and it is also well documented that 
innate mononuclear cells, monocytes and 
macrophages, are the major cell types that release a 
variety of cytokines.1,7 Information elucidated from 
these studies was derived from using whole virions, 
either wild type or reverse genetic viruses. It can not 
be ruled out that the interplay between different 
genes or their products, either RNA-RNA interaction 
or RNA-protein interaction, may influence certain 

Abbreviations
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gene expression and function.  The only way to 
study individual gene function is to create a 
recombinant virus containing the gene of interest.

This study aimed to investigate cytokine released 
in culture supernatants of PMA activated U937 cells 
infected with recombinant vaccinia virus inserted 
with HA (r-HA vaccinia) or NS (r-NS vaccinia) 
genes from the 2004 H5N1 virus by using the 
ELISA technique. Confocal microscopy of 
immunofluorescence staining for HA or NS protein 
and RT-PCR for mRNA in infected cells was 
performed. The results show that (compared to the 
wild type vaccinia) chemokines; MIP- -8, 
antiviral cytokine; IL-18 and proinflammatory 
cytokine; IL-
supernatant of PMA activated U937 cell infected 
with r- -
inflammatory cytokine, is not. This effect on 
cytokines production is not observed for r-NS 
infection. This study demonstrates the direct effect 
of either HA or NS without any interference by 
other influenza genes in cytokines production in 
activated monocytes. Moreover, the results suggest 
the absence of NS gene suppressive effect and an 
antagonistic effect on cytokines production induced 
by HA gene expression.

Methods

Cell preparation
U937, a human monocyte cell line, was cultured 

in RPMI 1640, supplemented with 10% heat-
inactivated fetal bovine serum, 2.5 mM glutamine, 
10mM HEPES, 10,000U/ml penicillin and      
10,000μg/ml streptomycin.  The cells were activated 
by incubating them with 10 nM of phorbol myristate 
acetate (PMA) (Sigma, Mo. U.S.A)    for 24 hours 
(activated U937 cell).

Viruses 
The viruses used in this study were: Vaccinia 

virus Lister strain (wild type control), recombinant 
vaccinia virus inserted with HA (r-HA vaccinia) and 
recombinant vaccinia virus inserted with NS (r-NS 
vaccinia). Both the HA and NS genes of the two 
recombinant viruses were derived from 
A/Thailand/1(KAN-1)/04 (H5N1) (sequences of 
both genes can be accessed from GenBank with 
accession numbers AY555150 and AY626146 for 
HA and NS respectively). These viruses were 
propagated and titrated in TK cells. Titers were 
presented as plaque forming units /ml.

Virus infection in U937cell culture  
Resting (no PMA) or activated (with PMA) 

U937 cells at a concentration of 1x106 cells/ml in 
2% FBS RPMI 1640 were infected in triplicate with 
wild type vaccinia or r-HA vaccinia or r-NS 
vaccinia at a multiplicity of infection (M.O.I.) of 
0.05 in a 96 well- tissue culture plate. An M.O.I. of 
0.1 was obtained by double infection with both 
types of the recombinant viruses.  Infection was
carried out for 24 hours at 37 C in a humidifying 
CO2 incubator. Thereafter, culture supernatants 
were harvested and kept at -80 C for cytokine 
assays by ELISA.  Meanwhile; cell pellets were 
washed once with PBS and divided into two 
portions; one portion was used for RNA extraction 
by TRIzol® Reagent (Invitrogen, Carlsbad, CA., 
USA.) and another portion was smeared on 
microscopic slides for immune-fluorescence 
staining.

Semiquantitation for HA or NS mRNA by RT-PCR
Total RNA extracts were reverse transcribed into 

cDNA by using AMV reverse transcriptaseTM first-
strand kit (Invitrogen, Carlsbad, CA., USA.). The 
cDNA was further used as template in polymerase 
chain reactions (PCR). The primer pairs were: HA-
H5f:5’-ACTCCAATGGGGGCGATAAA-3’, HA-
H5r:5’-CAACGGCC TCAAACTGAGTGT-3’and
SNSF:5’-GATAAGGCACTTAAAATGCCG-3’and 
SNSR: 5’-ACGGTGAGATTTCTCCCACG-3’. The

-actin gene was amplified as the internal control 
5’-ATC TGG CAC CAC ACT TCT ACA-3’ as the 
forward primer and  5’- GTT TCG TGG ATG CCA 
CAG GAC T-3’as the reverse primer. Amplicons 
were analysed by densitometer (Amersham Biosciences,
England) using Image Scanner Software (Image 
MasterTotal Lab version 2.01) analysis. The 
percentage of gene expression originating from HA 
and NS mRNA were semiquantitated by comparing 

-actin gene.  

Immunofluorescence assay for HA or NS protein 
Slides of cell deposits were air-dried and fixed in 

pre-cooled acetone at -20 C for 10 minutes. The 
slides were stained immediately, or otherwise kept at 
-70 C until staining by the indirect immunofluorescence
technique. Goat antiserum against H5N1 HA 
(kindly provided by Dr. Richard Webby, St Jude 
Children Research Hospital) or goat anti-NS 
peptides antiserum (Santa Cruz Biotechnology Inc., 
CA., USA) was used as the primary antibody, FITC 
conjugated rabbit anti-goat Ig was used as the 
second antibody.  Uninfected cells and cells infected 
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with wild type vaccinia virus were used as negative 
controls.  The stained slides were observed for 
fluorescence using a Confocal Laser Scanning 
Biological Microscope (FV1000 Fluoview, Olympus,
Tokyo, Japan).

Cytokine quantitation by ELISA
Culture supernatants were assayed for pro-

infammatory cytokines: TNF -
chemokines: MIP- -8, and antiviral 

-18 by ELISA kits (R&D 
Systems Inc., Minneapolis, USA.).  The test 
protocols followed those described in the kit 
instructions.  The reproducibility of the results was 
confirmed by repeating the experiments in culture 
supernatants collected from the three separate 
experiments. 

Statistical analysis 
The cytokine concentrations from ELISA (in 

triplicate) were analysed using Prism software 
(GraphPad prism 4 Software). Nonparametric, one 
tailed Mann Whitney u test was used; a p value < 
0.05 was considered statistically significant. 

Results

HA or NS proteins are more strongly expressed in 
PMA activated U937 cells than in resting/non-
activated U937 cells

Compared to the results of semi-quantitation of 
mRNA for HA and NS band density of RT-PCR (%
band density for HA from PMA activated U937 is 
152.5 and non-activated is 96), the amount of  
positive immunofluorescence staining in PMA 
activated U937 cells was higher and more intense 
than in non-activated U937 cells as shown in Figure
1A and 1B for anti HA staining, whereas there was 
negative staining in wild type vaccinia infected 
cells.

A similar pattern is observed for anti NS staining 
as shown in Figure 2A and 2B (% band density for 
NS from PMA activated U937 is 41.7 and non-
activated is 12.4).

Cytokine productions in resting/non-activated 
U937 cell

There were no differences in cytokines 
production from non activated U937 cells infected 
with r-HA vaccinia or r-NS vaccinia or both or wild 
vaccinia.  Three groups of cytokine effector functions 
were investigated; these are pro-inflammatory 
cytokines ( - ),  chemokines (MIP-
and IL- -18). 
The concentrations of these 6 cytokines in the 

 
 
 
Figure 1. A. Anti HA immunofluorescence staining of 
PMA activated U937 cells infected with recombinant 
HA vaccinia (r-HA vaccinia), observed by UV light 
under a confocal microscope (400 magnification).  
B. Anti HA immunofluorescence staining of U937 
cells infected with recombinant HA vaccinia (r-HA 
vaccinia), observed by UV light under a confocal 
microscope (400 magnification).    
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supernatants of non activated U937 cells were not 
different in all infections, the average cytokine 
concentrations from 3 separate infections (n=3) of r-
HA, r-NS and dual vaccinia infections were not 
different from wild type vaccinia infection.

Cytokine production in activated U937 cell
Cytokine production from r-HA vaccinia or r-NS 

vaccinia or both infected PMA activated U937 cells 
were different. The cytokine concentrations in the 
supernatants of infected PMA activated U937 cells 
were different in rHA vaccinia, rNS vaccinia or dual 
infections. rHA vaccinia infection induces increased 
production of TNF - -1

-8 (significantly) and IL-18,
compared to wild vaccinia infection. On the 
contrary, the rNS vaccinia infection did not induce
any effect. The cytokine concentrations in rNS 
vaccinia infection supernatants   were the same as in 
wild vaccinia infection. Furthermore, in 
supernatants of the dual infections with rHA and 

- - -18 
levels were significantly higher than in the supernatant
of wild vaccinia infection, but the levels of the 
cytokine concentrations were almost the same as 
observed in supernatants of rHA vaccinia infections, 
as shown in Figure 3A-F.

Discussion 
Cytokine dysregulation is proposed to be a 

mechanism explaining the unusual severity of avian 
influenza.   High levels of inflammatory cytokines 

-1 and  IL-6 or chemokines such 
as IL-8 and CCL2 were detected in the patients’ 
serum.2,3,5 In vitro studies had demonstrated hyper-
production of pro-inflammatory cytokines in 
macrophages infected with H5N1 viruses.1 Excessive 
infiltration of macrophages and neutrophils together 
with significantly higher levels of pro-inflammatory 
cytokines were noted in the lungs of mice infected 
with 1918 H1N1 virus and in those had had recent 
H5N1 virus infection with A/Thailand/SP/83/2004 
and A/Thailand/16/2004.8 Based on the knowledge 
that macrophages could be infected by H5N1 
viruses and macrophage is the major source of 
innate cytokine, the present study used U937 as the 
cell source to explore the effect of the H5N1 HA 
gene and the NS gene, and their interaction, on 
cytokine production.  An advantage of this study 
was the use of recombinant vaccinia viruses, so that 
the influence of the HA or NS gene could be studied

Figure 2. A. Anti NS immunofluorescence staining of 
PMA activated U937 cells infected with recombinant NS 
vaccinia (r-NS vaccinia), observed by UV light under a 
confocal microscope (400 magnification). 
B. Anti NS immunofluorescence staining of U937 cells 
infected with recombinant NS vaccinia (r-NS vaccinia), 
observed by UV light under a confocal microscope (400 
magnification).  
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without interference from the other influenza genes. 
Wild type vaccinia virus, as the parent of 
recombinant virus, provided the background levels 
of the cytokines released.   In addition, using U937 
cells provided advantages as well, since the 
essentials of the cell condition in HA or NS gene 
expression and cytokine production can be 
elucidated. The PMA stimulated U937 cells were 
demonstrated to exhibit increased expression of a 
variety of cellular molecules, including the ability to
mediate chemotaxis and phagocytosis, i.e., the 
stimulated cells became activated and mature.9 The
present study showed that viral infection in activated 
U937 cells induced higher levels of influenza 
specific mRNA, protein expression and of all the 
cytokines studied, when compared with the infection 
in resting cells.  No cell death was observed either in 
resting or activated cells under the conditions of 
infection at an M.O.I. of 0.05 or 0.1 in case of 
double infection for 24 hours.  This study suggests that
activation of U937 cells or the monocyte maturation 
may provide biochemical conditions that allow the 
HA or NS gene to exert their influence on the 
cytokines synthesis. This effect may or may not be 
the same as that of dendritic cells, which was 
reported by other investigators.10 A low amount of 
the chemokine, MIP-
supernatant of rHA-vaccinia infected non-activated 
U937 cells, which was the same level in cell 
supernatant of wild vaccinia infection. This is 
normally detected in virus infection such respiratory 
virus infection.11 However, significantly increased
production of both detected chemokines, MIP-
and IL-18 levels was observed in the cell
supernatant of rHA vaccinia infected activated U937 
cells (Figure 3C and 3D). This may suggest that 
chemokines are cytokines produced to influence the 
immune cell recruitment to influenza infected cells. 

ons 
as “intracrine”.12

H5N1 influenza infection too. Others have reported 
the hyper- in human macrophages
infected with the 1997 H5N1 virus and the high 
production of MIP- -
to human IL-8), IL6, MCP-1 and IFN-
mice  infected with 1918 influenza virus or recent 
H5N1 virus.8 Our results show non-significant 

ours the supernatant of 
rHA-vaccinia infection in activated U937 cells but 
significant production of MIP- -8, Figure 
3A, 3C, 3D. This may indicate that during the 24 hr 
period of rHA-

chemokines induction and was then used as an 
autocrine. The cytokine storm is hypothesized to be 
the major cause of the unusual disease severity in 

should be produced from dendritic cells; however, 
cytokine inhibition did not protect mice against 
lethal challenge with H5N1 virus.13

In contrast to the increase in cytokines 
production in rHA-vaccinia infection, this study 
demonstrated that rNS-vaccinia was a poor cytokine 
inducer.  Levels of cytokines induced by rNS-vaccinia
were not significantly different from those induced 
by wild type vaccinia virus.  Moreover, the levels of 
cytokines synthesized in cells infected with both 
rHA-vaccinia and rNS-vaccinia, the dual infection, 
were not different from those released from cells 
infected with rHA-vaccinia.  This result implies that 
the NS gene transcription and translation processes 
do not exert any antagonistic nor synergistic effect 
in cytokine induction mediated by processes in the 
HA gene, at least in activated U937 cells. The first 
H5N1 avian influenza outbreak in 1997 caused the 
disease in 18 human cases with six deaths, or a
fatality rate of 33%.14 The current H5N1 avian 
influenza epidemic is even more disastrous and 
covers a wide geographical area. Even though 
cytokine dysregulation is proposed to be the 
mechanism of disease severity in patients from both 
outbreaks, the NS protein of H5N1 viruses that 
caused the recent outbreak does not possess Glu92, 
but Asp92 instead.  Nevertheless, the recent viruses 
possess Ala149.14 Role of Glu92 and Asp149 on the 
virulence and pathogenicity of avian influenza are in 
doubt as a result of the study done by Perrone, et al.8
The study involved two recent isolates from fatal 
cases: A/Thailand/16 and A/Thailand/SP/83, which 
both possess Glu92 and Asp149.8,15 A/Thailand/16 
was highly virulent in the mouse model with a 
mouse lethal dose 50 (MLD50) of 1.7, while 
A/Thailand/SP/83 was of low virulence with an 
MLD50 of 5.5.8 These previous studies together 
with our results have led to the suggestion that the 
NS1 gene alone is not enough to elicit cytokine 
dysregulation.  Moreover, the interplay between HA 
and NS genes in double infected cultures did not 
lead to an enhancement of cytokine synthesis.   The 
results of the present study suggests that the severity 
of avian influenza might be derived from the 
interplay between genes, apart from HA and NS 
genes, within cassette of the viral genome.  
Essentially, this study demonstrated an important 
role for HA in certain cytokine inductions.
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As an international traveling hub of South-East Asia, Thailand was one of the countries hardest and 
earliest hit by the influenza A (H1N1) 2009 pandemic. In order to understand the epidemic spread in the 
country, we conducted community-based surveys in metropolitan, urban, and rural areas using 
questionnaire interviews. We also determined sero-positive rates from randomly selected samples 
within the surveyed population. Recalled incidences of fever and acute respiratory symptoms in the 
survey correlated well with systematic reports of 2009 pandemic influenza cases from hospitals in the 
same areas, giving a ratio of total cases extrapolated from the surveyed data for persons who sought 
medical attention reported in the hospital-based surveillance system at 275:1. Conducting a large scale 
survey of the influenza outbreak is time consuming and also can be difficult to complete in a short time. 
Therefore, we used the survey for monitoring the outbreak of respiratory disease in the early pandemic 
phase. The seroprevalence rate was 8 to 10%, with higher rate for younger age groups, and suggests 
that sufficient herd immunity may have been reached in Thailand, especially in urban areas, while 
others may still be vulnerable to the second wave of the pandemic. 
 
Key words: Pandemic, influenza, survey, Thailand. 

 
 
INTRODUCTION 
 
Influenza epidemics can be unpredictable and vary 
enormously in severity (Bramley et al., 2009). Novel 
influenza A (H1N1) 2009 was first reported in the USA 
and Mexico in April 2009 (CDC, 2009). The World Health 
Organization announced Phase 6 of the influenza 
pandemic on June 11, 2009. The virus is new to humans, 
so there are uncertainties about transmission efficiency 
and disease severity as pandemic influenza continues to 
evolve rapidly (AlMazroa et al., 2009). 

As an international traveling hub of South-East Asia, 
Thailand was one of the countries hardest and earliest hit 
by the influenza A (H1N1) 2009 pandemic. The initial 
cases of laboratory-confirmed influenza A (H1N1) 2009 in 
Thailand  were  among  travelers  and  students returning 
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from epidemic area of the American Continent, The Thai 
Ministry of Public Health (MOPH) reported.  In Thailand, 
locally acquired epidemics of pandemic influenza were 
first detected in June 2009. In the early epidemic, wide 
and rapid spreads of influenza transmission primarily 
occurred in schools in Bangkok metropolitan and major 
tourist cities (Apisarnthanarak, 2009; Suchada, 2009; 
Jongcherdchootrakul, 2010). 

Having accurate and timely information on the extent of 
spread of outbreaks is crucial to informed decisions, and 
to deployment of proper interventions and mitigating 
measures. Thailand has a well-developed public health 
infrastructure, however, getting accurate information on 
numbers of cases and their distribution is often difficult in 
a widespread outbreak situation (Fraser et al., 2009). 

Most public health authorities have relied on systematic 
reporting of laboratory-confirmed cases, influenza-like 
illnesses in out-patient settings, hospitalized patients with 
severe  cases,  and  deaths  (Kitler  et  al.,  2002; Rao, 2003;  
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Flahault, 2006). Having estimated the total cases based 
on available data, one has to assume fixed proportions of 
total cases to the surveyed population, which can be 
acquired from studies at the beginning of the outbreak 
when the number of total cases is small enough to be 
tracked. 

In addition, the proportion of patients who seek medical 
attention can be strongly affected by perception about 
disease severity, for instance, information gathering 
through the media, however, this perception can vary 
with time depending on several factors. The proportion of 
admitted cases and deaths can also vary as the severity 
of the virus changes while it evolves. Community-based 
active survey seems reasonable alternative (Ghosh, 
2008; Levy-Bruhl, 2009). However, it is difficult to get 
accurate data from a large-scale clinical-based survey, 
because influenza symptoms are mostly non-specific, 
and other infectious and non-infectious illnesses can 
confound the findings. To overcome this problem, we 
designed a community-based survey to monitor the 
situation of influenza-like illnesses and tested its reliability 
to detect pandemic influenza infections by serological 
testing.   
 
 
METHODS 
 
Questionnaire and survey  
 
The tool we used in the survey was a structured questionnaire, 
which was tested for feasibility and practicality in a district of the 
Bangkok Metropolitan Administration (BMA) called Dusit. The set of 
questions on demographic information of respondents and their 
families included gender, age, education level, religion, number of 
household members, and type of property resided in. Also, 
questions about the trend of the influenza outbreak comprised the 
number of household members who had influenza-like symptoms in 
the immediately preceding 2 weeks and in the 3 months prior to the 
survey; details of influenza-like illness and chronic diseases of each 
household member; behavior of sick individuals to prevent 
transmission to others; behavior to prevent oneself from getting 
influenza; and willingness to receive vaccination. For quality control 
of the interview process, a group of interviewers were trained, 
educated, and observed by an investigator as they moved step-by-
step to follow the guideline for the survey.   
 
 
Population and sampling method 
 
The initial outbreaks of influenza A (H1N1) 2009 occurred at 
Thailand at different times. Areas of the country can be categorized 
into four groups on the basic of timing of outbreaks as May, June, 
July and August.  We selected the province that first reported an 
outbreak of pandemic influenza in each of the four time-based 
groups for our survey including Bangkok Metropolitan Adminis-
tration, NakhonRatchasima, ChiangMai, and Nakhonsrithammarat, 
respectively. The household survey by poll method (Poll-1), cluster 
sampling technique, in urban and suburban areas of BMA was 
conducted by a poll conducted by experienced interviewers in 
October 2009.  For the other three provinces, their cities were 
purposively chosen, and rural areas were simply randomized to be 
surveyed with similar periods and techniques.       

We also conducted a serologic survey based on a proportional-
cluster sampling technique classified by  number  of  households  in  

 
 
 
 
sub-districts of ChiangMai and Nakhonsrithammarat. Since the 
prevalence of Influenza A (H1N1) 2009 in the Thai population was 
estimated at 20% with 5% as worst acceptable value, a total of 246 
respondents should be tested. Face-to-face interviews and blood 
sample collection was done by an investigator and a team of health 
professionals. Exclusion criteria for recruitment for blood sample 
collection was a person who was <5 years old, and when fewer 
than 75% of family members in the household agreed to provide 
blood samples. 
 
 
Case definition  
 
An acute respiratory illness (ARI) case was defined as one affecting 
a person who had history of at least two of the following symptoms; 
fever, cough, sore throat, and running noses within recent three 
months prior to the survey.  
 
 
Serologic testing 
 
Hemagglutination-inhibition assay (HI assay) was performed as 
previously described (Iconic et al., 2009). The protocol called for 
A/Thailand/104/2009(H1N1) live virus as the test antigen; and 0.5% 
goose erythrocytes were used as the detector. The test sera were 
rid of non-specific inhibitors by pre-treatment with receptor 
destroying enzyme (Denka Seiken, Tokyo, Japan), at 37°C 
overnight, followed by heat inactivation at 56°C for 30 
min; nonspecific agglutinator was removed by addition of 50% 
goose erythrocytes and  incubated at 4°C for 1 h.  Two-fold serial 
dilutions of test sera were prepared in duplicate, followed by 
incubation with the test antigen at a working concentration of 4 HA-
units, the highest dilution of antigen that gives complete 
haemagglutination of cells, for 30 min at room temperature. 
Erythrocyte suspension was added to the reaction plates, and 
further incubation at 4°C for 30 min was performed before the result 
was read.  HI antibody titer was defined as the reciprocal of the 
highest serum dilution that completely inhibited hemagglutination.   

A microneutralization assay (MicroNT) was performed as 
previously described (Kitphati et al., 2009). The assay was based 
on a reduction in the amount of nucleoprotein produced in the virus-
infected Madin-Darby Canine Kidney Cells (MDCK) monolayer as 
infectivity of the test virus is neutralized by specific antibody. 
A/Thailand/104/2009 pandemic strain was used as the test virus.  
The test sera were two-fold serially diluted, added with the test virus 
at a final concentration of 100TCID50 for 2 h at 37°C. The serum-
virus mixture was then added onto the MDCK cell monolayer and 
further incubated for 24 h at 37°C. The reaction plate was fixed and 
tested by enzyme-linked immunosorbent assay (ELISA) for 
presence of the viral nucleoprotein using mouse monoclonal 
antibody (Chemicon, Temecula, CA) as the primary antibody and 
goat anti-mouse Igs (Southern Biotech, Birmingham, AL) as the 
secondary antibody.  Antibody titer was defined as reciprocal of the 
highest serum dilution that could reduce 50% of the amount of 
nucleoprotein when compared with the virus control. 
 
 
RESULTS 
 
The surveyed incidence of ARI correlated with 
systematically reported ARI 
 
We initially conducted a small exploratory survey to test 
tools in a district of Bangkok in August 2009. A total of 90 
households were recruited with data for each household 
member  obtained  in  an  interview with a family member  
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Figure 1.  Prevalence of acute respiratory illnesses (ARI) by age-group, community based survey.  (Poll-1) in October 
2009 (n=3,351) and sero-survey in December 2009 (n=222). 
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Figure 2. Correlation between prevalence of ARI and prevalence of reported pandemic H1N1 2009 infections by age group 
in 4 provinces of Thailand, July - September 2009. 

 
 
 
Nakhonsrithammarat city in December 2009. The 
cumulative incidence of ARI increased to 43%, but the 
incidence of ARI during the 2-week period prior to the 
survey was 16%.  
 
 
Antibody detection 
 
In the second survey,  we  performed  serologic  tests  for  

antibody to the influenza A (H1N1) 2009 targeted to 246 
subjects. Only 222 (90%) subjects from 40 households in 
ChiangMai city and 44 households in Nakhonsrit-
hammarat city had blood samples taken. Among the 222 
subjects, a total of 20 serologically positive cases were 
detected with HI and MicroNT assays, and the proportion 
of serologically positive subjects was 9% (95%CI: 5.6 to 
13.6%). Among the 96 ARI cases, the proportion of 
serologically  positive  cases  was  14.6%  (95%CI: 8.2 to  
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Table 2. Characteristics of respondents in sero-survey for a novel influenza H1N1, Thailand, December 2009  
 

Factor 
All respondents  

(n=222) 
ILI cases  

(n=49) 
ARI cases 

(n=96) 
Seropositive cases 

(n=20) 

Study area     
- ChiangMai city (%) 110 (50) 23 (47) 52 (54) 11 (55) 
- Nakornsrithammarat city (%) 112 (50%) 26 (53%) 44 (46%) 9 (45%) 
     

Median of age (years)  
45 

(range 5 - 89) 
35 

(range 7 - 70) 
39 

(range 7 - 89) 
12 

(range 7 - 57) 
     

Male : Female  0.57 : 1 0.75 : 1 0.58 : 1 0.43 : 1 
     

Education      
- Primary school (%) 86 (39) 17 (35) 32 (33) 12 (60) 
- Secondary school (%) 73 (33) 16 (33) 29 (30) 4 (20) 
Had history of any chronic illness (%) 85 (38) 16 (33) 40 (42) 4 (20) 
     

Type of house     
- Separated house (%) 154 (69) 32 (65) 64 (67) 13 (65) 
- Dormitory / Apartment (%) 64 (29) 17 (35) 32 (33) 7 (35) 
     

Got seasonal influenza vaccine within 6 
months (%) 11 (5) 0 3 (3%) 1 (5) 

 
 

 
23.3%). Among 126 non-ARI cases, the proportion of 
serologically positive cases was 4.8% (95%CI: 1.8 to 
10.1%).  

The demographic findings for all respondents with 
reported ARI cases, and with sero-positive cases are 
shown in Table 2. None of the 222 individuals had a 
history of pneumonia, hospitalization, and Oseltamivir 
administration. Only 10 (4.5%) individuals had a history of 
seasonal influenza A vaccination in the previous year, 
and 162 (73%) of them stated that they would like to get 
a novel influenza A (H1N1) vaccination. Age-distribution 
of the sero-positive cases indicates that children and 
young adults were most affected by the virus. Subjects 
living in households with more family members had 
higher of seropositivity rates, indicating the importance of 
intra-household transmission. Among 20 case families, 
11 families had 1 case each, 3 families had 2 cases each, 
and 1 family had 3 cases. Among the 11 families with 1 
case each, the mean attack rate was 30%. Among the 
other 4 families, the mean attack rate was 58%. The 
difference in seropositivity rates among the areas is 
consistent with the survey data (Table 2). Using serologic 
data as a gold standard, our survey showed that ARI has 
a sensitivity of 70%, a specificity of 59%, and a positive 
predictive value of 15%.  
 
 
DISCUSSIONS AND CONCLUSIONS 
 
In Thailand, the first wave of the 2009 H1N1 influenza 
pandemic peaked in mid-July, and the low level of trans-
mission activities lasted until October  2009.   During  late 

December 2009 to early January 2010, the rising trend in 
the influenza pandemic signaled an upcoming second 
wave of the  pandemic  in  Thailand  (Figure 3). In  all  the 
studied areas, the outbreaks subsided to an insignificant 
level by the time blood samples were obtained. So the 
seroprevalence rate reflected the cumulative incidence of 
the novel H1N1 influenza infections toward the end of the 
first wave.  

It is not clear why the epidemic declined with herd 
immunity levels of as low as <10%. Behavioral changes 
caused by increased awareness and public campaigns 
may have contributed to this pattern (Neumann et al., 
2009; Wiwanitkit, 2009). Weather changes, including 
reduced rainfall, which usually synchronizes with redu-
ction in seasonal influenza outbreaks, may have also 
played a role. Another possibility is that the H1N1 pan-
demic may not have been able  to sustain  itself in the 
general population but required continuous sources with 
higher transmission rates and reproduction numbers of 
greater than  one within the subpopulations. With enough 
herd immunity within these subpopulations, outbreaks 
might have been interrupted. Our data that show higher 
sero-positive rates among children support this 
hypothesis. However, pharmaceutical and non-pharma-
ceutical preventions and controls were implemented 
countrywide during the first pandemic wave. The different 
levels of saturated infection and immunity in different 
areas may reflect different timing of deployment of 
interventions, as areas with delayed onset of outbreak 
could start interventions earlier in the outbreak, or they 
may reflect different contact rates and transmission rates, 
thereby required different levels of herd immunity  to  stop  
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Figure 3. Three waves of the 2009 H1N1 influenza pandemic in Thailand. Source: Bureau of Epidemiology, 
Ministry of Public Health. Thailand.  

 
 
 

an outbreak. 
Our study showed that the rural areas had smaller 

proportion of ARI cases than cities did. This finding 
seems to support the pattern of a spread of pandemic 
influenza from cities to rural area in the early phase of 
pandemic,  and  similar  patterns  have  been observed in 
many countries (Hien et al., 2009; Lopez-Cervantes et al., 
2009; Yasuda and Suzuki, 2009).  However, the different 
perceivable to ARI symptoms between city and rural 
people and the survey without serologic confirmation in 
countrywide were not allowed to conclude the spread of 
pandemic influenza A (H1N1) 2009 from cities to rural 
area. In addition, we found inadequacy of non-
pharmaceutical prevention measures in the families that 
reported at least one ARI case. Therefore household 
transmission of influenza virus was inevitable, and sick 
children served as effective spreaders in families 
(Appuhamy et al., 2009; Health Protection Agency, 2009). 
   The limited sensitivity of a questionnaire to detect 
pandemic influenza infection was likely due to 
asymptomatic infections or mild infections, which may 
have been discountenanced. In an outbreak in a military 
camp in Thailand, in which all subjects were tested for 
H1N1 pandemic influenza-specific antibody response, we 
found an  asymptomatic  infection  rate  to  be  just  under 

30% of all reported infections (Wattanasak, 2010). 
Nevertheless, survey results are predictive enough to 
show good correlation with data in official reporting 
system. This gave a rather constant ratio of extrapolated 
total cases to reported cases of 275:1. This ratio is very 
useful for estimation of total cases and of the impact of 
the outbreak from the existing reporting system all over 
the country. This information is important for policy 
makers and for strategic implementation of outbreak 
control measures.  
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Abstract

Background: Individuals infected with the 2009 pandemic virus A(H1N1) developed serological response which can be
measured by hemagglutination-inhibition (HI) and microneutralization (microNT) assays.

Methodology/Principal Findings: MicroNT and HI assays for specific antibody to the 2009 pandemic virus were conducted
in serum samples collected at the end of the first epidemic wave from various groups of Thai people: laboratory confirmed
cases, blood donors and health care workers (HCW) in Bangkok and neighboring province, general population in the North
and the South, as well as archival sera collected at pre- and post-vaccination from vaccinees who received influenza vaccine
of the 2006 season. This study demonstrated that goose erythrocytes yielded comparable HI antibody titer as compared to
turkey erythrocytes. In contrast to the standard protocol, our investigation found out the necessity to eliminate nonspecific
inhibitor present in the test sera by receptor destroying enzyme (RDE) prior to performing microNT assay. The investigation
in pre-pandemic serum samples showed that HI antibody was more specific to the 2009 pandemic virus than NT antibody.
Based on data from pre-pandemic sera together with those from the laboratory confirmed cases, HI antibody titers $40 for
adults and $20 for children could be used as the cut-off level to differentiate between the individuals with or without past
infection by the 2009 pandemic virus.

Conclusions/Significance: Based on the cut-off criteria, the infection rates of 7 and 12.8% were estimated in blood donors
and HCW, respectively after the first wave of the 2009 influenza pandemic. Among general population, the infection rate of
58.6% was found in children versus 3.1% in adults.
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Introduction

There were 3 influenza pandemics occurring in the last century,

i.e., Spanish influenza A (H1N1) in 1918, Asian influenza A

(H2N2) in 1957 and Hong Kong influenza A (H3N2) in 1968 [1].

The influenza pandemic phase of this century, as declared by the

World Health Organization (WHO) on 11th June 2009, was

caused by A (H1N1) virus [2], a reassortant derived from influenza

viruses of 4 origins: classical swine, European swine, avian, and

human influenza viruses [3]. Epidemiological studies of the 2009

pandemic showed that the disease is more common in children

[4,5]. Death mostly occurred in patients with underlying

conditions, such as pregnancy, obesity, diabetes, hematological

malignancy and cardiopulmonary dysfunction [6–9].

It is necessary to estimate and predict the magnitude of the

pandemic in various regions worldwide, either by case based or

serological based surveillance. However, the serological surveys

were estimated to be approximately 10 times more sensitive than

the clinical surveillance for determining infection rate of the

pandemic virus [10,11]. HI assay employing turkey erythrocytes
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was conducted; and the HI antibody titers $32 or $40 were

established as the cut-off levels to estimate the infection rates in

populations by various groups of investigators [10–13]. This cut-

off titer was established based on the WHO guideline for vaccine

evaluation which suggested HI antibody titers $40 as the levels

indicating 50% protection [14,15]. Moreover, microNT assay had

been conducted in parallel in order to determine the protection

correlation, and it was suggested that the HI antibody titer 40 was

correlated to the NT titer 160 in adults or 40 in children [13].

On 10th August 2010, WHO announced the beginning of the

post-pandemic phase of the 2009 pandemic influenza. Neverthe-

less, epidemiological data from the Bureau of Epidemiology of

Thailand suggested that only one fourth of the Thai population

had been infected by this novel virus after it was introduced into

Thailand at the beginning of May 2009 until December 2009. The

data suggested that Southeast Asian countries and some other

parts of the world might still be vulnerable to the new attack by

that time.

The present study aimed to establish the cut-off HI and NT

antibody titers that could differentiate between individuals with or

without past infection by the 2009 pandemic influenza. We

demonstrated that erythrocytes from goose yielded comparable HI

antibody titers as those from turkey, an animal species that is not

common in Southeast Asian countries. Moreover, we showed that

it is necessary to treat human sera with receptor destroying

enzyme (RDE) before running microNT assay. This RDE

treatment is usually not included in the microNT protocol

generally employed for testing human sera in most laboratories

[10,13,16,17]. Our established cut-off titers were applied in the

seroepidemiological surveillance to estimate the infection rate in

different groups of the Thai populations after subsidence of the

first epidemic wave.

Materials and Methods

Ethical issues
This study was approved by two Ethical Committees: Siriraj

Institutional Review Board, Faculty of Medicine Siriraj Hospital,

Mahidol University and the Ministry of Public Health Review

Board. Adult subjects signed in consent form for participation.

With ascent from children subjects, their parents signed the

consent form for them.

Subjects
Serum samples tested in this study were collected from 5 groups

of subjects. The first group comprised 80 patients with 2009

pandemic influenza as confirmed by real time reverse transcrip-

tion- polymerase chain reaction employing the protocol of the US,

Centers for Disease Controls [18]. Part of these patients were sent

for disease diagnosis by the Bureau of Epidemiology, Department

of Disease Control, Ministry of Public Health under public health

emergency service; and part of them were sent anonymously from

the clinic sites under the Southeast Asia Infectious Disease Clinical

Research Network, Thailand. The second group comprised 100

anonymous blood donors of the National Blood Center, the Thai

Red Cross Society, Bangkok. All were bled within the same day in

September 2009. Small aliquots of blood were subjected to anti-

HIV testing; and the leftovers were provided for this study. The

third group comprised 258 healthcare workers (HCW) from two

hospitals: Siriraj Hospital, Bangkok and Thammasat University

Hospital in Pathum Thani, the neighboring province of Bangkok.

These HCW were exposed to patients suspected of the 2009

pandemic influenza and/or to the laboratory confirmed cases

during their duty. The fourth group comprised 222 general

population from two provinces, Chiang Mai (696 km. north from

Bangkok) and Nakhon Si Thammarat (780 km. south from

Bangkok), whose ages were older than 5 years. These two

provinces were selected based on highest numbers of reported

cases in the region; and in each province, the random samples

were collected in the community-based setting during the opinion

survey in a district that high number of cases was reported. The

test samples also included anonymously archival sera collected

during pre-pandemic period from vaccinees whose ages were at

range of 21–49 years. The vaccinees received inactivated influenza

vaccine of the 2006 season which contained 15 mg of hemagglu-

tinin antigen of A/New Caledonia/20/1999(H1N1)-like strain (A/

New Caledonia), A/Wellington/1/2004(H3N2)-like strain, and

B/Shanghai/361/2002-like strain (Government Pharmaceutical

Organization-Merieux Biological Products Co., Ltd., Bangkok).

Details regarding subjects who participated in this study are shown

in Table 1.

Blood samples
Paired bloods were collected from the patients, and single blood

samples were collected from the other groups of subjects. Acute

blood samples were collected mostly within 7 days; meanwhile, the

convalescent samples were collected at between 11 to 54 days after

onset of illness. Serum was separated, aliquot and kept frozen at -

20 C until tested.

Regarding archival sera, the pre-vaccinated blood samples were

collected just before vaccination; and the post-vaccinated blood

samples were collected at one month later.

The study virus
A/Thailand/104/2009(H1N1) propagated in MDCK cells was

used as the test virus for both HI and microNT assays. Full

genomic sequence of this isolate can be retrieved from the

GenBank database. The H genomic sequence of this virus was

99.7% identity to that of A/California/7/2009 pandemic virus

(data not shown).

Reference serum
A reference human serum from the National Institute for

Biological Standards and Control (NIBSC), UK was used for

standardizing our serological methods. Based on the investigation

performed by various laboratories under the International

Collaborative Study, this reference serum had the overall

geometric mean titer (GMT) of 183 by HI and 516 by microNT

assays (NIBSC package insert). The HI GMT titer 183 implies that

the results of HI titers obtained from those laboratories varied

between 160 and 320. Similarly, the NT GMT titer 516 implies

that the results of NT titers varied between 320 and 640.

Hemagglutination (HA) assay
HA assay was performed in order to measure the amount of

hemagglutinin antigen present in the test virus suspension prior to

running HI assay [17]. The test virus was serially twofold diluted

with phosphate buffered saline (PBS) in a volume of 50 ml/well in
duplicate. Fifty ml of 0.5% goose or 0.5% turkey erythrocyte

suspension was added into the test wells and incubated for 30

minutes at 4 C before hemagglutinating result was determined.

One HA unit of the test virus was defined as the highest virus

dilution that displayed complete hemagglutinating activity.

Hemagglutination inhibition (HI) assay
HI assay was performed as previously described [17,19–21].

Fifty ml of the test serum were mixed with 150 ml of RDE (Denka

Serological Response to 2009 Pandemic Influenza
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Seiken, Tokyo, Japan) and incubated overnight in water bath at 37

C for eliminating the nonspecific inhibitors. This step was followed

by heat inactivation at 56 C for 30 minutes, and removal of

nonspecific agglutinator by absorbing with the test erythrocytes for

1 hour at 4 C. The replicating virus at final concentration of 4 HA

units/25 ml was used as the test antigen; and goose or turkey

erythrocytes were used as the indicator. The treated serum was

twofold serially diluted in duplicate wells of a microtiter V shaped

plate at an initial dilution of 1:10; and 25 ml of the diluted serum

were incubated with 25 ml of the test antigen for 30 minutes at

room temperature. Thereafter, the reaction wells were added with

50 ml of 0.5% goose or 0.5% turkey erythrocyte suspension and

further incubated for 30 minutes at 4 C before the HI antibody

titers were determined. HI antibody titer is defined as the

reciprocal of the highest serum dilution that completely inhibits

hemagglutination reaction. Reference/positive control serum with

known HI titer, the serum control and back titration of virus

antigen were included in each run. For calculating GMT, the

antibody titer ,10 was assigned as 5, and the titer $2560 was

assigned as 2560.

Microneutralization (microNT) assay
ELISA based microNT assay was performed as described

previously [17,19–21]. The test sera were treated by any of the

following two protocols. The first one was the standard protocol

employing only heat inactivation of the native sera at 56 C for 30

minutes; and the second one employed RDE treatment similar to

that mentioned above for HI assay. Briefly, 50 ml of the test serum
were mixed with 150 ml of RDE and incubated overnight in water

bath at 37 C followed by heat inactivation at 56 C for 30 minutes.

The treated sera were twofold serially diluted in duplicate and

incubated with the test virus at final concentration of

100TCID50/100 ml for 2 hours at 37 C. The serum-virus mixture

was transferred onto MDCK monolayer maintained in minimum

essential medium supplemented with trypsin TPCK (Sigma,

St.Louis, MO.) for 24 hours. The reaction plate was tested by

ELISA for presence of the viral nucleoprotein using mouse specific

monoclonal antibody (Chemicon, Temecula, CA.) as the primary

antibody and goat anti-mouse Igs (Southern Biotech, Birmingham,

AL.) as the secondary antibody. Antibody titer is defined as

reciprocal of the highest serum dilution that reduces $50% of the

amount of viral nucleoprotein in the reaction wells as compared to

the virus control wells. For calculating GMT, the antibody titer

,10 was assigned as 5, and the titer $2560 was assigned as 2560.

Results

Goose and turkey erythrocytes yielded comparable HI
antibody titers
In order to determine that goose and turkey erythrocytes

yielded comparable HI antibody titers, the reference human

serum from the NIBSC which contains HI antibody at GMT 183

was assayed in duplicate by 6 scientists using goose and turkey

erythrocytes in parallel experiments. The HI antibody titer 160

was obtained from all 6 scientists as using either one of both

erythrocyte species. The comparison was further extended to

include the acute and convalescent serum samples from 53

patients as well as single serum samples from 100 HCW. The

analysis on the total number of 206 serum samples showed that

goose and turkey erythrocytes yielded comparable HI titers with

r=0.96 (Spearman’s rank, p,0.0001) (Figure 1). The number of

samples with HI antibody titers $40, as well as the ratio between

convalescent to acute antibody titers, and the number of samples

showing a fourfold or greater rise in HI antibody titer, were similar

when goose or turkey erythrocytes were used (Table 2). Based on

comparable HI titers obtained by the two erythrocyte species as

well as our convenience to obtain goose erythrocytes; therefore,

goose erythrocytes were employed in the subsequent experiments

of our HI assay.

RDE treated serum was required for microNT assay
We recognized that microNT assay using RDE untreated sera

yielded an unusually high level of NT antibody to the 2009

pandemic virus in the test sera which had no HI antibody.

Therefore, the serum samples were treated with RDE and retested

again. The result showed that the RDE treated sera from all serum

settings showed a marked decrease in level of NT antibody titer

when compared to the RDE untreated samples (Wilcoxon Signed

Table 1. Subjects and time of specimen collection.

Age (years)

Subjects
No. of
subjects Mean Median Range Time at specimen collection

Vaccinees who received seasonal influenza 71 33.6 31 21–49 Dec 2005 - Mar 2006 (pre-vaccination) Jan - Apr
2006 (post-vaccination)

Patients

- Pediatrics 36 10.6 12.5 2–15 June 2009 – Feb 2010

- Adults 44 23.6 21 18–62 June 2009 – Feb 2010

Blood donors 100 35.7 34.5 17–60 Sep 2009

Health care workers 258 35.3 34 20–61 Oct 2009

General population (Chiang Mai)

- Children 11 9.8 10 7–13 Dec 2009

- Adults 99 49.3 52 15–89 Dec 2009

General population (Nakhon Si Thammarat)

- Children 18 10.1 10.5 5–14 Dec 2009

- Adults 94 49.5 48 15–87 Dec 2009

doi:10.1371/journal.pone.0016164.t001
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Ranks test, p,0.05) (Table 3). Therefore, the RDE treated sera

were employed subsequently.

Moreover, the reference human serum from NIBSC which

harbored NT antibody at GMT 516 was assayed in parallel by our

two scientists using RDE treated serum as well as the untreated

serum control in triplicate experiments. The GMT 640 was

obtained either with the RDE treated or untreated serum.

Cross-reactive antibody to the 2009 pandemic virus in
pre-pandemic serum samples
Information about serological response in our vaccinees who

received influenza vaccines during the pre-pandemic period had

been published previously [22]. Among 71 tested sera, 98.6%

developed a fourfold or greater rise in HI antibody titer against A/

New Caledonia, a component of the immunizing vaccine (Table 4).

Herein, those serum samples were investigated for serological

response against the 2009 pandemic virus; and it was found that

16.9% of the vaccinees developed seroconversion as determined

by HI assay. Six (8.4%) subjects seroconverted with HI titer rising

from #10 to $40. Cross-reactive HI antibody titer 80 was found

in one (1.4%) pre-vaccinated serum sample; nevertheless, post-

vaccinated serum from this subject did not increase in antibody

titer against the 2009 pandemic virus. At post-vaccination, number

of subjects with the cross-reactive HI antibody $40 increased to 8

(11.3%). Regarding microNT assay, 16 (22.5%) developed a

fourfold or greater rise in antibody titer (convalescent titer $40) in

post-vaccination sera. Our study demonstrated broader cross-

reactivity of NT antibody than HI antibody.

HI and NT antibody response in patients infected with
the 2009 pandemic influenza virus
HI and NT antibody response in the patients by days after onset

of illness is shown in Figure 2. Positive correlation with r=0.85

(Spearman’s rank, p,0.0001) was found between the two assays.

Seroconversion or a fourfold or greater rise in HI or NT antibody

titers could be demonstrated when convalescent blood samples

were collected at 11 days earliest after disease onset. Among 36

pediatric cases, 32 (88.9%) developed seroconversion (Table 5).

The other 4 cases already contained high HI titers $40 in their

first blood samples. And among 32 seroconverters, 5 cases (13.9%)

seroconverted with HI titers rising from ,10 to 20; and the

remaining 29 cases seroconverted with convalescent titers $40.

Therefore, the HI titers $20 were found in 100%, and HI titer

$40 were found in 86.1% of the pediatric patients. Similarly, the

NT titers $20 were found in 97.2% and NT titer $40 were found

in 94.4%.

Among 44 adult patients, 43 (97.7%), developed HI titers $40

in their convalescent sera. There was one adult patient who could

not develop significant HI antibody response (HI titer ,10 and

10), although he possessed NT antibody titer of 20 and 80. The

convalescent NT titers $80 were found in all adult patients.

Estimation of the infection rate of the 2009 pandemic
influenza after the first epidemic wave
Regarding titers of HI antibody found in the patients together

with the data showing the absence of HI antibody in all except one

pre-pandemic serum samples, the cut-off HI antibody titers $20

for pediatric cases and $40 for adult patients were established to

indicate past infection by the 2009 pandemic virus. The

established criteria had been used to estimate the infection rate

of the 2009 pandemic influenza in various groups of populations;

Figure 1. Correlation between HI antibody titers obtained from
goose and turkey erythrocytes by HI assays.
doi:10.1371/journal.pone.0016164.g001

Table 2. Comparison between HI antibody titers obtained from goose and turkey erythrocytes.

Subjects HI assay with Number of sera test Blood GMT (95% CI)
No. with HI titers
$40

No. with 4-fold
rising Ab titer (%)

Ratio Conv./
Acute

Patients 0.5% turkey RBC Children = 29 Acute 14 (8–25) 7

Convalescent 111 (78–158) 28 23 (79.3) 7.6

Adults = 24 Acute 15 (7–29) 6

Convalescent 87 (53–141) 22 19 (79.2) 5.8

0.5% goose RBC Children = 29 Acute 15 (8–27) 8

Convalescent 106 (72–157) 27 24 (82.8) 6.9

Adults = 24 Acute 14 (7–28) 6

Convalescent 89 (55–145) 22 19 (79.2) 6.4

Health care
workers

0.5% turkey RBC Adults = 100 Single blood 9 (7–10) 14 NA NA

0.5% goose RBC Adults = 100 Single blood 9 (7–11) 15 NA NA

Note: A/Thailand/104/2009(H1N1) was used as the test virus. GMT = geometric mean titer, CI = confidence intervals, RBC = red blood cells,
NA = Not applicable
doi:10.1371/journal.pone.0016164.t002
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and it was found that 7.0% of blood donors and 12.8% of HCW

had been infected with the pandemic virus by the end of the first

epidemic wave (Table 6). Magnitude of the infection in the general

population residing in the North and the South of Thailand was

similar. In these two populations, the infection rates were much

higher in children (17 of 29) than adults (6 of 193), i.e., 58.6 versus

3.1%, respectively.

It was not easy to establish the cut-off NT antibody titer owing

to presence of cross-reactive NT antibody at high titers in the pre-

pandemic serum samples collected from vaccinees whose ages

were under 50 years, and also in general people who had no HI

antibody against the 2009 pandemic virus. Poorer correlation

between HI and NT antibody was found in this group of subject

(r=0.32: Spearman’s rank, p,0.0001) (data not shown).

Discussion

Herein, HI and microNT assays that were suitable for a

Southeast Asian country had been established to estimate the

infection rate of the 2009 pandemic influenza in Thai people after

subsidence of the first epidemic wave. HI assay has long been used

for serodiagnosis of influenza virus infection, vaccine evaluation,

and vaccine strain selection [16,23,24]. It was noted that sensitivity

of the HI assay could be affected by the erythrocyte species

Table 3. Comparison between NT antibody titers obtained from RDE treated and RDE untreated sera.

Number of cases at NT antibody of

Subjects
No. of
subjects Blood samples

RDE
treatment ,10 10 20 40 80 160 320 640 $1280 GMT* (95% CI)

Patients 80 Acute Yes 9 30 8 3 8 12 3 4 3 33 (23–47)

No 0 0 0 7 18 21 22 5 7 191 (155–236)

80 Convalescent Yes 0 1 1 3 14 23 22 9 7 214 (172–267)

No 0 0 0 1 2 11 36 22 8 380 (326–443)

General
population

222 Single blood Yes 15 87 46 33 24 10 5 2 0 21 (18–24)

No 0 0 0 103 88 22 5 3 1 66 (61–72)

Vaccinees 71 Pre-vaccination Yes 22 34 6 7 0 1 0 1 0 10 (8–13)

No 0 0 1 5 33 27 2 3 0 110 (95–127)

71 Post-vaccination Yes 3 19 24 16 6 1 1 1 1 23 (18–28)

No 0 0 0 0 24 34 8 4 1 152 (131–176)

Blood donors 100 Single blood Yes 10 40 19 16 6 7 2 0 0 19 (16–24)

No 0 0 0 1 29 60 10 0 0 138 (126–150)

Health care
workers

258 Single blood Yes 14 116 61 35 15 12 1 4 0 19 (16–21)

No 0 0 0 10 81 127 34 5 1 138 (129–148)

*There are significant differences between GMT of NT antibodies in RDE treated and untreated sera from all 7 serum settings (Wilcoxon Signed Ranks test, p,0.05).
doi:10.1371/journal.pone.0016164.t003

Table 4. Cross-reactive antibody to the 2009 pandemic A (H1N1) influenza virus in vaccinees who received trivalent influenza
vaccine of the 2006 season (N = 71).

Number of cases with antibody titer of

Test viruses Assays ,10 10 20 40 80 160 320 640 GMT (95% CI)
Post- to pre-
vaccination ratio

No. with $4 folded
rise in Ab titer a (%)

A/New Caledonia/20/99-like
(H1N1)

Pre-vaccination HI 43 8 9 10 0 0 1 0 9 (7–11)

Post-vaccination HI 0 0 1 1 8 13 15 33 310 (254–379) 34 70 (98.6) b

A/Thailand/104/09 (H1N1)

Pre-vaccination HI 64 5 1 0 1 0 0 0 5 (5–6)

Post-vaccination HI 43 12 8 2 3 2 1 0 9 (7–11) 2 6 (8.4)

Pre-vaccination microNT 22 34 6 7 0 1 0 1 10 (8–13)

Post-vaccination microNT 3 19 24 16 6 1 1 1 23 (18–28) 2 16 (22.5)

aSeroconversion with post-vaccination antibody titer $40 to the 2009 pandemic virus.
bA/New Caledonia/20/99 was used as the test antigen.
doi:10.1371/journal.pone.0016164.t004
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employed. Stephensen, et al [25] previously reported that horse

erythrocytes were more sensitive than turkey erythrocytes in the

detection of HI antibody to H5N1 highly pathogenic avian

influenza (HPAI) virus. Since there was difficulty in accessing both

horse and turkey erythrocytes in Thailand, we previously looked

for the alternative erythrocyte species and found that goose

erythrocytes yielded comparable results in both HA and HI assays

[19]. Similarly, the present study showed that goose erythrocytes

could replace turkey erythrocytes for detection of HI antibody to

the 2009 pandemic influenza virus. Our preliminary study on 206

serum samples as well as the reference serum from NIBSC

demonstrated good correlation between HI titers employing either

goose or turkey erythrocytes. This finding is an advantage for

laboratories in Southeast Asian countries where goose erythrocytes

have long been used in HI assay for diagnosis of dengue,

chikungunya and Japanese encephalitis, the endemic diseases in

this region. It was also demonstrated that the hemagglutination

pattern of goose was also clearer than that of turkey erythrocytes.

A number of laboratories performed microNT in adjunct with

HI assay in a seroepidemiological study, but the step of serum

treatment with RDE was not included [10,13]. In contrast, our

study showed that NT GMT titer in the test sera without RDE

treatment was significantly higher than that employed the RDE

treated sera. Collectively, RDE is used for removal of nonspecific

inhibitor from the test sera, in which its presence may lead to false

positive result in HI as well as microNT assays as shown by this

study. On the other hand, the presence of this nonspecific inhibitor

did not affect our result on using RDE untreated sera in microNT

assay for antibody against H5N1 HPAI virus. Cross-reactive

H5N1 antibody, even at low level, was rare [20,21,26]. Therefore,

Figure 2. Antibody titers by date after onset of symptom. (A) HI antibody titer; (B) NT antibody titer. Colored stacked bars give the proportion
with titers of 10, 20, 40 and $80 while the line denotes the geometric mean titer with error bars indicating 95% confidence intervals.
doi:10.1371/journal.pone.0016164.g002
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it is postulated that HPAI H5N1 and the 2009 pandemic viruses

bind to different species of nonspecific inhibitor.

Investigation in pre-pandemic serum samples demonstrated that

NT antibody is broader in activity than HI antibody; however,

both cross-reactive HI and NT titers could be increased by

seasonal influenza vaccination. Similarly, Hancock, et al. [13]

previously reported a fourfold or greater increase in cross-reactive

antibody to the 2009 pandemic virus in archival serum samples

from adult recipients of trivalent inactivated influenza vaccines

during 2007–2009 seasons. A fourfold or greater increase in cross-

reactive HI antibody was found in 7% among vaccinees of age 18–

64 years, but it was as high as 22% for cross-reactive NT antibody.

This cross- reactive antibody was rarely found in young children in

their study. Our group previously reported that 5.2% of the elderly

who received seasonal influenza vaccine seroconverted to HPAI

H5N1 virus as determined by microNT assay [27]. Nevertheless,

the studies from U.S. and Australia concluded that vaccination

with seasonal influenza vaccine did not protect against the current

pandemic [13,28]. In contrast, partial protection conferred

through seasonal influenza vaccination was reported by the other

group of investigators [29]. Frequency of cross-reactive NT

antibody was high in Thai and U.S. population [13]; and it was

as low as 0.3% in Chinese [12]. However, it is well accepted that

NT antibody activity is broader than HI antibody. HI antibody

recognizes small epitopes in erythrocyte binding site, while NT

antibodies recognize the epitopes in HA1 variable domain of the

Table 5. HI and NT antibody response in patients infected with the 2009 pandemic influenza virus.

No. of cases at antibody titer of

Patients Assays
Blood
samples ,10 10 20 40 80 160 320 640 1280 2560

GMT
(95% CI)

Ratio of
Conv./Acute

No. with $4
folded rise in
Ab titers (%)

Children
(N=36)

HI Acute 19 8 1 2 1 3 2 0 0 0 12 (7–19)

Conv. 0 0 5 12 10 3 1 4 1 0 78 (53–114) 6.3 32 (88.9%)

microNT Acute 5 20 2 1 5 3 0 0 0 0 16 (11–23)

Conv. 0 1 1 3 9 6 8 4 4 0 179 (119–269) 10.9 31 (86.1%)

Adults
(N=44)

HI Acute 15 4 4 3 8 5 2 2 1 0 29 (17–48)

Conv. 0 1 0 16 15 6 3 2 1 0 83 (63–111) 38.1 24 (54.5%)

microNT Acute 4 10 6 2 3 9 3 4 2 1 58 (33–100)

Conv. 0 0 0 0 5 17 14 5 3 0 248 (199–310) 4.3 23 (52.3%)

Note: Number of pediatric patients with convalescent HI titers $20 = 36/36 (100.0%).
Number of adult patients with convalescent HI titers $40 = 43/44 (97.7%).
doi:10.1371/journal.pone.0016164.t005

Table 6. Estimation on the infection rates of the 2009 pandemic influenza in different groups of subjects after the first epide mic
wave.

No. of cases at antibody titer of

Subjects Assays ,10 10 20 40 80 160 320 640
Infection
rate (%) GMT (95% CI)

Blood donors (N=100) HI 81 7 5 7 0 0 0 0 7 (7.0) 6 (5–7)

microNT 10 40 19 16 6 7 2 0 19 (16–24)

Health care workers (N=258) HI 177 26 22 16 12 5 0 0 33 (12.8) 8 (7–9)

microNT 14 116 61 35 15 12 1 4 19 (16–21)

General population (Chiang Mai, N=110)

- Children (N = 11) HI 2 0 1 4 2 2 0 0 9 (81.8) 37 (17–82)

- Adults (N = 99) HI 86 8 2 3 0 0 0 0 3 (3.0) 5 (5–6)

- Children (N = 11) microNT 0 1 1 0 2 2 3 2 141 (57–348)

- Adults (N = 99) microNT 2 40 24 16 11 4 2 0 22 (18–26)

General population (Nakhon Si Thammarat, N=112)

- Children (N = 18) HI 10 0 2 2 4 0 0 0 8 (44.4) 13 (7–24)

- Adults (N = 94) HI 81 6 4 3 0 0 0 0 3 (3.2) 5 (5–6)

- Children (N = 18) microNT 2 7 4 2 1 2 0 0 19 (11–32)

- Adults (N = 94) microNT 11 39 17 15 10 2 0 0 17 (14–20)

Infection rate is determined by HI titer $40 in adults or $20 in children.
doi:10.1371/journal.pone.0016164.t006
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hemagglutinin molecule as well as the epitopes in HA2 domain

which is conserved across influenza A subtypes [30–32].

Only one (2.3%) of our 44 adult patients failed to mount HI

antibody titers $40 in their convalescent blood. Meanwhile,

Miller, et al [10] demonstrated that HI assay failed to diagnose

10.9% of laboratory confirmed cases in their setting as the cut-off

point$32 was employed. According to Millers, et al, the adult and

pediatric patients were not separately analyzed; and the HI titers

32 or greater were found in 89.1% of their patients. In our study, if

the data from pediatric and adult patients was pooled and

analyzed together, the HI titer 40 or greater will be found in

92.5% of our patients. Regarding the study by Chen, et al [33], the

HI titers 40 or greater were found in 93% of their adult patients if

the convalescent blood samples were collected at peak between 25

and 29 days after onset of symptom.

Our study decided to use the HI antibody at cut-off titers $40

for adults and $20 for children to differentiate between

individuals with and without past infection by the 2009 pandemic

influenza. The cut-off titer for NT antibody could not be

established because frequency of the cross-reactive NT titers was

high as shown from the result of investigation in pre-pandemic

sera obtained from vaccinees of age younger than 50 years, and

additionally, from the high number of general adult population

who had no HI antibody, but possessed NT titer $40. Based on

our criteria, magnitudes of the 2009 pandemic influenza after the

first epidemic wave were around 7% in blood donors and 12.8%

in HCW. Eventually, the infection rate in general population was

much higher in children than adults, i.e., 58.6% (17/29) versus
3.1% (6/193), which is suggestive of susceptibility of children and

partial protection from pre-existing immunity in Thai adults. In

United Kingdom, seroincidence rate of the 2009 pandemic

influenza was also high in children [10]. Seroepidemiological

data from Pittsburgh, U.S. showed that approximately 21% of

population was infected following the second epidemic wave [34].

Estimation on the infection rates based on serological data may be

affected by confounding factor of cross-reactive antibody-rising

from seasonal influenza vaccination; and probably from pre-

existing antibody against the 1957 influenza A (H1N1) virus.

Nevertheless, this effect may be not drastic in the Thai population

owing to less than 1% coverage of seasonal influenza vaccination

among the Thai population. In addition, most of our adult subjects

were younger than 50 years, therefore, cross-reactive antibody

owing to previous infection by the 1918 influenza A (H1N1) virus

was excluded.

Thailand reported the first two imported cases from Mexico in

the beginning of May 2009. Subsequently, the virus was re-

introduced into the country both by groups of tourists and Thai

students who returned from Europe and America. The first

epidemic wave began in late May, peaked in July and almost

disappeared in November 2009. The first wave was followed by a

short period of the second epidemic wave during December 2009

to April 2010 with peak in February. The third epidemic wave

which lasted between June and October with peak in August 2010

was more serious than the second one. Serosurveillance nation-

wide will help the estimation for number of vulnerable people and

immunity of the population to this pandemic virus. The 2009

pandemic monovalent vaccine was introduced into Thailand in

December 2009; and trivalent vaccine containing the 2009

pandemic virus as a component has been introduced into the

country in June 2010. Nevertheless, the vaccine coverage was less

than 3% of the Thai population. Therefore, cross-reactive HI

antibody due to the pandemic virus might have least effect on the

estimated infection rate in the present study.
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1. Introduction

Hemagglutinating activity of influenza viruses is
mediated by binding of hemagglutinin surface glycopro-
tein and sialic acid receptors on erythrocyte surface
membrane; that can be measured by HA assay which is
the basis for recognition of the virus isolates (Ito et al.,
1997). Additionally, adhering of erythrocytes on the cell
monolayer inoculated with clinical sample is also sugges-
tive of positive virus isolation; this reaction is known as
hemadsorption assay. HA assay is performed for virus
titration prior to running hemagglutination-inhibition (HI)
assay for specific antibody detection (Webster et al., 2002).
The importance of erythrocyte species in HA and HI assays
has come into consideration after several occasions of

cross-species transmission of avian influenza viruses to
human populations (Subbarao and Shaw, 2000).

At present, 16 H subtypes and 9 neuraminidase (N)
subtypes of influenza A viruses have been discovered. All of
these subtypes are found in aquatic birds; therefore, it is
believed that these viruses are ancestors of all those that
cause infection in man and other animal species (Webster,
1998). However, most of avian viruses are of low virulence,
with exception of some isolates in H5 andH7 subtypes that
are recognized as highly pathogenic avian influenza
viruses (HPAIV). Both subtypes were evidenced for
cross-species transmission from avian to man (Liu,
2006; Myers et al., 2007). However, the subtypes that
are currently known as human viruses comprise only
H1N1 and H3N2 subtypes (Brockwell-Staats et al., 2009).
Humans are seldom vulnerable to LPAIV. Nevertheless,
sporadic human infections with LPAIV H7N2, H7N3, H7N7,
H9N2 and H10N7 had been reported without death
(Kalthoff et al., 2010). On the other hand, it is well
documented that LPAIV was the ancestors of HPAIV.
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Through reassortment events, the avian virus H5N1 which
originated in Hong Kong in 1997 received H gene from A/
goose/Guangdong/1/1996 (H5N1) (A/Gd), N gene from A/
teal/Hong Kong/W312/1997 (H6N1)-like viruses and the 6
internal genes from A/quail/Hong Kong/G1/1997 (H9N2)-
like or A/teal/Hong Kong/W312/1997 (H6N1)-like viruses
(Hatta and Kawaoka, 2002; Subbarao and Shaw, 2000). A/
Gd was also the gene donor for H and N genomic segments
of the current H5N1 virus.

Our group previously investigated hemagglutinating
activity of HPAIV H5N1 against 5 erythrocyte species:
horse, goose, chicken, guinea pig and human O cells and
found that goose cells yielded the highest HA titer, andwas
followed in order by chicken, guinea pig, human O and
horse cells. Meanwhile, human viruses H1N1 and H3N2
could agglutinate guinea pig erythrocytes at highest titers,
but none could agglutinate horse erythrocytes. Addition-
ally, human virus H3N2 isolated in 1998 could agglutinate
chicken erythrocytes, but this activity was lost with the
2003 and 2004 H3N2 viral isolates (Louisirirotchanakul
et al., 2007; Medeiros et al., 2001; Nobusawa et al., 2000).
The present study, then, further explored the hemagglu-
tinating activity of all 16 subtypes of replicating LPAIV,
LPAIV antigens as well as the replicating 2009 pandemic A
(H1N1) viruses against all 5 erythrocyte speciesmentioned
above.

2. Materials and methods

2.1. Viruses

All 16 subtypes of LPAIV investigated in this study were
kindly provided by St. Jude Children Research Laboratory,
Tennessee, U.S.A. These viruses were further propagated in
embryonated eggs in Thailand; and the replicating viruses
were used as the test antigens in HA assay. H antigens from
LPAIV used in the assay were purchased from the
Veterinary Laboratory Agency, Weybridge, UK. The four
2009 pandemic A (H1N1) viruses were isolated and
propagated in MDCK cells at the Siriraj Cooperative

Research Center, Department of Microbiology, Faculty of
Medicine Siriraj Hospital, Mahidol University.

2.2. Erythrocyte species

Five erythrocyte species: goose, guinea pig, chicken,
horse and human blood group O, were employed in the
study. Fresh blood was mixed with Alsever’s solution at
equal volumes and kept at 4 8C until used within 2 weeks.

2.3. Hemagglutination assay

The procedure was performed as described previously
(Louisirirotchanakul et al., 2007; Medeiros et al., 2001;
Webster et al., 2002). Different erythrocyte species were
tested at different concentrations, i.e., 1% horse, 0.5% goose,
0.5% chicken, 0.75% guinea pig and 0.75% human blood
groupO cells. These erythrocyte specieswere suspended in
phosphate buffered saline (PBS), pH 7.2, except for that of
horse erythrocytes which were suspended in PBS plus 0.5%
bovine serum albumin. The same aliquot of each virus
subtype was titrated against all 5 erythrocyte species. HA
assays employing goose and chicken erythrocytes were
performed in V-shaped bottom microtiter plates, while
those employing guinea pig, human blood group O and
horse erythrocytes were performed in U-shaped bottom
microtiter plates. The test viruses/antigens were twofold
serially diluted, starting from the dilution 1:2/1:8 and
proceeding to 1:1024. A reactionwell consisting of 50ml of
test viruses/antigens and 50ml of erythrocyte suspension
was incubated at 4 8C for approximately 45min before
determining the HA titer which is defined as the highest
virus dilution that yielded complete hemagglutination of
the test erythrocytes.

3. Results

With each LPAIV subtype, three erythrocyte donors
from each species were employed in three separate
experiments, except that two separate experiments were

Table 1

Hemagglutinating activity of replicating LPAIV.

Viruses HA titers as determined by erythrocytes from

Goose Guinea pig Human Chicken Horse

A/aquatic bird/Hong Kong/DI25/2002 (H1N1) 256 256 128 128 64

A/wild duck/Shan Tou/992/2000 (H2N8) 256 256 128 128 64

A/duck/Shan Tou/1283/2001 (H3N8) 256 256 128 64 128

A/duck/Shan Tou/461/2000 (H4N9) 512 512 256 256 128

A/duck/Jiangxi/6151/03 (H5N3) 256 256 128 256 64

A/heron/Hong Kong/LC10/2002 (H6N8) 1024 1024 256 256 128

A/ostrich/Zimbabwe/222/1996 (H7N1) 512 512 256 256 128

A/mallard/Alberta/242/2003 (H8N4) 512 512 256 256 256

A/quail/Hong Kong/G1/1997 (H9N2) 1024 512 256 1024 <2

A/chicken/Hong Kong/G9/1997 (H9N2) 512 512 256 512 <2

A/duck/Hong Kong/Y280/1997 (H9N2) 1024 1024 512 512 <2

A/duck/Shan tou/1796/2001 (H10N8) 256 256 128 128 128

A/duck/Shan tou/1411/2000 (H11N2) 256 512 128 128 128

A/red-necked stint/Australia/5745/1981 (H12N9) 512 512 128 256 128

A/gull/MD/704/1977 (H13N6) 128 128 64 128 <2

A/mallard/Gurjev/263/1982 (H14N5) 1024 1024 256 512 256

A/duck/Australia/341/83(H15N8) 128 256 128 128 32

A/shore bird/DE/172/2006 (H16N3) 128 128 64 128 64
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conducted for the 2009 pandemic viruses. Each experi-
ment was run in duplicate. In total, 4 or 6 titer values were
obtained for each virus/antigen; these valueswere equal or
were within twofold differences. Therefore, the HA titer
shown in Tables 1 and 2 represented the result for each
erythrocyte species. The highest HA titers were obtained
with goose and guinea pig erythrocytes for most of the
LPAIV subtypes assayed. Chicken erythrocytes were
slightly more sensitive than human group O erythrocytes,
and horse erythrocytes were least sensitive. Particularly, it
was demonstrated that quail H9N2, chicken H9N2, duck
H9N2 and H13N6, could not agglutinate horse erythro-
cytes (Table 1).

With regard to usage of commercial H antigen, the
amount supplied for some subtypes were inadequate for
running an assay. The HA titers using H antigens from 12
subtypes are shown in Table 2. Again, the result showed
that goose and guinea pig erythrocytes yielded the highest
HA titers; chicken erythrocytes were more sensitive than
human group O erythrocytes, while horse erythrocytes
yielded the lowest titers.

Additionally, four 2009 pandemic influenza A (H1N1)
virus isolates were assayed against these 5 erythrocyte
species. It was similarly demonstrated that goose and
guinea pig erythrocytes were the most sensitive, followed
by human O erythrocytes. Meanwhile, the viruses did not
agglutinate either chicken or horse erythrocytes (Table 3).

4. Discussion

Upon the isolation of influenza viruses in cell cultures or
embryonated eggs, various erythrocyte species have been
applied for recognition of the isolated viruses by HA assay.

However, no rigid data has discovered differences in
sensitivity of the assay when different erythrocyte species
are employed. Even though turkey erythrocyte has been
recommended, this animal species is seldom found in
Thailand; and thus, it is not included in this study. AI
viruses preferentially bind sialic acid-a2,3-galactose
(SAa2,3Gal) receptor, while human viruses prefer SAa2,6-
Gal receptor, and swine viruses have a propensity for both
(Ito et al., 1997). Some mutational change in the receptor
binding site might lead to change in binding property of
the viruses to certain erythrocyte species (Auewarakul
et al., 2007; Nobusawa et al., 2000). Of 5 erythrocyte
species, all 16 subtypes of LPAIV preferentially bound
guinea pig and goose erythrocytes and yielded the highest
HA titers.Meanwhile, horse erythrocytewas least sensitive
in recognizing the test viruses or H antigens (Table 1).
Interestingly, H9N2 virus, regardless of host of origin
(quail, chicken or duck), as well as H13N6 virus, could not
agglutinate horse erythrocytes. Binding between influenza
viral hemagglutinin and cellular receptor is influenced not
only by the type of galactosyl linkage, but also the species
of sialic acid, i.e., N-acetylneuraminic acid (NeuAc) or N-
glycolylneuraminic acid (NeuGc). While the other eryth-
rocyte species contain both NeuAca2,3Gal and NeuA-
ca2,6Gal, horse erythrocytes contain only NeuGca2,3Gal
(Stephenson et al., 2003). As avian viruses preferentially
bind SAa2,3Gal, failure of some avian virus subtypes to
agglutinate horse erythrocytes might possibly be
explained by a loss of ability to recognize sialic acid
residue.

Our study with the 2009 pandemic A (H1N1) virus
demonstrated that all 4 isolates could not agglutinate both
chicken and horse erythrocytes; whereas, highest HA titers

Table 2

Hemagglutinating activity of hemagglutinin antigen of LPAIV.

Virusesa HA titers as determined by erythrocytes from

Goose Guinea pig Human Chicken Horse

A/duck/Alberta/35/1976 (H1N1) 512 512 256 256 <8

A/duck/Germany/1215/1973 (H2N3) 512 512 512 512 128

A/turkey/England/1969 (H3N2) 1024 1024 512 512 256

A/duck/Czech/1956 (H4N6) 512 512 256 512 128

A/ostrich/Denmark/72420/1996 (H5N2) 512 512 256 512 64

A/turkey/England/647/1977 (H7N7) 512 512 256 512 64

A/turkey/Ontario/6118/1968 (H8N4) 64 128 32 64 16

A/duck/England/1956 (H11N6) 32 64 32 64 <8

A/duck/Alberta/60/1976 (H12N5) 256 512 256 256 16

A/mallard/Astrakhan/244/1982 (H14N6) 64 128 64 32 <8

A/she/WA/2576/1979 (H15N6) 512 512 256 512 128

A/gull/Denmark/68110/2002 (H16N3) 16 16 8 16 <8
a Hemagglutinin titers of some subtypes are too low for performing HA assay.

Table 3

Hemagglutinating activity of the 2009 pandemic A (H1N1) viruses.

Virus name Passage history HA titers as determined by erythrocytes from

Goose Guinea pig Human Chicken Horse

A/Nonthaburi/102 MDCK4 128 128 32 <2 <2

A/Thailand/104 MDCK4 64 64 32 <2 <2

A/Bangkok/SI 614 MDCK2 16 16 8 <2 <2

A/Bangkok/SI 618 MDCK2 16 16 8 <2 <2
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were observed with goose and guinea pig erythrocytes.
Genetic analysis revealed that the H genomic segment of
the 2009 pandemic viruses was derived from classic
American swine influenza A (H1N1) virus (Smith et al.,
2009). Complete genomic sequences of two pandemic
strains in our study (A/Nonthaburi/102/2009 and A/
Thailand/104/2009) can be accessed through GenBank.

Our study also demonstrated that the HA titers for each
virus as obtained from three different donors within the
same specieswere comparable; therefore, we can draw the
conclusion that different genetic allotypes within species
do not affect hemagglutinating reaction.

Collective data obtained with our LPAIV and 2009
pandemic A (H1N1) viruses aswell as our previouswork on
HPAIV H5N1, demonstrated that goose and guinea pig
erythrocytes are the best erythrocyte species in HA assay,
and are then followed by chicken erythrocytes for LPAIV or
human O cells for the pandemic A (H1N1) viruses. Our
study thus exerts its importance on an increase in
sensitivity for recognizing the virus isolates in the virus
isolation technique when the appropriate erythrocyte
species is chosen. Viruses that replicate slowly and yield
low levels of viral progenies could be picked-up. Addition-
ally, the sensitive HA assay will consequently result in the
sensitive HI assay. When a smaller amount of viruses is
needed to prepare the working dilution of H antigen, a
smaller amount of molecules of HI antibody will be
required to completely inhibit the hemagglutinating
activity of the test virus.
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Induction of Cross-Neutralizing Antibody Against H5N1
Virus After Vaccination with Seasonal Influenza

Vaccine in COPD Patients

Uraiwan Kositanont,1 Phunsup Wongsurakiat,2 Phisanu Pooruk,1
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Abstract

Archival serum samples from elderly individuals with underlying chronic obstructive pulmonary disease
(COPD) who were enrolled in a double-blind case-control study of seasonal influenza vaccine efficacy were
assayed for cross-neutralizing antibody formation to avian influenza A (H5N1) virus. Of 118 serum samples, 58
were collected from influenza vaccinees (mean age 68.5 y), and 60 from placebo controls (mean age 68.4 y) who
received vitamin B injections. Blood samples were collected before and at 1mo after seasonal influenza vacci-
nation from all subjects; in addition, for a longitudinal follow-up period of 1 y paired-blood samples were
collected again from subjects who developed acute respiratory illness. Hemagglutination inhibition assay for
antibodies to influenza A (H1N1), influenza A (H3N2), and influenza B viruses was carried out to determine the
serological response to vaccination, and to diagnose influenza viral infection, while microneutralization assays
were performed to detect cross-reactive antibody to H5N1 virus. Pre-existing cross-reactive H5N1 antibody at
reciprocal titer 10 was found in 6 (10.3%) vaccinees and 4 (6.7%) placebo controls. There was no change in H5N1
antibody titer in these subjects after vaccination. On the other hand, 3 (5.2%) vaccinees developed seroconversion
to H5N1 virus at 1mo after vaccination, even though they had no pre-existing H5N1 antibody in their first blood
samples. No cross-neutralizing antibody to H5N1 virus was detected in the placebo controls or in the 22
influenza patients, suggesting that influenza vaccination, but not influenza virus infection, induces cross-
neutralizing antibody against avian influenza H5N1 virus.

Introduction

Direct transmission of highly pathogenic avian

influenza (HPAI) H5N1 virus from poultry to humans
was first reported in Hong Kong in 1997, and it caused 18
cases with 6 deaths, for a 33% fatality rate (3). Its re-emergence
since 2003 has spread across continents, producing a higher
fatality rate of about 60% in infected humans (24). Thailand
reported the first human case on January 23, 2004, and the last
case occurred in July 2006 (9). Nevertheless, human cases of
avian influenza were seen in the People’s Republic of China,
Vietnam, Indonesia, and Egypt in 2009 (24). The elderly suc-
cumbed to avian influenza to a lesser extent than young
children, which may be a result of cross-immunity elicited by
repeated infection with other human influenza A virus sub-
types (26).

A few pieces of evidence have suggested that hetero-
subtyping immunity may be able to confer protection

across influenza subtypes, but the mechanism of this cross-
protection, if it is mediated by cellular or humoral immunity,
and from which antigenic domain, is not well defined
(12,13). Theoretically, cross-immunity can be induced either
by hemagglutinin (HA) or neuraminidase (NA) antigen. The
hypothesis of cross-protection mediated by NA immunity
was derived from the observation that the 1968 pandemic
influenza caused by the H3N2 virus, which came after the
1957 pandemic caused by the H2N2 virus, produced fewer
deaths (8,21). Increasing levels of anti-NA antibody have
been associated with decreasing frequency of viral infection
and suppression of clinical manifestations (11). In an animal
model, mice immunized with DNA vaccine containing a
human N1 NA gene survived lethal challenge with H5N1
virus (18). On the other hand, HA antigen might also play a
role in heterosubtypic immunity. In a previous study re-
searchers reported that children with primary infection
by H1N1 or H3N2 virus developed HA antibody to the
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contemporary subtypes, as well as cross-reactive antibody to
H8 as assayed by ELISA (1).

During 1997 and 1998, our group conducted a double-
blind controlled trial to demonstrate the efficacy of human
influenza vaccination in patients with chronic obstructive
pulmonary disease (COPD) aged >60 y (10,22). Serum sam-
ples were collected from these subjects before and at 1mo
after vaccination to determine the serological response to
influenza vaccine. These vaccinees were longitudinally fol-
lowed up for a year, and paired-blood samples were col-
lected from the individuals who developed acute respiratory
illness (ARI) for serodiagnosis of influenza by hemaggluti-
nation inhibition (HI) assay. In the present study we aimed
to detect neutralizing antibody against HPAI H5N1 virus in
the aforementioned serum samples by microneutralization
(microNT) assay. In this study we demonstrated that the
elderly subjects developed cross-neutralizing H5N1 antibody
as the result of vaccination, but not from influenza illness.
Since our archival serum samples were collected before the
occurrence of the avian influenza outbreak, H5N1 infection
in the subjects was excluded.

Materials and Methods

Subjects

A total of 118 COPD patients who attended the COPD
clinic at Siriraj Hospital, Bangkok, Thailand, were enrolled in
a double-blind case-control study to evaluate the efficacy of
seasonal influenza vaccine between 1997 and 1998. Fifty-
eight subjects (mean age 68.5 y) received vaccine, whereas 60
subjects (mean age 68.4 y) received vitamin B injection as the
placebo control. Venous blood samples (10mL) were col-
lected from each subject prior to vaccination or vitamin B
injection; the second blood samples were collected 1mo
thereafter to determine the serological response to vaccina-
tion. No subject developed influenza-like illness during this
1-mo period. Furthermore, the subjects were longitudinally
followed-up for 1 y for ARI. In those cases, paired-blood
samples at 4- to 6-wk intervals were collected for serodiag-
nosis of influenza by HI assay using the vaccine strains as the
test antigens. Serum samples were kept frozen at �208C until
testing. The study was approved by the Institutional Review
Board of the Committee on Ethics, Faculty of Medicine, Sir-
iraj Hospital, Mahidol University.

Vaccines

The seasonal influenza vaccine used in this study was the
split-typed trivalent vaccine from Pasteur Merieux, Lyon,
France. A 0.5-mL dose of vaccine contained influenza
A=Texas=36=91 (H1N1), A=Nanchang=933=95 (H3N2), and
B=Harbin=07=94, at concentration of 15mg of HA for each
virus. A 0.5-mL dose of vitamin B1 was used as placebo.

Hemagglutination inhibition test

The procedure for the HI assay was as described else-
where (10,23). Briefly, non-specific inhibitor in the test sera
was eliminated by treatment with receptor-destroying en-
zyme from Vibrio cholerae (Denka Seiken, Niigata, Japan)
overnight at 48C, followed by inactivation at 568C for 30min.
Then non-specific agglutinator was removed by absorption
with 50% chick red blood cells. The test antigen panel, in-

fluenza A=H1N1, influenza A=H3N2, and influenza B viru-
ses, was kindly provided by the World Health Organization
(WHO). Serum with HI antibody titer �1:10 was considered
positive for influenza antibody. A positive seroresponse to
influenza vaccine was obtained when paired-blood samples
collected before and after vaccination showed a fourfold or
greater rise in HI antibody titer against any of the test anti-
gens. Similarly, influenza diagnosis by HI assay was given
based on the same criteria.

Microneutralization assay

The ELISA-based microNT assay protocol was based on
that described in Kitphati et al. (9) and the WHO manual
(23). The experiments were conducted in a laboratory with
biosafety level 3. Influenza A=Thailand=1 (KAN-1)=2004
(H5N1) was used as the test virus. Briefly, a serum sample
was twofold serially diluted from the dilution of 10 to 1280;
then 60 mL of each serum dilution was mixed with an
equal volume of the test virus at a concentration of 200
TCID50=100mL and incubated at 378C for 2 h. A 100-mL vol-
ume of the virus-serum mixture was inoculated onto a
Madin-Darby canine kidney (MDCK) cell monolayer in a
well of a microtiter plate and further incubated for 18–20 h in
a CO2 incubator. The assays were run in duplicate. The re-
action plate was tested by ELISA to determine the amount of
influenza nucleoprotein produced in the infected MDCK
cells. Mouse monoclonal antibody (Chemicon International,
Temecula, CA) was used as the primary antibody, anti-
mouse Ig conjugated with horseradish peroxidase (Southern
Biotechnology Associates, Birmingham, AL) was used as the
second antibody, and TMB (KPL Inc., Gaithersburg, MD)
was used as the chromogenic substrate. The reaction plate
was read under a spectrophotometer at the wavelengths of
450 and 630 nm. Wells with uninfected cells and virus back-
titration were included as the control sets in every test plate.
The serum dilution that reduced more than 50% of the
amount of viral nucleoprotein compared to the virus control
was considered to be positive for anti-H5N1 antibody. The
cut-off titer for positive H5N1 antibody was set at 10.

Statistical analysis

Data were analyzed by SPSS version 11.5 software (SPSS,
Inc., Chicago, IL). Comparison of geometric mean titer (GMT)
values and fold increase in titers between the two groups was
performed by the Mann-Whitney U test. Comparison of
prevalence between two groups was performed by chi-square
testing. The level of statistical significance was set at p< 0.05.

Results

H5N1-neutralizing antibody after seasonal
influenza vaccination

Elderly subjects with COPD were immunologically intact,
as shown by the fact that 85% of the vaccinees, but not the
placebo controls, developed a fourfold or greater rise in HI
antibody titer to the influenza A=H1N1 and H3N2 vaccine
strains (Table 1). GMTs of H5N1-neutralizing antibodies
prior to vaccination in both groups were not statistically
significantly different (5.37 versus 5.24; p¼ 0.558). Mean-
while, pre-existing H5N1-neutralizing antibody at titer 10
was found in 6 (10.3%) of 58 vaccinees, and in 4 (6.7%) of 60
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placebo controls (Table 2). The numbers of subjects who had
pre-existing H5N1 antibody in the two groups were also not
statistically significantly different (p¼ 0.637). After influenza
vaccination, 3 (5.2%) vaccinees who had no pre-existing H5N1
antibody in their initial blood samples did develop a fourfold or
greater rise in H5N1-neutralizing antibody titers. The increase
in GMT of H5N1 antibody in the vaccine group was not sta-
tistically significantly different (5.37 versus 6.05; p¼ 0.10).
However, a slight increase in GMT was observed in the vaccine
group, but not in the placebo group (Table 2). Two of these
three subjects seroconverted to both H1N1 and H3N2, while the
third one seroconverted to H1N1 virus only (Table 3).

Lack of H5N1-neutralizing antibody after natural
influenza illness

During 1 y of longitudinal follow-up, 102 episodes of ARI
occurred among vaccinees and placebo controls. Influenza
was diagnosed in 5 (8.6%) vaccinees and 17 (28.3%) placebo
controls (Table 4). Nevertheless, no increase in cross-reactive
neutralizing H5N1 antibody was detected in these influenza
patients. There was one placebo control that had an H5N1
antibody titer of 20 in paired sera. The results demonstrated
that acute influenza virus infection did not elicit detectable
cross-H5N1 antibody in the study subjects.

Discussion

In the present study we demonstrated pre-existing cross-
neutralizing antibody against H5N1 virus in 10 (8.5%) of 118

subjects, as well as induction of a fourfold or greater rise of
this cross-reactive antibody in 5.2% of elderly individuals
with underlying COPD who were vaccinated with seasonal
influenza vaccine. The data on the induction of cross-
neutralizing antibody against H5N1 virus by seasonal
influenza vaccine are controversial. In our previous unpub-
lished work, cross-neutralizing antibody against H5N1 virus
was not detected in 42 young people aged 25–40 y with a
history of seasonal influenza vaccination, and also not in
140 healthy subjects aged 20–45 y, of which approximately
70% had neutralizing antibody to A=New Caledonia=20=99
(H1N1) and A=Fujian=411=02 (H3N2). Gioia et al. (4) dem-
onstrated a rise in H5N1-neutralizing antibody titer to >20-
fold over baseline in 13 (34.2%) of 38 vaccinees (aged 27–59 y,
with an average age of 43 y), while their H5N1 HI antibody
titers remained at undetectable levels. In contrast, Tang et al.
(19) did not detect cross-reactive antibody to influenza H5N1
virus, either by microNT or HI assay, in serum samples
collected at intervals from 10 vaccinees (aged 20–40 y) who
received seasonal influenza vaccine, even though they could
elicit a serological response with high HI antibody titers to
the vaccine strains. During the 1997 avian influenza out-
break, Rowe et al. (17) found that an H5N1-neutralizing an-
tibody titer of 80 was suggestive of avian influenza infection.
However, this appeared to apply only to people aged <50 y.
Moreover, the H5N1 microNT assay may be less specific in
adults aged 60 y and older (17). Results of that study and
ours suggest that elderly persons may have cross-reactive
antibody to avian H5N1 virus as a result of seasonal

Table 1. Distribution of Antibody Response to H1N1 and H3N2 Vaccine Strains in Paired-Blood Samples

from Vaccine and Placebo Groups

Antibody titer

Virus Group Vaccination <10 10 20 40 80 160 320 640 1280 % Vaccine respondersa

H1N1 Vaccine Pre 33 5 9 8 2 0 1 0 0
(n¼ 58) Post 3 3 8 5 10 9 7 4 9 85

Placebo Pre 24 12 8 10 4 1 0 1 0
(n¼ 60) Post 23 14 7 11 2 2 0 1 0 0

H3N2 Vaccine Pre 27 10 5 7 5 2 1 1 0
(n¼ 58) Post 3 1 7 7 10 13 4 2 11 85

Placebo Pre 28 8 7 4 5 4 1 0 3
(n¼ 60) Post 28 8 7 4 6 4 0 0 3 0

aA responder is defined by at least a fourfold rise in antibody titers in the paired serum samples.

Table 2. Distribution of H5N1 NT Antibodies in Paired-Blood Samples from Vaccine and Placebo Groups

No. of positive samples at NT antibody titers

Group <10 10 20 40 80 GMT
Number of subjects with
pre-existing antibody

Vaccine B1 52 6 0 0 0 5.37a,c 6b

(n¼ 58) B2 49 6 0 2d 1d 6.05c

Placebo B1 56 4 0 0 0 5.24a 4b

(n¼ 60) B2 56 4 0 0 0 5.24

ap¼ 0.558 for the comparison of pre-vaccination GMT.
bp¼ 0.637 for the comparison of frequencies of subjects with pre-exiting H5N1 antibodies.
cp¼ 0.100 for comparison of GMT between pre- and post-vaccination in the vaccine group.
dWithout acute respiratory infection.
Abbreviations: B1, pre-vaccination; B2, post-vaccination; GMT, geometric mean titer; NT, neutralizing antibody.
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influenza vaccination or repeated infection by human influ-
enza viruses. The inducible H5N1 antibody may be the result
of immunologic priming that occurred in children infected
with seasonal influenza viruses bearing common epitopes to
the H5N1 strain, as previously reported (16). Preschool-age
children were more susceptible due to their lack of immunity
against influenza virus infections (2). During the 2003–2004
influenza season approximately 43% of cases occurred in 10-
year-old children, while only 12% occurred in those aged 65
and older (14). The attack rate of seasonal influenza is ap-
proximately 5–10% per year (25). Therefore elderly persons
have most likely experienced natural influenza virus infec-
tions several times in their lives. Data from the current out-
break also indirectly support the theory that the elderly, who
may have experienced influenza disease several times in
their lives, died from H5N1 infection at lower rate than
younger people (26).

Based on the in-vitro microNT assay results, it is possible
that the H5N1-neutralizing antibodies detected may be in-
duced by the common epitopes present in HA proteins, but
less likely to those in NA proteins. It is generally accepted
that antibody to HA blocks viral entry and confers neutral-
izing activity and protective immunity, whereas antibody to
NA blocks virus release and confers only partial protective
immunity. Cross-neutralizing antibodies induced by com-
mon epitopes in HA from different influenza subtypes has
been reported. Monoclonal antibodies against conserved
antigenic sites on H1 or H2 could neutralize both the H1 and
H2 subtypes (15). Using the phage display library technique
together with panning by recombinant H5 HA, two sets of
researchers showed that gene pools from peripheral blood
mononuclear cells of healthy subjects could produce het-
erosubtypic monoclonal antibodies directed against epitopes
in the HA2 domain of the HA molecule that were able to

Table 3. Antibody Responses to H1N1, H3N2, and B Viruses in Vaccinees Who Developed

A Fourfold Rise in Antibody to H5N1 Virus

Antibody titers to influenza viruses

Code No. Group Antibody to subtype Pre-vaccination (B1) Post-vaccination (B2)

15 V H5N1 NT <10 80
H1N1 HI <10 40
H3N2 HI <10 160
B HI <10 20

29 V H5N1 NT <10 40
H1N1 HI <10 160
H3N2 HI <10 320
B HI <10 <10

37 V H5N1 NT <10 40
H1N1 HI 10 640
H3N2 HI 160 160
B HI 20 80

Abbreviations: NT, neutralizing antibody; HI, hemagglutination inhibition antibody; V, vaccination; B1, pre-vaccination; B2, post-
vaccination; H5N1, influenza A=Thailand=1 (KAN-1)=2004; H1N1, influenza A=Texas=36=91; H3N2, influenza A=Nanchang=933=95;
B, influenza B=Harbin=07=94.

Table 4. Distribution of H5N1 NT Antibodies in Paired-Blood Samples from Patients

with Acute Respiratory Illness

No. of positive samples at NT antibody titers

Illness Group (no. episodes=no. case) Sample <10 10 20 40 80 GMT

Flu Vaccine BA 5 0 0 0 0 5.00
(5=5) BC 5 0 0 0 0 5.00

Placebo BA 16 1 0 0 0 5.21
(17=17) BC 16 1 0 0 0 5.21
Total BA 21 1 0 0 0 5.16
(22=22) BC 21 1 0 0 0 5.16a

Non-Flu Vaccine BA 34 4 1 0 0 5.56
(39=35) BC 34 4 1 0 0 5.56
Placebo BA 40 1 0 0 0 5.09
(41=33) BC 40 1 0 0 0 5.09
Total BA 74 5 1 0 0 5.31
(80=68) BC 74 5 1 0 0 5.31a

ap¼ 0.952 for comparison of GMT between influenza and non-influenza patient groups.
Abbreviations: BA, acute blood sample; BC, convalescent blood sample; GMT, geometric mean titer; NT, neutralizing antibody.
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neutralize HPAI H5N1 virus, as well as other influenza virus
subtypes (5,6). Although seasonal influenza vaccine induced
a fourfold or greater rise in cross-neutralizing H5N1 anti-
body in the three vaccinees who did not have pre-existing
H5N1 antibody in their initial blood samples, the vaccine
failed to boost the anamnestic response in vaccinees who had
pre-existing H5N1 antibody. It is unclear whether the pop-
ulation of memory lymphocytes and the common epitopes
present in vaccines are well matched; perhaps pre-existing
H5N1 antibody had bound the common epitopes in the
vaccine and diminished its boosting effect.

Regarding serologic surveys for H5N1 virus infection in
Hong Kong, Treanor et al. (7,20) reported that the an H5N1-
neutralizing antibody titer of 40 was the primary immu-
nogenic threshold to distinguish between infected and
uninfected persons. Neutralizing H5N1 antibody titers of
40–80 were also found in our three vaccinees. Since this
study was carried out on archival blood samples collected
before the avian influenza outbreak, it appears that the
cross-H5N1-neutralizing antibody that developed in our
subjects was induced by vaccination, not by natural H5N1
infection.
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Abstract

Background: Nasopharyngeal aspirate (NPA), nasal swab (NS), and throat swab (TS) are common specimens used for 

diagnosis of respiratory virus infections based on the detection of viral genomes, viral antigens and viral isolation. 

However, there is no documented data regarding the type of specimen that yields the best result of viral detection. In 

this study, quantitative real time RT-PCR specific for M gene was used to determine influenza A viral loads present in NS, 

NPA and TS samples collected from patients infected with the 2009 pandemic H1N1, seasonal H1N1 and H3N2 viruses. 

Various copy numbers of RNA transcripts derived from recombinant plasmids containing complete M gene insert of 

each virus strain were assayed by RT-PCR. A standard curve for viral RNA quantification was constructed by plotting 

each Ct value against the log quantity of each standard RNA copy number.

Results: Copy numbers of M gene were obtained through the extrapolation of Ct values of the test samples against 

the corresponding standard curve. Among a total of 29 patients with severe influenza enrolled in this study (12 cases of 

the 2009 pandemic influenza, 5 cases of seasonal H1N1 and 12 cases of seasonal H3N2 virus), NPA was found to contain 

significantly highest amount of viral loads and followed in order by NS and TS specimen. Viral loads among patients 

infected with those viruses were comparable regarding type of specimen analyzed.

Conclusion: Based on M gene copy numbers, we conclude that NPA is the best specimen for detection of influenza A 

viruses, and followed in order by NS and TS.

Background

Influenza A viruses are classified into 16 hemagglutinin

(H) and 9 neuraminidase (N) subtypes [1]. Since the

emergence of Russian influenza A (H1N1) in 1977 [2] to

the emergence of pandemic influenza A (H1N1) in April

2009, only A/H1N1, A/H3N2 and influenza B viruses

have been recognized as human or seasonal influenza.

Influenza virus spreads via respiratory secretion. After an

incubation period of about 1-3 days, the viruses are shed

from various kinds of respiratory samples. Upper respira-

tory tract specimens, such as nasopharyngeal wash

(NPW) or nasopharyngeal aspirate (NPA), nasal swab

(NS), throat swab (TS), endothracheal swab, bronchoal-

veolar lavage and tissues, are recommended for virus

detection in patients with respiratory tract infection.

These specimens could be used for viral antigen detec-

tion, virus isolation and molecular methods for genome

detection. Nevertheless, there is no documented data

which addresses the type of specimen that gives the best

yield for the disease diagnosis [3].

Genomes of influenza A and B viruses are composed of

8 negative sense, single-stranded RNA segments encoded

for 10-11 proteins essential for infection and replication

[1]. The genomic RNA has been used as targets for ampli-

fication by conventional and real time reverse transcrip-

tion-polymerase chain reaction (RT-PCR). The highly

conserved M gene-derived primers are usually utilized

for diagnosis of all influenza A subtypes, whereas specific

subtype identification targets H or H and N genes. In this
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study, the protocol established by the U.S., Center for Dis-

ease Control (CDC) for detection of M gene [4] in

adjunct with the standard curves of known copies of M
RNA transcripts derived either from H1N1, H3N2 or the

2009 pandemic A (H1N1) viruses was used to quantify

the viral loads in specimens collected from patients with

severe influenza prior to receiving anti-viral drug. Our

study provided the information on the clinical specimens

that yielded the best diagnostic result; and the viral loads

in patients infected with different influenza subtypes and

strains were also compared.

Methods
Subjects and Specimen Collection

This study was approved by the Institutional Review

Boards of the Committee on Ethics, Faculty of Medicine

Siriraj Hospital, Mahidol University and the Ministry of

Public Health, Thailand. NPA, NS and TS samples were

collected in viral transport medium (MicroTest™ Multi-

Microbe Media; Remel, Lenexa, KS) from patients with

severe influenza. The collection of NPA was performed

by flushing through a nasopharyngeal tube with 2 ml of

sterile normal saline using a sterile NG-tube or sterile

butterfly needle tube, inserted through the floor of nose.

The NPA yield at approximately 0.5 ml volume was then

added with VTM and the 3.5 ml final volume was

obtained. The nose and throat swabbing were performed

right after the NPA collection from nostrils and throat,

respectively, using MicroTest™ kit with 3 ml of VTM.

Quantitative Real time Reverse Transcription-Polymerase 

Chain Reaction

Real time RT-PCR protocols established by CDC as well

as viral antigen detection by QuickVue (Quidel Corpora-

tion, San Diego, CA), virus isolation in MDCK cell cul-

ture and serodiagnosis, were used to diagnose influenza

virus infection in these patients. Positive results from at

least two diagnostic tests were obtained for each case. A

total of 29 patients enrolled in this study comprised 12

cases of pandemic influenza A/2009 (H1N1), 5 cases of

A/Brisbane/59/2007(H1N1) like- and 12 cases of A/Bris-

bane/10/2007 (H3N2) like-virus infection. All respiratory

specimens were kept at -70°C until tested.

In the preparation of standard M-RNA, viral RNA

extracted from A/Nonthaburi/102/2009 (H1N1), A/Bris-

bane/59/2007-like (H1N1) and A/Brisbane/10/2007-like

(H3N2) viruses were reverse transcribed into comple-

mentary DNA (cDNA) in a 20 μl reaction comprised 8 μl

of viral RNA, 1× RT buffer, 5 mM MgCl2, 10 mM DTT, 50

ng of random hexamers, 0.5 mM dNTPs, 40 units of

RNaseOUTTM (Invitrogen Corporation, Carlsbad, CA)

and 200 units of SuperScriptTM III reverse transcriptase

(Invitrogen) following the manufacturer's instruction.

Thereafter, cDNA was subjected to PCR amplification in

a 50 μl reaction mixture containing 5 μl of cDNA target, 5

μl of 10× High Fidelity PCR buffer, 1 mM dNTP mixture,

2 mM MgSO4, 0.4 μM forward primer, 0.4 μM reverse

primer (universal M primers, Bm-M-1 and Bm-M-1027R

[5]; sequences as shown in Table 1) and 0.5 μl of High

Fidelity Platinum®Taq DNA polymerase (Invitrogen). The

PCR amplification cycle was set as 94°C for 2 min for ini-

tial denaturation, followed by 35 cycles of 94°C for 30 sec,

55°C for 30 sec, and 68°C for 90 sec, and followed by final

extension at 68°C for 10 min. The PCR product of com-

plete M segment of 1,056 base pairs in size was gel-puri-

fied and cloned into pGEM® T-Easy plasmid (Promega

Corporation, Madison, WI). Thereafter, M RNA was in
vitro-transcribed from the recombinant plasmid using

Riboprobe® combination system-SP6/T7 (Promega), fol-

lowed by step of RNase-free DNase (Promega) digestion

in order to remove out the recombinant plasmid DNA

Table 1: Sequences of primers and probes for PCR and real time RT-PCR.

Primer and probe Sequence (5'>3') Reference

Bm-M-1 TAT TCG TCT CAG GGA GCA AAA GCA GGT 
AG

Hoffmann E et al.

Bm-M-1027R ATA TCG TCT CGT ATT AGT AGA AAC AAG 
GTA GTT TTT

Hoffmann E et al.

FluA Forward GAC CRA TCC TGT CAC CTC TGA C CDC

FluA Reverse AGG GCA TTY TGG ACA AAK CGT CTA CDC

FluA Probe1 TGC AGT CCT CGC TCA CTG GGC ACG CDC

RnaseP Forward AGA TTT GGA CCT GCG AGC G CDC

RnaseP Reverse GAG CGG CTG TCT CCA CAA GT CDC

RnaseP Probe1 TTC TGA CCT GAA GGC TCT GCG CG CDC

1TaqMan® probes are labeled at the 5'-end with the reporter molecule 6-carboxyfluorescein (FAM) and with the quencher, Blackhole 
Quencher 1 (BHQ1) at the 3'-end.
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templates. M transcripts obtained were kept at -70°C

until assayed.

To minimize the test variation, standard curves of M
RNA transcripts were constructed in parallel with the

detection of viral M RNA in clinical samples in the quan-

titative real time RT-PCR. The M RNA transcripts were

measured by Quant-iT™ RNA Assay Kit (Invitrogen) and

diluted to various copy numbers in a ten folded serial

dilution manner; and each known M RNA copy number

was assayed by real time RT-PCR according to that

described by the 2009 CDC protocol [4]. The sequences

of primer and probe sets used in this study are shown in

Table 1. A 25 μl reaction mixture of real time RT-PCR

comprised 5 μl of total RNA, 12.5 μl of 2× reaction mix,

0.5 μl of SuperScriptTM III Platinum®Taq Mix (Invitro-

gen), each 0.8 μM of forward and reverse primers and 0.2

μM of labeled probe, and H2O was added to bring up the

final volume. The amplification was carried out in

DNAEngine® Peltier Thermal Cycler with Chromo4™

Real-Time PCR Detector (Bio-Rad Laboratories, Inc.,

Hercules, CA) using the amplification cycles of 50°C for

30 min for reverse transcription, 95°C for 2 min for Taq
polymerase activation, followed by 45 cycles of PCR

amplification (95°C for 15 sec and 55°C for 30 sec). Fluo-

rescence signal was obtained at 55°C. The results were

analyzed by MJ OpticonMonitor™ Analysis Software ver-

sion 3.1 (Bio-Rad). A standard curve was constructed by

plotting each cycle threshold (Ct) value against the log

quantity of standard RNA copy numbers. Total RNA was

extracted from the NPA, NS and TS specimens by

QIAamp® Viral RNA Mini Kit (QIAGEN Inc., Valencia,

CA) following the manufacturer's instruction. Real time

RT-PCR for detection of influenza A M gene and the

RnaseP (RNP) house keeping gene, was carried out. To

obtain amount of viral load present in each clinical sam-

ple, the test Ct value was extrapolated against the stan-

dard curve derived from each virus subtype or strain (Fig.

1). The sensitivity of the assay for all 3 subtypes and strain

was 100 copies of target M RNA/real time RT-PCR reac-

tion when the cut-off for positive result was set at 40

cycles.

Data Analysis

Statistical analysis was performed with SPSS program.

Pair t-test was used to compare the mean log10 viral loads

among different types of specimens collected from the

same subjects and at the same time. Student t-test was

used to analyze the mean log10 viral copy numbers in con-

temporary specimens from patients infected with differ-

ent virus subtypes and strain.

Results and Discussion

Real time RT-PCR protocol was analyzed for its applica-

bility to amplify M genes derived from H1N1, H3N2 and

Figure 1 M transcript standard curve for quantitative detections 

of the pandemic A/H1N1 (A), seasonal A/H1N1 (B) and seasonal 

A/H3N2 viruses (C). The standard curve of M RNA copy numbers was 

generated by plotting the Ct value (X-axis) against log10 copy numbers 

of M transcripts (Y-axis). The amount of M copy number in clinical spec-

imens was obtained by extrapolation of the Ct of the test sample 

against the standard curve.
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the 2009 pandemic viruses by aligning the primers and

probe nucleotide sequences against those M genes of var-

ious influenza subtypes and strains using BioEdit

Sequence Alignment Editor (Fig. 2, Table 2). The forward

and reverse primers bound to those M genes with higher

than 90% identity, while the probe bound with 100% iden-

tity. This suggested that the CDC primers/probe set can

be universally used for detection of M segments or viral

loads of the novel influenza A/2009 (H1N1), seasonal

H1N1 and seasonal H3N2 viruses.

Three standard curves of M RNA transcripts were con-

structed with the R2 of 0.996, 0.993 and 0.996 for pan-

demic A/2009 (H1N1), seasonal H1N1 and seasonal

H3N2, respectively (Fig 1). The M copy numbers per ml

of VTM from patients infected with pandemic H1N1 or

H3N2 viruses were significantly highest in NPA samples

(pair t-test; P ≤ 0.05) (Table 3). However, number of

patients infected with seasonal H1N1 virus was too small

for data analysis. Additionally, viral load levels in patients

infected with either subtype or strain was comparable

(student t-test, P > 0.05). M RNAs were detected in all

NPA and NS, but not in all TS samples collected from

patients infected with any one of the virus subtypes/

strain. The detection rate was shown in Table 4.

RT-PCR for diagnosis of influenza viruses is generally

more sensitive than viral isolation method. The technique

detected the viral genome present in dead and alive

viruses including excess viral RNA present in the infected

cells; however, virus isolation detected only live virus par-

ticles. RT-PCR is a high through-put and less time con-

suming method. In addition, only RT-PCR can

differentiate type, subtype and strain of influenza viruses.

Sensitivity of RT-PCR to diagnose the disease not only

depends on the protocol, but also the type of clinical sam-

ple used in the diagnosis. Our study has two advantages

that are not commonly conducted in previous reports.

Firstly, we had an opportunity to investigate 3 types of

clinical specimens collected from the same individuals at

the same time, e.g., NPA, NS and TS. Secondly, we had

employed full length M RNA transcripts derived from A/

H1N1, A/H3N2 and the 2009 pandemic viruses to con-

struct 3 standard curves for quantifying viral RNA copy

numbers of the contemporary subtype and strain present

in the test specimens, with the assumption that the full

length in vitro M RNA transcripts closely mimics the

native structure of the viral M genomic segments.

Regardless of viral subtypes and strains (H1N1, H3N2

and 2009 pandemic H1N1 virus), we found that all NPA

and NS specimens were positive for viral genome detec-

tion, while the positive rate was lower in TS specimens.

Previous investigators reported that viral RNA concen-

tration in respiratory samples and long duration of virus

shedding were correlated with influenza disease severity

[6]. Amount and duration of viral shedding are important

in the disease treatment and control of virus spread. Dif-

ferent type of specimens contained different amount of

viral RNA concentration; therefore, using different type

of clinical specimens may yield different information. In

addition, there is no reference method for viral load assay.

Peiris et al. [7] reported that viral load in NPA samples of

Figure 2 Alignment of M gene fragment from the pandemic A/H1N1, seasonal A/H1N1 and seasonal A/H3N2 viruses against CDC real time 

RT-PCR primers and probe sequences. BioEdit Sequence Alignment Editor was used to locate the region of real time RT-PCR primers and probe 

binding site within M gene of various subtypes of influenza A viruses.
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H5N1 patients was lower than those of H3N2 patients.

The finding was further extended by Ward et al. [8] that

viral load in throat swab samples of H5N1 patients in

1997 and 2004 was 10-fold lower than that observed in

H3N2 patients, i.e., 1.5 × 106 TCID50/ml versus 1.6 × 105

TCID50/ml (t-test, P < 0.05). On the other hand, de Jong

et al. [9] found that viral load in TS from H5N1 patients

was significantly higher than that from H3/H1 patients;

and, additionally, TS contained significantly higher H5N1

viral load than nasal swab samples; meanwhile, viral load

in TS and nasal swab samples from H1/H3 patients was

not statistically different. The difference in results

obtained from different groups of investigators might

reflect process of specimen collection and also the differ-

ent protocols for viral load measurement.

It has been reported that the 2009 pandemic virus pref-

erentially binds sialic acid receptor with α 2, 6 linkage to

galactose (SA α 2,6 Gal), the same as human influenza

H1N1 and H3N2 viruses [10]. Fatality rate in patients

infected with the novel virus is less than 1%, except in

that which occurs in patients with underlying conditions,

e.g., cardiovascular disease, hypertension, asthma and

diabetes, etc. [11,12]. However, the study in a mammalian

model demonstrated that the 2009 pandemic H1N1 virus

was more pathogenic than the seasonal H1N1 virus [13].

Our study, therefore, explored the viral load in respira-

tory secretions collected prior to anti-viral treatment,

and found that the level of viral RNA in cases infected

with the 2009 pandemic H1N1 virus was not statistically

different from those infected with seasonal H1N1 and

Table 2: Percentages of identity of primers and probe with the M sequences derived from different virus subtypes and 

strain.

% Identity with

Virus Forward primer Reverse primer Probe

Pandemic A/H1N1/2009 95.45 91.67 100

A/H1N1 100 91.67 100

A/H3N2 95.45 91.67-95.83 100

Table 3: Influenza viral loads in various types of clinical specimens collected from patients infected with different virus 

subtypes.

Log10 M RNA copy number in

Virus Number of 

cases

Statistics Age Days after 

onset

NPA NS TS

Pandemic 
A/H1N1/

2009

12 Mean 12 5 7.5a, b 6.5a, c 4.1b, c

Median 8 5 7.5 6.9 4.9

Range 3-53 2-10 5.8-8.9 2.7-8.7 Und.-6.9

A/H1N1 5 Mean 5 5 7.8 7.2 7.4

Median 4 4 8.5 6.4 7.7

Range 1-12 2-10 4.7-8.9 5.5-9.3 5.8-8.7

A/H3N2 12 Mean 17 5 8.0a, b 6.6a 5.6b

Median 4 5 8.1 7.2 6.8

Range 1-69 2-6 5.8-9.2 3.5-8.3 Und.-7.7

The viral loads are reported as log10 of M segment copy number/1 ml of VTM. Pair t-test was used to compare the mean log10 viral loads in 
different types of specimens collected from the same subjects and at the same time.
a indicates a significant difference of the viral loads in NPA and NS, b in NPA and TS and c in NS and TS (Pair t-test, P < 0.05).
Und., below detection limit; NPA, Nasopharyngeal aspirate; NS, Nasal swab; TS, Throat swab.
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H3N2 viruses. Mean log10 copies/ml of viral RNA of 7.5-

8.0 in NPA, 6.5-7.2 in NS and 4.1-7.4 in TS samples were

found in our study. It is to be kept in mind that all of our

patients had severe influenza at time of specimen collec-

tion, and most of them were pediatric patients (24 chil-

dren and 5 adults). Duration of viral shedding of the

seasonal influenza as reported by the other groups of

investigators was 4-5 days in average [6,14]. A recent

report by To et al. [15], showed that the level of the 2009

pandemic viral load of 8 log10 copies/ml was found in

respiratory specimens collected before oseltamivir treat-

ment; and the viral shedding peaked at the day of onset of

symptom with median duration of 4 days [15]. On the

other hand, when using plasmid containing amplification

target to construct the standard curve together with

using pool of throat and nasal swab as the test samples,

the other study demonstrated that the H1/H3 viral loads

of 5.06 ± 1.85 log10 copies/ml were found in patients with

major co-morbidities and 3.62 ± 2.13 log10 copies/ml in

patients without co-morbidities [6].

Conclusions

Our study suggested that when complete facilities are

accessible, such as in clinics and hospitals, NPA will be

the best specimen of choice; and in field investigation, NS

will be the second choice, followed by TS specimen.

Using the appropriate specimen will provide the highest

diagnostic rate and the precise strategy for disease treat-

ment and prevention control.

Competing interests

The authors declare that they have no competing interests.

Authors' contributions

PP designed the research study; NN, PN, PK and PhP performed research; NN,

PN and PK analyzed data; NN and PP wrote the manuscript. KK, TC, CS, CC and

JF provided specimens. All authors read and approved the final manuscript.

Acknowledgements

This study is supported by the Thailand Research Fund for Senior Research 

Scholar and the South East Asia Infectious Disease Clinical Research Network 

(SEAICRN), supported by the US National Institute of Health. NN is supported 

by Postdoctoral Fellowship Scholarship, Mahidol University, Thailand. We thank 

Mrs. Caroline Fukuda and Dr. Steve Wignall, SEAICRN for their kind coordina-

tion.

Author Details
1Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol 

University, Bangkok 10700, Thailand, 2Pediatrics, Faculty of Medicine Siriraj 

Hospital, Mahidol University, Bangkok 10700, Thailand, 3Queen Sirikit National 

Institute of Child Health, Bangkok 10400, Thailand, 4Bamrasnaradura Infectious 

Disease Institute, Nonthaburi 11000, Thailand, 5Chest Disease Institute, 

Nonthaburi 11000, Thailand and 6Hospital for Tropical Diseases, Wellcome 

Trust Major Overseas Programme, Oxford University Clinical Research Unit, Ho 

Chi Minh City, Vietnam

References

1. Maines TR, Szretter KJ, Perrone L, Belser JA, Bright RA, Zeng H, Tumpey TM, 

Katz JM: Pathogenesis of emerging avian influenza viruses in mammals 
and the host innate immune response.  Immunol Rev 2008, 225:68-84.

2. Tognotti E: Influenza pandemics: a historical retrospect.  J Infect Dev 
Ctries 2009, 3:331-334.

3. WHO information for laboratory diagnosis of pandemic (H1N1) 2009 
virus in humans-update   [http://www.who.int/csr/resources/

publications/swineflu/en/]

4. CDC protocol of realtime RTPCR for influenza A (H1N1)   [http://

www.who.int/csr/resources/publications/swineflu/en/]

5. Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR: Universal primer set 
for the full-length amplification of all influenza A viruses.  Arch Virol 
2001, 146:2275-2289.

6. Lee N, Chan PK, Hui DS, Rainer TH, Wong E, Choi KW, Lui GC, Wong BC, 

Wong RY, Lam WY, Chu IM, Lai RW, Cockram CS, Sung JJ: Viral loads and 
duration of viral shedding in adult patients hospitalized with influenza.  

J Infect Dis 2009, 200:492-500.

7. Peiris JS, Yu WC, Leung CW, Cheung CY, Ng WF, Nicholls JM, Ng TK, Chan 

KH, Lai ST, Lim WL, Yuen KY, Guan Y: Re-emergence of fatal human 
influenza A subtype H5N1 disease.  Lancet 2004, 363:617-619.

8. Ward CL, Dempsey MH, Ring CJ, Kempson RE, Zhang L, Gor D, Snowden 

BW, Tisdale M: Design and performance testing of quantitative real 
time PCR assays for influenza A and B viral load measurement.  J Clin 
Virol 2004, 29:179-188.

9. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, Chau TN, Hoang 

DM, Chau NV, Khanh TH, Dong VC, Qui PT, Cam BV, Ha do Q, Guan Y, Peiris 

JS, Chinh NT, Hien TT, Farrar J: Fatal outcome of human influenza A 
(H5N1) is associated with high viral load and hypercytokinemia.  Nat 
Med 2006, 12:1203-1207.

10. Neumann G, Noda T, Kawaoka Y: Emergence and pandemic potential of 
swine-origin H1N1 influenza virus.  Nature 2009, 459:931-939.

11. WHO, Pandemic (H1N1) 2009 - update 58, Laboratory-confirmed cases 
of pandemic (H1N1) 2009 as officially reported to WHO by States 
Parties to the International Health Regulations (2005)   [http://

www.who.int/csr/don/2009_07_06/en/]

12. WHO, Assessing the severity of an influenza pandemic   [http://

www.who.int/csr/disease/swineflu/assess/

disease_swineflu_assess_20090511/]

13. Itoh Y, Shinya K, Kiso M, Watanabe T, Sakoda Y, Hatta M, Muramoto Y, 

Tamura D, Sakai-Tagawa Y, Noda T, Sakabe S, Imai M, Hatta Y, Watanabe S, 

Li C, Yamada S, Fujii K, Murakami S, Imai H, Kakugawa S, Ito M, Takano R, 

Received: 28 January 2010 Accepted: 20 April 2010 
Published: 20 April 2010
This article is available from: http://www.virologyj.com/content/7/1/75© 2010 Ngaosuwankul et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Virology Journal 2010, 7:75

Table 4: Genome detection rate by type of clinical specimens.

Number of positive cases

Virus NPA NS TS

Pandemic A/H1N/2009 12 (100%) 12 (100%) 9 (75%)

A/H1N1 5 (100%) 5 (100%) 5 (100%)

A/H3N2 12 (100%) 12 (100%) 11 (91.67%)

NPA, Nasopharyngeal aspirate; NS, Nasal swab; TS, Throat swab.



Ngaosuwankul et al. Virology Journal 2010, 7:75
http://www.virologyj.com/content/7/1/75

Page 7 of 7

Iwatsuki-Horimoto K, Shimojima M, Horimoto T, Goto H, Takahashi K, 

Makino A, Ishigaki H, Nakayama M, Okamatsu M, Takahashi K, Warshauer 

D, Shult PA, Saito R, Suzuki H, Furuta Y, Yamashita M, Mitamura K, Nakano 

K, Nakamura M, Brockman-Schneider R, Mitamura H, Yamazaki M, Sugaya 

N, Suresh M, Ozawa M, Neumann G, Gern J, Kida H, Ogasawara K, Kawaoka 

Y: In vitro and in vivo characterization of new swine-origin H1N1 
influenza viruses.  Nature 2009, 460:1021-1025.

14. Ison MG: Influenza in hospitalized adults: gaining insight into a 
significant problem.  J Infect Dis 2009, 200:485-488.

15. To KK, Chan KH, Li IW, Tsang TY, Tse H, Chan JF, Hung IF, Lai ST, Leung CW, 

Kwan YW, Lau YL, Ng TK, Cheng VC, Peiris JS, Yuen KY: Viral load in 
patients infected with pandemic H1N1 2009 influenza A virus.  J Med 
Virol 2010, 82:1-7.

doi: 10.1186/1743-422X-7-75
Cite this article as: Ngaosuwankul et al., Influenza A viral loads in respiratory 

samples collected from patients infected with pandemic H1N1, seasonal 

H1N1 and H3N2 viruses Virology Journal 2010, 7:75



CLINICAL AND VACCINE IMMUNOLOGY, July 2009, p. 978–981 Vol. 16, No. 7
1556-6811/09/$08.00�0 doi:10.1128/CVI.00062-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Kinetics and Longevity of Antibody Response to Influenza A H5N1
Virus Infection in Humans�

Rungrueng Kitphati,1 Phisanu Pooruk,2 Hatairat Lerdsamran,2 Siriwan Poosuwan,1
Suda Louisirirotchanakul,2 Prasert Auewarakul,2 Kulkanya Chokphaibulkit,3
Pirom Noisumdaeng,2 Pathom Sawanpanyalert,1 and Pilaipan Puthavathana2*

National Institute of Health, Department of Medical Sciences, Ministry of Public Health, Nonthaburi 11000, Thailand,1 and
Department of Microbiology2 and Department of Pediatrics,3 Faculty of Medicine, Siriraj Hospital, Mahidol University,

Bangkok 10700, Thailand

Received 9 February 2009/Returned for modification 23 March 2009/Accepted 11 May 2009

Anti-H5N1 antibody was determined by microneutralization, hemagglutination inhibition, and Western
blotting assays in serial blood samples collected from eight Thai patients, including four fatal cases and four
survivors. The antibody was detected as early as 5 days and, typically, with an increase in titer in paired blood
at about 15 days after disease onset. The anti-H5 antibody response was long-lasting, for almost 5 years in
cases which can be followed that far. In addition, cross-neutralizing activity to related clade 1 viruses was
observed.

During the first outbreak of human highly pathogenic avian
influenza (HPAI) virus H5N1 disease in Hong Kong in 1997,
the microneutralization (microNT) assay was used to detect
acute antibody responses in virologically confirmed cases, but
the durability of the response was not assessed (4). The
microNT assay was more sensitive than the traditional hemag-
glutination inhibition (HI) assay, which used erythrocytes from
avian species in detecting human antibodies induced by H5
viruses (7). The sensitivity and specificity of microNT could be
improved when it was combined with a confirmatory Western
blot (WB) assay (7).
Since late 2003, highly pathogenic avian influenza (HPAI)

H5N1 viruses have caused unprecedented outbreaks in poultry
in 61 countries (10). Human disease has accompanied the
global spread of the virus, and as of 14 January 2009, 394
human H5N1 virus infections had been reported by the World
Health Organization (WHO), with an overall fatality rate of
over 60% (13). Despite these case numbers, information on
the kinetics, and in particular the persistence of H5 virus-
specific antibody in humans infected with H5N1 viruses, is
lacking. This information could guide H5N1 vaccine studies
and the optimal design of seroepidemiological investigations to
better understand the extent of and risk factors associated with
human H5N1 infection. In 2006, WHO included serodiagnosis
as one among other criteria for an H5N1 confirmed case, i.e.,
(i) a fourfold or greater rise in neutralizing antibody titer in
paired blood samples of which the acute blood has been col-
lected within 7 days after symptom onset and the convalescent
sample achieves a titer of �1:80, or (ii) presence of a neutral-
izing antibody titer of�1:80 in a single serum sample collected
14 or more days after symptom onset together with a positive

result using a different serological assay, such as the horse
erythrocyte HI assay or an H5-specific WB positive result (12).
Thailand reported the first human case of H5N1 disease on

23 January 2004. No human case has occurred after July 2006;
in total, there have been 25 human cases with 17 deaths. The
diagnosis of H5N1 infection in human cases in Thailand is
primarily based on results of conventional and real-time re-
verse transcription-PCR (RT-PCR) and virus isolation meth-
ods. Serological tests have been introduced more recently. The
present study reports the results of serological analyses con-
ducted by using the microNT, HI, and WB assays to explore
the kinetics and longevity of the antibody response to H5N1
virus infection in fatal cases and survivors.

MATERIALS AND METHODS

Ethical issues. This study has been approved by two Ethical Committee for
Human Research panels: one from the Faculty of Medicine Siriraj Hospital,
Mahidol University, and the second one from the Ministry of Public Health,
Thailand. Subjects or parents gave consent to participate in the follow-up blood
collection.

Subjects. Eight individuals, four fatal cases and four survivors, were included
in this study. All of them were diagnosed with H5N1 virus infection by both
RT-PCR and virus isolation methods. Nucleotide sequencing showed that all of
the isolated viruses belonged to clade 1. The demographic data for these subjects
are shown in Table 1. Serial blood samples from the four survivors were collected
at approximately 6-month intervals. Serum or plasma samples were kept frozen
at �20°C until tested.

Viruses. Two human H5N1 isolates belonging to genotype Z, clade 1, were
used for serodiagnosis in this study. A/Thailand/1(KAN-1)/04 (KAN-1), the first
human virus isolated in the country, was isolated in January 2004, and A/Thai-
land/676(NYK)/05 (NYK) was isolated in December 2005 during the third wave
of the epidemic. The latter virus contains two mutational changes: A134V in the
receptor binding site and R325K in the cleavage site of the hemagglutinin (HA)
molecule (1, 6). Complete genomic sequences of the two virus isolates used in
this study are available through GenBank. KAN-1 preferentially binds sialic acid
�2,3-linked galactose (SA�2,3Gal), while NYK preferentially binds sialic acid
�2,6-linked galactose (SA�2,6Gal) (1). The viruses were propagated in MDCK
cell monolayers without serum supplement. Experiments related to infectious
viruses were conducted in biosafety level 3 facilities.

Microneutralization assay. An enzyme-linked immunosorbent assay (ELISA)-
based microNT assay was conducted for detection of NT antibody. The test
protocol followed what is described in the WHO manual, with a small modifi-
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cation (11). The test serum was heat inactivated at 56°C for 30 min and then
twofold diluted with maintenance medium starting from a dilution of 1:5 to
1:2,560. The assay was performed by mixing 60 �l of the diluted serum with 60
�l of the virus suspension at a concentration of 200 50% tissue culture infective
doses (TCID50) and incubated at 37°C for 2 hours. Then, 100 �l of the mixture
was transferred onto an MDCK cell monolayer and further incubated at 37°C for
18 to 20 h. In order to verify the amount of virus inoculum, virus back-titrations
at doses of 0.1, 1, 10, and 100 TCID50 were included in every assay plate, together
with the positive control serum and cell culture control. The test reaction was run
in duplicate. Viral nucleoprotein produced in the infected MDCK cells was
detected by indirect ELISA using mouse monoclonal antibody to influenza A
virus nucleoprotein (Chemicon International, Inc., CA) as the primary antibody
and goat anti-mouse immunoglobulin (Ig) conjugated with horseradish peroxi-
dase (Southern Biotechnology Associates, Inc. Birmingham, AL) as the second
antibody. The tetramethylbenzidine (TMB) peroxidase substrate system (Kirke-
gaard & Perry, Gaithersburg, MD) was used as the chromogenic substrate. The
color product was read for the optical density (OD) at dual wavelengths of 450
and 630 nm. The corrected OD value of the test serum was obtained after
subtracting the cell control OD from the original OD value. The corrected OD
value of the virus control at a working concentration of 100 TCID50 was also
obtained in the same manner. A positive microNT result was obtained when the
test serum yielded a �50% reduction in the corrected OD value compared with
that of the virus control. The antibody titer was defined as the reciprocal value
of the highest serum dilution that gave �50% neutralization of 100 TCID50 of
the test virus. It should be noted that the antibody titer value as determined by
our definition was twofold lower than that defined by WHO and CDC, such that
our titer of 1:40 is equivalent to 80 as defined by WHO and CDC. In our assay
protocol, the volume of the test virus in the reaction well was not taken into
account in the calculation for the NT antibody titer; meanwhile, this volume is
included in the WHO/CDC protocol (I. Stephenson, WHO manual on influenza
microneutralization assay: CDC Influenza Training Course at Faculty of Medi-
cine Siriraj Hospital, Mahidol University, November 2004). In addition, we found
no significant difference in the NT titers, as the CDC reference serum samples
were assayed in an MDCK cell monolayer or cell suspension such that under two
types of cell conditions, a test serum showed the same antibody titer or the
variation was within twofold of the difference.

Hemagglutination inhibition test. The two H5N1 isolates and horse and goose
erythrocytes were used for antibody detection by an HI test. The protocol was as
described previously (8, 11). A test serum was mixed with receptor-destroying
enzyme (Denka Seiken, Japan) to obtain a dilution of 1:4, followed by incubation
for 16 h at 37°C, heat inactivation at 56°C for 30 min, and adsorption with packed
red blood cells (RBC) for 60 min at 4°C. The treated serum was serially diluted
twofold to yield the starting dilutions of 1:20 to 1:2,560 and then added with 4
HA units of the test virus. One HA unit is defined as the highest virus dilution
that yields complete hemagglutination. A reaction well containing 25 �l of the
diluted serum and 25 �l of the virus suspension was incubated at room temper-
ature for 30 min before adding 50 �l of the erythrocyte suspension and further
incubated for 1 hour at 4°C. Either a 0.5% goose red blood cell (GRBC) or 1%
horse red blood cell (HRBC) suspension was employed in our HI assay. Hem-
agglutination patterns of the test wells were examined. The HI antibody titer was
defined as the reciprocal of the highest serum dilution that gave complete
inhibition of hemagglutination.

Western blot assay. Based on WHO criteria, a human serum sample that
possesses an NT antibody titer of �80 (or �40 by our assay) should be further
confirmed for its specificity to H5 HA in a WB assay. The serum sample at the
dilution of 1:100 was tested against baculovirus recombinant H5 HA antigen
(Protein Sciences Corporation, CT). According to the product brochure, the

HA1 and HA2 subunits possess molecular masses of 45 and 25 kDa, respectively.
Goat antiserum against purified HA of A/Vietnam/1203/04(H5N1), kindly pro-
vided by Robert G. Webster and Richard Webby, St. Jude Children’s Research
Hospital, and a commercial monoclonal antibody to H5 HA (US Biological,
Swampscott, MA) was used as the reference antibody control. The nitrocellulose
membrane blotted with antigens was blocked with 5% skim milk in Tris-buffer
saline plus 0.1% Tween 20 (TBS-T). The test sera were incubated with the
blotted membrane overnight at 4°C before washing three times with TBS-T,
followed by the secondary antibody, horseradish peroxidase enzyme conjugated
with either rabbit anti-goat Ig (Dako Cytomation, Denmark), goat anti-mouse
IgG (Santa Cruz Biotechnology Inc., Santa Cruz, CA), or goat anti-human IgG
(Zymed Laboratories Inc., San Francisco, CA) for 2 hours at room temperature.
Diaminobenzidine (Sigma-Aldrich, St. Louis, MO) mixed with NiCl2 and H2O2
was used as the chromogenic substrate.

RESULTS AND DISCUSSION

A fourfold rise in antibody titer either by microNT or HI
assay was noted in paired blood specimens, typically when the
second specimen was collected 15 or more days after onset of
disease (patient nos. 1, 4, and 6). The highest microNT and HI
titers of 1:1,280 were detected in sera collected at 15 days
(patient no. 6) or 21 days (patient nos. 1 and 4) after onset of
disease (Table 2). In one surviving subject from whom re-
peated serial blood specimens were collected (patient no. 6),
the early peak antibody level was followed by a marked de-
crease in titer about 5 months later, after which the antibody
titer remained stable for at least another year. Similarly, all
four survivors (patient nos. 2, 3, 4, and 6) also demonstrated
microNT titers of �1:40 that persisted in all serial serum sam-
ples collected at over 3 or almost 5 years after disease onset,
the longest periods that we could follow for an individual
subject. Our titer of 1:40 was a critical value for indicating
previous H5N1 infection, because it was not found in the
general Thai population. When establishing the microNT as-
say, we had investigated more than 200 serum samples from
healthy subjects. The results showed that 70% of the subjects
had NT antibody to H1N1 virus as tested against A/New Cale-
donia/20/99 (H1N1) but none had antibody to KAN-1 virus
(data not shown). We previously reported the result of an
ELISA-based microNT assay in 901 residents of four villages
with H5N1 human cases and found that 888 (98.6%) had no
NT antibody titer to KAN-1 virus as screened at the serum
dilution of 1:5. Among 13 positive cases, 11 had an NT titer of
5 and the other 2 had titers of 10 and 20 (2).
There were two patients (nos. 5 and 7) who died before

convalescent blood samples were collected. No anti-H5 anti-
body was detected in patient no.7, whose acute blood was
collected 9 days after onset of disease; even the NT assay was
performed against NYK, which was the autologous virus. On
the other hand, patient no. 5, who had a single serum sample
collected 5 days after onset of disease, remarkably exhibited a
serum antibody titer of about 1:320 by either microNT or HI
assay. Finally, patient no. 8 had no detectable anti-H5 antibody
in two blood samples collected at 24 and 27 days after onset of
symptoms, beyond the time when a response was typically seen
in other patients. Patient no. 8 was negative for anti-human
immunodeficiency virus and anti-hepatitis C virus antibodies
and was naturally immune to hepatitis B virus infection (pos-
itive anti-HBs, positive anti-HBc, and negative HBs antigen).
However, he was an alcohol abuser, an underlying condition
that might lead to the inability to develop high antibody re-

TABLE 1. Demographic data for H5N1 patients

Subject
no. Age (yrs) Gender

Estimated
incubation
period (days)

Disease outcome Yr of
infection

1 6 M Death 2004
2 2 M 5 Survival 2004
3 29 M 3 Survival 2004
4 32 F Survival 2004
5 48 M 12 Death 2005
6 7 M 8 Survival 2005
7 5 M 10 Death 2005
8 59 M Death 2006
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sponse. He received standard oseltamivir treatment beginning
14 days after onset of symptoms but died 13 days later. We
further tested these two blood samples against autologous vi-
rus (A/Thailand/1(NBL)/06 (H5N1), but still no NT antibody
titer was detected (data not shown). Katz et al. (4) previously
reported an adult H5N1 patient in whom no H5-specific anti-
body response was detected, despite the collection of appro-
priately timed paired blood specimens. The diagnosis of H5N1
virus infection in this case was similarly based on positive
RT-PCR and virus isolation. However, in this case, the inabil-
ity to mount an H5 antibody response was attributed to the
immunocompromised status of the patient due to systemic
lupus erythematosus.

Interestingly, we found that sera obtained from patients
infected in 2004 could cross-neutralize the two virus isolates to
comparable antibody titers. Similarly, sera collected in 2005
cross-neutralized the earlier H5N1 strain, despite the two vi-
ruses sharing 96% amino acid identity in the HA sequence
(GenBank accession nos. AAS65615 and ABC72655) and 90%
identity in NA sequence (GenBank accession nos. AAS65616
and ABC72646) and the difference in receptor site binding
preference of SA�2,3Gal or SA�2,6Gal (1, 6). These results
suggest that the two H5N1 viruses examined were antigenically
closely related with respect to the human antibody response.
This study used infectious viruses as the test antigens in the

HI assay. The protocol as described previously employed ei-

TABLE 2. Kinetics and longevity of antibody response to H5N1 virus infection

Subject
no.

Blood sample
No.

Specimen collection
(time after disease onset)

Antibody titer to:

A/Thailand/1(KAN-1)/04a as
determined by:

A/Thailand/676(NYK)/05b as
determined by:

NT
HI with:

NT
HI with:

GRBC HRBC GRBC HRBC

1 1 10 days �5 20 20 20 20
2 21 days 1,280 640 1,280 1,280 640

2 1 2 yrs, 3 mos 80 80 160 160 160 80
2 2 yrs, 9 mos 160 80 160 160 160 160
3 3 yrs, 3 mos 80 80 80 160 160 160
4 3 yrs, 11 mos 80 80 160 160
5 4 yrs, 5 mos 40 40 160 160
6 4 yrs, 11 mos 40 40 160 160

3 1 2 yrs, 2 mos 160 80 160 80 160 80
2 2 yrs, 8 mos 160 80 160 160 160 160
3 3 yrs, 2 mos 160 80 160 160 160 160
4 3 yrs, 10 mos 160 80 160 160
5 4 yrs, 3 mos 80 80 160 160
6 4 yrs, 10 mos 80 80 160 160

4 1 10 days �5 20 20
2 12 days 5 20 20 20 20
3 21 days 1,280
4 1 yrs, 6 mos 160 80 80 320 160 160
5 2 yrs 160 80 160 320 160 160
6 2 yrs, 6 mos 160 80 160 160 80 160
7 3 yrs, 3 mos 80 80 160 160
8 3 yrs, 8 mos 80 80 160 160
9 4 yrs, 2 mos 80 80 160 160

5 1 5 days 320 80 320 160 640 640

6 1 4 days 5 �20 �20 �10 20 �20
2 15 days 1,280 320 640 2,560 1,280 1,280
3 20 days 640 160 320 640 640
4 5 mos 80 80 160 80 160 160
5 11 mos 80 80 160 80 160 160
6 1 yrs, 5 mos 40 80 80 80 160 160
7 2 yrs, 2 mos 40 40 80 80
8 2 yrs, 7 mos 40 40 80 80
9 3 yrs, 1 mos 40 40 80 80

7 1 9 days �5 �20 �20 �5 20 20

8 1 24 days 5 �20 �20 �20 �20
2 27 days 5 �20 �20 �20 �20

a Autologous virus of patient no. 1.
b Autologous virus of patient no. 7.
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ther 1% horse or 0.5% goose erythrocytes (5, 8). Even though
horse erythrocytes have been recommended by previous inves-
tigators and WHO (8, 11) for detection of antibody to AI virus
by HI assay, we did not see a marked difference in the antibody
titers obtained when either kind of erythrocytes was used (Ta-
ble 2). Our finding provides an alternative choice of erythro-
cytes that can be accessed more easily for Asian countries. We
previously reported this finding in a smaller number of blood
samples (5).
The result from the WB assay in 20 serum samples from

healthy subjects was clearly negative, including the serum sam-
ple with anti-H5N1 NT antibody titers of 10 and 20 (data not
shown). On the other hand, sera from all four survivors, in-
cluding when using goat anti-H5 HA, reacted with both HA1
and HA2 domains of the H5 HA, while the monoclonal anti-
body reacted with the HA1 domain only. The WB assay con-
firmed the persistence of H5N1 antibody in serial serum sam-
ples collected at all time points in all survivors. Examples of
serum specimens from patients 4 and 6 are shown in Fig. 1.
Our study was limited by the amount and number of blood

specimens available for investigation for several reasons: diag-
nosis of H5N1 virus infection is generally performed on respi-
ratory samples, not sera; criteria for serologic diagnosis have
only been established more recently and are not useful for
acute clinical care; based on early disease manifestations, cli-
nicians were more likely to suspect other more common dis-
eases, such as dengue, resulting in only small volumes of sera
remaining after dengue serodiagnosis; most important is the
high fatality rate of human H5N1 disease. Another limitation
was the inability to obtain the exact time of exposure and
infection of an individual. During a poultry die-off in a village,
it was difficult to pinpoint the exact date of exposure, and some
cases may have experienced multiple exposures. The incuba-
tion period for H5N1 virus infection in humans after exposure
to infected poultry in many cases is 2 to 5 days and is generally
7 days or less. In clusters with probable human-to-human
transmission, the incubation period appeared to be approxi-
mately 3 to 5 days but in one instance was estimated to be 8 to
9 days (3, 9, 14).
In summary, our study demonstrated high neutralizing anti-

body titers were achieved 2 to 3 weeks after disease onset in
the majority of H5N1-infected symptomatic individuals tested.
Furthermore, the anti-H5 neutralizing antibody response was
long-lasting and cross-neutralizing for related clade 1 viruses.
To what extent these features are implicated among asymp-
tomatic individuals remains to be determined.
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FIG. 1. Detection of anti-H5 HA antibody by WB assay using H5
HA recombinant protein as the test antigen. Lane M, protein molec-
ular mass markers; lane 1, goat antiserum to purified H5 HA; lane 2,
mouse monoclonal antibody to H5 HA; lane 3, serum from patient no.
4 at 1 year 6 months after disease onset; lane 4, serum from patient no.
6 at 11 months after disease onset.
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Abstract Codon volatility is a method recently devel-

oped to estimate selective pressures on proteins on the

basis of their synonymous codon usage. Volatility of a

codon was defined as the fraction of single nucleotide

substitutions that would be nonsynonymous. Higher vola-

tility may indicate that the gene has been under more

positive selection in the recent past. We analyzed volatility

of hemagglutinin genes of H5N1 viruses in the recent

outbreaks and observed differences in the volatility among

viruses of different clades. The codon volatility of subclade

2.1 viruses from Indonesia was the lowest among all H5N1

clades and subclades. Time series analyses since the

beginning of the epidemic in 2004 showed that codon

volatility of subclade 2.1 has gradually decreased, while

those of other major clades have been increasing. This may

reflect differences in the recent evolution of these viruses.

Keywords Avian influenza � H5N1 � Clade �
Codon volatility � Selection � Evolution

Avian influenza H5N1 virus is a highly pathogenic influ-

enza A virus that has emerged and caused wide-spread

outbreaks in many countries [1]. The ability to infect and

cause severe disease in human poses a serious threat that

the virus may further evolve to the point that it can transmit

efficiently from person to person [2]. This would

potentially cause a catastrophic influenza pandemic, which

could kill millions of people worldwide [3].

All influenza A viruses are believed to have a common

reservoir source in water fowls, which are considered a

natural host of the virus [4]. Avian influenza viruses have

been transmitted to other avian and mammalian host spe-

cies and have established several host-specific lineages [4].

The virus evolves differently in natural avian hosts than it

does in non-reservoir species [5]. Immunological pressure

and adaptation to new host species are probably the major

driving forces of viral evolution [6]. All the highly path-

ogenic H5N1 viruses that are causing outbreaks in various

countries have hemagglutinin (HA) genes that originated

from the common ancestral strain that caused an outbreak

in geese in Southern China in 1996, A/goose/Guangdong 1/

1996 (H5N1) (GsGd) [7]. The virus has gone through many

reassortment events giving rise to multiple genotypes [7].

The HA gene of H5 subtype has diverged into clades and

subclades, some of which are different in the geographical

distribution [8]. Viruses of clade 1 are responsible for the

outbreaks in Thailand and Vietnam, whereas clade 2

viruses have a more wide-spread distribution and can be

further classified into 5 subclades. Subclade 2.1 is

responsible for the outbreak in Indonesia, while subclade

2.2 belongs to the Qinghai lineage that spread to Europe

and Africa [8]. Clade 2.3.4 has recently replaced clade 1

viruses in northern Vietnam [9]. The ancestral GsGd and its

closely related sequences are defined as clade 0. Other

subclades of clade 2 (2.3–2.5) and clade 3–9 are confined

to China and some neighboring countries [1, 10]. It is not

clear whether the diversification among clades was merely

a result of geographical separation or there is a more fun-

damental difference in the evolution of the clades. We

sought to understand the evolutionary pattern of the clades

and subclades by analyzing their codon bias. We used a
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recently developed method called codon volatility, which

assesses selective pressure by looking at codon usage of the

gene [11–13]. We chose to analyze the HA1 portion of the

hemagglutinin (HA) gene of the viruses. HA1 is a viral

surface protein with high variability and has been previ-

ously shown to have high codon volatility, which indicates

positive selection [14].

Codon volatility can be defined loosely as the proportion

of a codon’s point mutations that result in a nonsynony-

mous substitution [11]. Although there are several possible

definitions of volatility, we used the formal definition

described in Plotkin et al. [11] where the volatility of a

gene is the summed volatility of its codons. Because

codons with high volatility also have neighboring codons

with high volatility, nonsynonymous substitutions are more

likely to result in codons with high volatility. Therefore,

after a positive selection has occurred, a site is more likely

to be occupied by a codon of greater than average vola-

tility. On the other hand, proteins containing a larger

number of sites under negative selection will exhibit a

statistical bias towards less volatile codons, after control-

ling for their amino acid content [13].

Whether codon volatility can be used to detect positive

selection has been a controversial issue. Criticisms on the

ability of codon volatility to detect positive selection

include the fact that it is under influence from other factors,

such as amino acid and nucleotide frequencies [15–19].

Nevertheless, the ability of codon volatility to detect rela-

tive positive selection has been shown in a number of

models including influenza virus, Mycobacterium tuber-

culosis, and protozoan parasite Trypanosoma cruzi [11, 14,

20]. Although comparative method using the ratio of non-

synonymous/synonymous changes (dN/dS) is the most

widely used approach for analysis of positive selection, it

can be affected by time since divergences of the compared

sequences and population size when closely related

sequences are analyzed [21]. Therefore, dN/dS can be

biased by how well the compared sequences represent the

population structure in the timeline of evolution in each

clade. In contract, codon volatility is a function of indi-

vidual sequence, and not dependent on the selection of

comparison pair.

Volatility calculation was performed using the Codon

Volatility Computation Server (v1.0), Harvard University

Bauer Center for Genomic Research (http://volatility.cgr.

harvard.edu/cgi-bin/volatility.pl). Volatility of a codon is

strongly influenced by the amino acid which it encodes.

Therefore, in order to get rid of the bias caused by amino

acid content of the gene, we used the ‘‘volatility P-values’’

that control for the amino acid sequence of each gene [13].

The volatility P-value for a gene is computed using a sta-

tistical test that evaluates whether or not its volatility is

significantly elevated or depressed compared to the rest of

the sequences in the set, controlling for its length and

amino acid composition. The P-value can be calculated

using a randomization procedure or by direct formulae

based upon a normal approximation. This web-implemen-

tation uses the normal approximation, which produces

P-values that are virtually identical to those obtained by the

randomization procedure. P-values near zero indicate

significantly elevated volatility where P-values near one

indicate significantly depressed volatility.

HA1 sequences were retrieved from the NCBI Influenza

Virus Resource. The sequences include all influenza A

virus of subtype H5N1 of the year 2003–2007 with full-

length HA1 coding region. In order to classify the retrieved

sequences into clades and subclades, we performed a

phylogenetic analysis using maximum likelihood method

in PHYLIP 3.66 package. The retrieved HA1 sequences

clustered into clades and subclades according to their

geographical origins as previously described [1, 8, 10]

(data not shown). Comparing codon volatility of HA1 from

various clades and subclades revealed that the subclade 2.1

(2.1.1–2.1.3) from Indonesia had lower codon volatility

(higher volatility P-value), while all other clades and

subclades had comparable P-values (Fig. 1). The differ-

ence between the mean P-value of subclade 2.1 (0.710) and

that of all other clades and subclades (0.457) was statisti-

cally significant (P\ 0.0001, t-test). All the differences

between the P-value of subclade 2.1 and that of each

individual clade and subclade were also statistically sig-

nificant at P\ 0.0001 by Bonferroni test. Since all the

H5N1 viruses of different clades are related and believed to

diversify from a common group of ancestral viruses of

GsGd lineage in the recent past, we asked whether the

observed difference in codon volatility was present at the

beginning of diversification as a result of founder effect or

has developed over the years after the separation between

clade and subclade founders. To address this issue, we

separated codon volatilities by the year of viral isolation.

The codon volatilities of clade 2.1 viruses decreased (with

the codon volatility P-values increasing) gradually over the

years since the beginning of the epidemic in 2003. In

contrast, codon volatilities of closely related viruses of

clade 2.2–2.5 increased (with the codon volatility P-values

decreasing) steadily during the same period. There were

significant correlations between year of viral isolation and

the means of codon volatility P-values. The correlation

coefficient (R2) was 0.8959 and 0.8381 for clade 2.1 and

clade 2.2–2.5, respectively (Fig. 2). For the other major

clade (clade 1), we also observed a trend of increasing

codon volatility over the years, but the correlation did not

reach statistical significance (R2 = 0.3518). Therefore, the

difference in codon volatilities became more prominent in

the more recent years. This suggested that the difference

in codon volatility occurred as a result of different
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evolutionary pattern among the viruses as they separately

evolved.

Our analyses indicate that H5N1 avian influenza viruses

of clade 2.1 from Indonesia may be under a lower positive

selective pressure or under a higher negative selection as

compared to viruses of other clades. It is unclear what

caused this differential selection. Certain environments of

the transmission either intra-species or inter-species,

especially avian-mammalian inter-species transmission,

may impose a positive selective pressure on the virus in

order to adapt to the new transmission environment. The

environment and nature of transmission in Indonesia may

be different from those in other countries and may require

less viral adaptation. Because of the persistent outbreaks

and continuous transmission in poultry in this country, the

virus may not need to jump from species to species in order

to maintain the transmission chain. This may provide the

virus the ability to persist and spread without having to

evolve rapidly. On the other hand, it is also possible that

the HA1 of clade 2.1 viruses may be under a higher neg-

ative selection because of either its own structural

constraint or any constraint required for effective spreading

in specific environmental conditions in this country.

With the assumption that codon volatility reflected the

level of positive selection in these HA1 sequences, the

higher codon volatility of HA1 for all other clades and

subclades as well as the continuously increasing codon

volatility for clades 2.2–2.5 suggests that most of the cur-

rent H5N1 viruses, except for the clade 2.1 from Indonesia,

have been under positive selection since the beginning of

the epidemic and still continue to evolve rapidly. This is in

agreement with a recently published analysis showing

rapid evolutionary dynamics in avian influenza viruses

including H5N1 [22]. Another study also showed evidence

of positive selection in HA genes of H5N1 viruses that

might be different among viral lineages [23]. Since high

codon volatility indicates viruses with high ability to

evolve, it may pose a higher risk of successful viral

adaptation to human host. Therefore, we have to maintain

vigilance and continuous monitoring and control in order to

prevent the emergence of a pandemic virus.
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Outbreaks of H5N1 avian influenza show strong seasonality. It is not clear where the source of

virus originates from in each new outbreak season. This study sought to understand the nature of

viral resurgence in recent outbreak seasons in Thailand, where the epidemic is relatively well

controlled. In such a situation, indigenous viruses surviving the inter-outbreak season would have

to pass through a bottleneck. In order to look for evidence of the bottleneck effect, viral genome

sequences from recent outbreaks in the country were analysed. H5N1 avian influenza viruses

were isolated from six outbreaks in the rainy season and winter of 2007 through to early 2008.

Most of the outbreaks were in the Yom–Nan River basin in the southern part of the northern region

of the country. Sequences of these viral isolates were identified as clade 1, genotype Z, similar to

viruses from previous years in the central region of the country. The sequences clustered into two

groups, one of which was closely related to viruses isolated from the same area in July 2006.

These analyses indicated that there was a strong bottleneck effect on the virus population and

that only a few lineages remained in the area. In addition, evidence of reassortment among these

viruses was found. These indicated re-emergence of viruses from a small pool of indigenous

sources that had been silently perpetuated over the dry summer months. Therefore, an approach

to eradicate H5N1 avian influenza from the area by eliminating these local reservoirs may be

feasible and should be seriously considered.

INTRODUCTION

Thailand has suffered several rounds of H5N1 avian
influenza (AI) outbreaks in poultry. The outbreaks in
2004–2005 were explosive and caused severe economic loss
to the poultry industry. Poultry outbreaks, as well as
human cases, in Thailand have a clear seasonal pattern.
Each year, cases appear with the start of the rainy season in

July, peak at the end of the rainy season and the start of
winter in September–October, and disappear with the start
of summer in February (Tiensin et al., 2005). The
outbreaks in 2004–2005 were widespread, covering all
regions of the country (Buranathai et al., 2007; Tiensin
et al., 2005). After massive campaigns and vigorous
outbreak control by culling and movement restrictions,
the epidemic subsided. Subsequent outbreaks in 2006 and
later were limited to small clusters of backyard chickens
and ducks. These outbreaks were concentrated in the
central part (lower northern region) of the country and
were caused by clade 1 viruses. Although a few limited
outbreaks were reported in the north-eastern region of the

The GenBank/EMBL/DDBJ accession numbers for the avian influenza
sequences are EU233413–EU233420, EU497919–EU497921,
EU547798–EU547801, EU669187–EU669201, EU676306–
EU676321 and EU875388–EU875397; details are available with the
online version of this paper.
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country bordering Laos in July 2006 and January 2007, they
were caused by a different group of viruses, belong to clade
2 (Chutinimitkul et al., 2007). Interaction or exchange of
the clade 1 and clade 2 viruses between these two areas has
never been detected. In this study, we confined our analyses
to the outbreaks in the central part of the country, which
has been suffering repeated H5N1 AI outbreaks since the
beginning of the epidemic in 2003–2004. The provinces
with repeated H5N1 outbreaks in poultry in 2006–2008
include Sukhothai, Phitsanulok, Pichit and Nakhonsawan
in the lower northern region. In the rainy season and
winter of 2007 through to early 2008, there were several
reports of backyard chicken die-off in these provinces.
Despite intensive control and the apparent complete
disappearance of outbreak in the dry summer months,
outbreaks reappeared in the rainy season of 2006 and 2007.
This indicated either the existence of locally persistent viral
reservoirs or the reintroduction of viruses from other
countries. Although introduction of a new viral strain
(clade 2.3.4) into the north-eastern region of the country
was reported, the viral sequences from the north/central
region remained clade 1, genotype Z (Chutinimitkul et al.,
2007; Keawcharoen et al., 2005). This indicated that yearly
re-emerging viruses in central Thailand belong to a similar
lineage and suggested that they originate from a locally
persistent reservoir (Amonsin et al., 2006; Buranathai et al.,
2007). The disappearance of the virus in summer suggested
that there might be only a small number of viruses
surviving the inter-outbreak period, causing a bottleneck

effect. Although previously published analyses of viral
sequences in 2004–2005, when the epidemic was extensive
and did not completely subside in summer, did not suggest
any bottleneck effect (Amonsin et al., 2006; Buranathai et
al., 2007), we questioned whether the situation would be
different in 2006–2008, when the epidemic was better
controlled. In order to understand the nature of viral
perpetuation and resurgence, we analysed nucleotide
sequences from viruses isolated between 2006 and 2008
in the lower northern provinces of Thailand, where
outbreaks have taken place repeatedly in every outbreak
season.

METHODS

Outbreaks. We investigated six episodes of poultry die-off. All but

one occurred in backyard chicken flocks with limited spread. One

outbreak in the Chumsaeng district of Nakhonsawan province was in

a broiler chicken farm. These outbreaks were located in the Yom–Nan

River basin. The Yom and Nan Rivers are branches of the Chaopraya

River, the main river of the central plain of Thailand. The locations of

the outbreaks are shown in Fig. 1, and characteristics of the outbreaks

are given in Table 1.

Virus isolation and sequencing. Tracheal and cloacal swabs

collected from backyard chickens and ducks were inoculated into

Madin–Darby canine kidney cells. The subtype of viruses was

identified by RT-PCR using H5- and N1-specific primers (Lee et

al., 2001). RT-PCR was performed on RNA samples extracted from

haemagglutination-positive culture supernatants and the PCR

Fig. 1. Location of H5N1 outbreaks in poultry
in 2007–2008, with the date of sample
collection from the outbreaks.
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products were directly sequenced as described previously

(Puthavathana et al., 2005). The sequences of A/chicken/Thailand/

PC168/06, A/chicken/Thailand/PC170/06 and A/duck/Phitsanulok/

NIAH6-5-0001/07 were obtained from GenBank. All sequences

determined in this study were submitted to GenBank; the accession

numbers are shown in Supplementary Table S1, available in JGV

Online.

Phylogenetic reconstruction. Sequence alignment was carried out

using MUSCLE version 3.6 and adjusted manually using BioEdit version

7.0.9. The maximum-likelihood (ML) method from the PhyML

package was applied to generate a phylogenetic tree of the aligned

sequences. Bootstrap analyses were performed on the ML trees for

1000 pseudo-replicates.

RESULTS

We sequenced all of the genomic fragments of the isolated
viruses. The sequences were inspected for unusual
changes. We found no mutations at key determinant
residues, including receptor-binding preference in the
haemagglutinin (HA) gene at positions 138, 186, 196 and
226–228 (H3 numbering system) (Auewarakul et al., 2007;
Stevens et al., 2006; Yamada et al., 2006); adaptation to
mammalian hosts and growth at lower temperatures in
the polymerase basic gene (PB2) at position 627 (Hatta
et al., 2007); innate immunity escape and cytokine
induction in the non-structural gene (NS1) at position
92 (Lipatov et al., 2005; Seo et al., 2004); and oseltamivir
resistance in the neuraminidase (NA) gene at position 274
(Le et al., 2005).

We performed phylogenetic analyses of all of the genomic
segments using the ML algorithm. All of the sequences
clustered with clade 1, genotype Z viruses isolated
previously in the central region of Thailand, and could
be clearly separated from the previously reported clade
2.3.4 from north-eastern Thailand (Chutinimitkul et al.,
2007) (Fig. 2). When we looked at the relationship among
the newly isolated viruses, the HA sequences of ICRC-
V143 and ICRC-V213 did not appear to be more related
to each other than to other Thailand sequences (Fig. 2).
This was unexpected, as the two viruses were isolated from
neighbouring areas over consecutive time periods. In
contrast, sequences with clear epidemiological linkage
clustered closely and formed separated branches, e.g.
sequences from open-billed storks in Nakhonsawan in
2005, which indicated a common origin of viruses within
the same outbreak cluster. On the other hand, the HA
sequence of ICRC-V213 was closely related to that of
ICRC-V195 (Fig. 2). The two viruses were isolated in the
same week of August 2007 but from areas about 60 km
apart. Surprisingly, the patterns of relationship among
these three viruses were not consistent for some other
genomic segments. The polymerase subunits PB1 and PA
of ICRC-V213 were closely related to those of ICRC-V143
rather than ICRC-V195. This suggested that ICRC-V213
could be a reassortant between ICRC-V143- and ICRC-
V195-like viruses. Interestingly, the HA, matrix (M),T
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nucleoprotein (NP) and PA genes of ICRC-V195 were
closely related to those of A/chicken/Thailand/PC-168/
2006 (PC-168), a virus isolated in a neighbouring
province, Pichit, 1 year earlier. Moreover, the NA, NS,
PB1 and PB2 genes of ICRC-V195 were closely related to
those of A/chicken/Thailand/PC-170/06 (PC-170), a virus
isolated in the same area and time period as PC-168
(Fig. 2). Although PC-168 and PC-170 were from the
same area in the same time period, these two viruses were
not more related to each other than to other clade 1
Thailand viruses. This suggested a reassortment event
between the PC-168 and PC-170, which might have given
rise to ICRC-V195. Another 2007 virus, A/duck/
Phitsanulok/NIAH6-5-0001/2007, was identified in
January 2007, but its HA and NA sequences did not show
any closer relationship to other recent isolates than to
other clade 1 isolates, suggesting that this HA/NA lineage
may have been extinct after January 2007. However, as
sequences of other genomic segments of this virus are not
available, we do not know whether the virus passed on
some of its other genomic segments to other viruses via
reassortment. In January 2008, outbreaks reappeared in
Nakhonsawan, Phitsanulok and Supanburi. The viruses A/
chicken/Thailand/ICRC-V586/2008, A/chicken/Thailand/
ICRC-V618/2008 and A/duck/Thailand/ICRC-V629/2008,
and A/pheasant/Thailand/VSMU-1-SPB/2008 were iso-
lated from Nakhonsawan, Phitsanulok and Supanburi,
respectively. The virus A/pheasant/Thailand/VSMU-1-
SPB/2008 was isolated from a zoo in an area where
poultry die-off had occurred. All of the genomic segments
of this virus clustered closely with those of ICRC-V143,
whereas sequences of the other viruses isolated in January
2008 were closely related to those of ICRC-V195. In
summary, viruses from a cluster of outbreaks in January
2008 (ICRC-V586, ICRC-V618 and ICRC-V629) appeared
to be direct descendents of a virus similar to an isolate
from August 2007 (ICRC-V195), which was probably a
reassortant of two viruses similar to those identified in
July 2006 (PC-168 and PC-170). Another isolate from
January 2008 (A/pheasant/VSMU-1-SPB/2008) seemed to
be a descendant of a virus similar to a chicken isolate from
June 2007 (ICRC-V143) (Fig. 3). These data indicated that
at least two varieties of H5N1 virus persisted silently over
the dry summer months and gave rise to outbreaks in the
2007–2008 season, and that reassortment among these
viruses may have occurred. The two varieties were
probably responsible for all of the outbreaks in season
2007–2008. Other strains from 2004–2005 were not
detected after 2006, suggesting that they were extinct,
resulting in a strong bottleneck effect on the virus
population.

DISCUSSION

A bottleneck effect is an evolutionary event in which a
substantial fraction of a population is eliminated, leaving
the surviving minority to repopulate the milieu.

Population bottlenecks can increase genetic drift. The
re-emergence of H5N1 viruses of similar lineage every year
in the rainy season after a silent period in the summer
suggests that either there is an unrecognized infected
reservoir or there is a low-level transmission chain during
the summer months. Either way, if the reservoir or the
level of the transmission chain during the summer is small
enough, there would be a bottleneck effect on the virus
population after re-emergence, as only a few viruses would
re-emerge each year and give rise to a few branches,
leaving other branches extinct. In this case, phylogenetic
trees would show subclusters with some chronological and
spatial correlations. However, if the reservoir or the
transmission chain during summer was large, the
emerging virus population structure would be similar to
that of the previous season. In this case, phylogenetic trees
would show no specific pattern. Previously published
phylogenetic analyses of H5N1 sequences from central
Thailand in 2004–2005 did not show any specific
sublineage within the virus population (Amonsin et al.,
2006; Buranathai et al., 2007; Keawcharoen et al., 2005).
This suggested that the virus was endemic in the area
throughout the year without interruption, despite the
brief periods of undetectable transmission during the
summer months. In contrast, the outbreaks in 2006–2008
were much smaller in their geographical extent and the
number of birds affected. This reduced the size of the
virus population in the outbreak season and also in the
inter-outbreak period. The virus populations in the
summers of 2006 and 2007 were probably small enough
to cause a bottleneck effect. Our data support this model.
Despite the evidence supporting the existence of a
bottleneck, our analyses did not indicate where this
bottleneck might be. Mild or asymptomatic infection with
limited virus shedding is ideal to render transmission
chains undetectable. One of the recent isolates in this
study was from an apparently healthy duck, and ducks
have been shown to be infected with mild disease by some
H5N1 strains (Sturm-Ramirez et al., 2005). Free-grazing
duck raising is still common practice in the Yom–Nan
River basin, and previous risk analyses have shown that
populations of free-grazing ducks correlate well with the
risk of AI outbreak (Gilbert et al., 2006, 2007, 2008). It is
therefore likely that free-grazing ducks served as the viral
reservoir and that limitation of transmission chains within
duck populations in inter-outbreak periods caused the
observed bottleneck effect. Infection of vaccinated animals
can also make the infection asymptomatic and render the
transmission undetectable. Although poultry vaccination
is prohibited in Thailand, illegal vaccination is believed to
be widespread in the area, especially in fighting cocks.
However, accurate information on poultry vaccination in
Thailand is not available. The extent and role of poultry
vaccination in this country needs to be clearly elucidated.
Accurate identification of the reservoir and bottleneck
requires more detailed surveillance, especially in the inter-
outbreak periods. Such intensified surveillance would

Sources of H5N1 avian influenza outbreak in Thailand
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greatly benefit our understanding and future control of
H5N1 AI epidemics.

The similarity between ICRC-V143 and A/pheasant/
Thailand/VSMU-1-SPB/2008 was intriguing, as the loca-
tions of the two outbreaks were 280 km apart. This
suggests that a long-range carrier, such as birds or the
poultry trade, might be involved in the transmission.
Understanding how the virus spreads over long distances is
crucial to the successful control of the epidemic and
deserves further investigation.

H5N1 AI outbreaks have been occurring repeatedly in the
Yom–Nan River basin in recent years. The area has a good

irrigation system and the water supply is abundant all year
round. Rice cultivation is also carried out in the summer in
this area, whilst it is limited to the rainy season in most other
areas of the country. The largest freshwater lake in Thailand,
Bung Borapet, with an area of over 200 km2, is also located
in this area. Whether these geographical characteristics
contribute to the repeated AI outbreaks requires further
investigation. The limited geographical area of the sporadic
outbreaks in 2006–2008 to the Yom–Nan River basin
suggests that future attempts at controlling the virus
reservoirs and outbreaks should be focused in this area.

The small pool of viruses surviving inter-outbreak periods
may be amplified periodically in the outbreak seasons. It is

K. Chaichoune and others
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plausible that the cycle of low-level perpetuation in the
summer and amplification in the rainy season and winter
may together play crucial roles in persistence of the virus in
this area. Our analyses suggest that the virus population
during the inter-outbreak period may be quite small and
could be the weak link in the cycle. Targeting this weak link
by both extensive surveillance for virus reservoirs in
summer and disrupting transmission chains at the end of
the outbreak season to prevent the establishment of virus
reservoirs may be the most appropriate strategy in the
current situation in Thailand. Such a strategy could
potentially lead to the eradication of the virus from this
country.
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Supplementary Table S1. List of GenBank accession numbers of the viral sequences 

Virus
name

GenBank accession number for gene

PB2 PB1 PA HA NP NA M NS

A/chicke
n/Thailan
d/PC-
168/2006 

DQ99988
4

DQ99988
6

DQ99988
5

DQ99988
0

DQ99988
3

DQ99988
1

DQ99988
2

DQ99987
9

A/chicke
n/Thailan
d/PC-
170/2006 

DQ99989
3.1

DQ99989
2

DQ99989
4

DQ99988
7

DQ99989
1

DQ99988
8

DQ99988
9

DQ99989
0

A/duck/P
hitsanulo
k/NIAH6
-5-
0001/200
7

– – – EF50199
7

– EF50199
6

– – 

A/chicke
n/Thailan
d/ICRC-
V143/20
07(H5N1
)

EU23341
3

EU23341
4

EU23341
5

EU23341
6

EU23341
7

EU23341
8

EU23341
9

EU23342
0

A/chicke
n/Thailan
d/ICRC-
V195/20
07(H5N1
)

EU66919
2

EU66919
1

EU66919
0

EU49792
0

EU66918
9

EU66918
8

EU66919
3

EU66919
4
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A/chicke
n/Thailan
d/ICRC-
V213/20
07(H5N1
)

EU87539
1

EU87539
2

EU87539
3

EU49792
1

EU87539
4

EU87539
5

EU87539
6

EU87539
7

A/chicke
n/Thailan
d/ICRC-
V586/20
08(H5N1
)

EU66919
5

EU66919
6

EU66919
7

EU49791
9

EU66919
8

EU66919
9

EU66920
1

EU66920
0

A/chicke
n/Thailan
d/ICRC-
V618/20
08(H5N1
)

EU87539
0

EU87538
9

EU54780
0

EU54779
8

EU54779
9

EU87538
8

EU66918
7

EU54780
1

A/duck/T
hailand/I
CRC-
V629/20
08
(H5N1)

EU67631
2

EU67631
3

EU67630
6

EU67630
7

EU67630
8

EU67631
1

EU67630
9

EU67631
0

A/pheasa
nt/Thaila
nd/VSM
U-1-
SPB/200
8 (H5N1) 

EU67631
4

EU67631
5

EU67631
6

EU67631
7

EU67632
0

EU67631
8

EU67631
9

EU67632
1
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sources of 2007–2008 H5N1 avian influenza outbreaks in Thailand. J Gen Virol 90, 216–222. 
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P. jirovecii independent of environ-
mental hazards.

Isolation of pathogens from an 
aborted fetus does not necessarily 
mean that they have caused the death 
of the fetus because many agents ap-
pear to pass through the fetal-placental 
unit and cause little damage. Howev-
er, fungal infection is a major world-
wide cause of abortion in cattle (10), 
and the surprising high prevalence of 
P. jirovecii infection found in dead fe-
tuses in our study emphasizes the need 
to study the possible role of this fungal 
organism in human abortion.

Our  ndings could be of potential 
clinical importance and could open a 
new  eld of research, which should 
be explored. Further research should 
assess the scope of the problem and 
design rational preventive strategies, 
if necessary.

This study is part of the project “Pneu-
mocystis Pathogenomics: Unravelling the 
Colonization-to-Disease Shift,” a Coordi-
nation Action supported by the European 
Commission (ERANET PathoGenoMics). 
This study was partially supported by the 
Spanish Ministry of Health (FIS 03/1743). 
M.A.M.-C. and C.d.l.H. were supported 
by the Spanish Ministry of Health (FIS 
CP-04/217 and FIS CM-04/146).
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Avian Infl uenza 
Virus (H5N1) in 
Human, Laos 

To the Editor: The  rst avian in-
 uenza (H5N1) outbreak in poultry in 

Laos occurred in 2003 and subsided 
in March 2004 after massive killing 
of poultry to contain the disease. Ex-
tensive surveillance from July 2005 
through January 2006 did not detect 
any in  uenza virus subtypes in chick-
en, ducks, quails, and pigs in live bird 
markets in the Vientiane, Champa-
sak, and Savannakhet Provinces (1). 
Avian in  uenza virus (H5N1) was 
reintroduced into Laos in February 
2006 but showed a lower incidence. 
Viruses isolated in this country in 
2004 belonged to genotype Z, clade 
1, and 2006 isolates belonged to clade 
2.3.4 (online Appendix Figure, panel 
A, available from www.cdc.gov/EID/
content/15/1/127-appF.htm) (1).

Avian in  uenza (H5N1) had not 
been reported in humans in Laos un-
til February 27, 2007 (2). Our patient 
was a 15-year-old adolescent girl who 
lived in a suburb of Vientiane where 
an outbreak of in  uenza (H5N1) in 
poultry had been con  rmed on Febru-
ary 7, 2007. In  uenza-like symptoms 
developed in the patient on February 
10. She was hospitalized in Vientiane 
with fever and respiratory symptoms 
on February 15. On February 17, her 
parents brought her to a private hospi-
tal in Nong Khai Province, Thailand. 
Oseltamivir was prescribed on Febru-
ary 19. On February 20, she was trans-
ferred to the Nong Khai Provincial 
Hospital because of rapid, progressive, 
severe pneumonia with acute respira-
tory distress syndrome. When we sus-
pected avian in  uenza in this patient, 
clinical specimens were tested.

A diagnosis of infection with 
avian in  uenza (H5N1) was based on 
positive results obtained by reverse 
transcription–PCR (RT-PCR), viral 
isolation in MDCK cells inoculated 
with an endotracheal suction specimen 
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collected on February 22, and a 4-fold 
increase in neutralizing antibody titers 
from 80 to 320 in paired blood speci-
mens collected on February 25 and 
March 1, as assayed against autologous 
virus. This virus isolate was named A/
Laos/Nong Khai 1/07(H5N1). Subse-
quent samples were collected on Feb-
ruary 25 and March 7 (day of death). 
Results of RT-PCR were positive for 
the sample collected on February 25 
only; virus isolation results were nega-
tive for both samples.

The virus was screened for a nov-
el reassorted gene by a multiplex RT-
PCR and 8 primer pairs speci  c for 
each genomic segment of genotype Z, 
clade 1 virus (3). All segments except 
the polymerase A (PA) segment were 
ampli  ed, which indicated that the 
new virus was different from geno-
type Z viruses. The viral genome was 
sequenced and submitted to GenBank 
(accession nos. EU499372–EU499379 
for hemagglutinin, nonstructural pro-
tein, matrix protein, nucleoprotein, 
PB1, PB2, neuraminidase, and PA 
genes, respectively). Phylogenetic 
analysis showed that this virus be-
longed to genotype V (online Appen-
dix Figure, panel B) (4); phylogenetic 
analysis of the hemagglutinin gene 
(www.who.int/csr/disease/avian_
in  uenza/smaltree.pdf) showed that 
it belonged to clade 2.3.4 (online Ap-
pendix Figure, panel A).

Protein sequence at the hemag-
glutinin cleavage site harbored many 
basic amino acids (RERR_RKR). One 
amino acid deletion and 1 amino acid 
change were found when compared 
with RERRRKKR, which is present in 
most avian in  uenza viruses (H5N1). 
There was no change in receptor bind-
ing site. This virus had glutamic acid 
at aa 627 in the PB2 protein, aspartic 
acid at aa position 92 in nonstructural 
protein 1, and 5 aa deletions at posi-
tions 80–84 in the nonstructural pro-
tein 1. Analysis of the neuraminidase 
gene showed a 20-aa deletion in the 
stalk protein; there was no mutation of 
histidine to tyrosine at aa position 274, 

a position shown to be the oseltamivir 
resistance marker in the neuraminidase 
1 viral genome (5). Mutations in the 
matrix 2 gene showed that amantadine 
resistance was not present in our virus 
(6). Our in vitro assay (7) showed that 
this virus was sensitive to oseltamivir 
and amantadine.

Since 2003, genotype V in  uenza 
viruses (H5N1) have been reported in 
some East Asian countries. Genetic di-
versity in the hemagglutinin gene has 
classi  ed those genotype V viruses 
into distinct clades. Viruses from avian 
species in South Korea in 2003 and Ja-
pan in 2004 (8,9) belong to clade 2.5. 
A/chicken/Shanxi/2/2006 isolate be-
longed to clade 7. Human cases in Peo-
ple’s Republic of China, i.e., A/China/
GD01/06, A/Shenzhen/406H/06, A/
Jiangsu/1/2007, and A/Jiangsu/2/2007, 
belong to clade 2.3.4, the same clade 
as A/chicken/Thailand/NP-172/2006 
and the virus from our study.

Highly pathogenic avian in  u-
enza viruses (H5N1) that caused out-
breaks in Thailand since 2004 belong 
to genotype Z, clade 1. Introduction of 
genotype V clade 2.3.4 virus, A/chick-
en/Thailand/NP-172/2006, to Nakhon 
Phanom Province occurred in No-
vember 2006 (10), the same year that 
clade 2.3.4 virus was introduced into 
Laos (online Appendix Figure, panel 
A). On the basis of hemagglutinin 
gene phylogeny, A/Laos/Nong Khai 
1/2007 is closely related to A/chicken/
Nongkhai/NIAH 400802/2007 and 
A/chicken/Thailand/NP-172/2006. 
Phylogenetic analysis suggested that 
viruses from these 2 countries shared 
the same origin. There was extensive 
movement across the Mekong River 
even before the bridge linking Nong 
Khai from Vientiane was opened. 
However, the route of transmission of 
genotype V viruses from east Asian to 
Southeast Asian countries could not 
be elucidated.
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Fatal HIV
Encephalitis in 

HIV-Seronegative 
Patients

To the Editor: Acute encephalitis 
is rarely seen in patients infected with 
HIV (1). In addition, HIV in patients 
who are seronegative is extremely 
rare, particularly in the setting of cur-
rent screening ELISAs (2). We report 
a case of encephalitis and HIV in the 
same patient, which resulted in death.

A 44-year-old Caucasian woman 
sought treatment at our hospital with a 
1-week history of fever, unsteady gait, 
and progressive confusion. Her medi-
cal history included hypothyroidism, 
depression, and chronic alcohol abuse. 
The patient’s  rst tests for HIV were 
negative at 19 and 12 months prior 
to admission during routine intake 
screening for jail inmates (Abbott HIV 
AB HIV-1/HIV-2 [rDNA] enzyme im-
munoassay [EIA] kit; Abbott Labo-
ratories, Abbott Park, IL, USA). Six 
months before admission, the patient 
had a viral exanthem of blistering rash 
on her lips, palate, and chest.  Two 
weeks later, she had oral thrush and 
a leukocyte count of 1,700 cells/ L. 
An HIV ELISA result was negative. 
Three months before admission, she 
was admitted to a different hospital 
for weakness, abdominal pain, inter-
mittent fever, diarrhea, persistent oral 
candidiasis, and ethanol withdrawal. 
She had leukopenia and thrombocy-
topenia. A fourth HIV ELISA result 
was negative. The patient had been ad-
mitted to our hospital one week before 
the current admission with symptoms 
of fever, confusion, and urinary tract 
infection. Lumbar puncture showed an 
elevated protein level (106 mg/dL). A 
 fth HIV test result 6 days before most 

recent admission was negative. Five 
days before admission, she had been 
discharged to a rehabilitation facility.

On this hospitalization, she had 
fatigue, headache, disequilibrium, 
dysarthria, and blurred vision.  Initial 

examination showed fever of 101.3 F, 
poor word recall, and a wide-based 
gait. Laboratory tests showed mild 
anemia and a leukocyte count of 2 × 
103 cells/ L.

Over the next few days the pa-
tient’s fever persisted and her mental 
status  uctuated.  Tests on hospital 
day 2 showed a CD4 count of 101/mL 
(16.9%). Magnetic resonance imag-
ing (MRI) of the brain showed diffuse 
symmetric white matter disease (Fig-
ure, panel A).  Samples sent on hos-
pital day 9 eventually showed wild-
type HIV with a viral load >500,000 
copies/mL. Repeat cerebrospinal  uid 
(CSF) test results were negative for 
cryptoccocus antigen, and PCR results 
were negative for cytomegalovirus, 
herpes simplex virus (HSV), and JC 
polyoma virus. The next day, a sixth 
HIV ELISA result was negative. The 
serum level of HIV p24 antigen was 
202 pg/mL.

On hospital day 13, the patient 
began treatment with zidovidine, la-
muvidine, didanosine, and nevirap-
ine. Within 24 hours, seizures and 
catatonia developed in the patient. An 
electroencephalogram showed diffuse 
wave form slowing. A repeat MRI 
showed worsened white matter dis-
ease (Figure, panel B). The result of 
a seventh HIV screening ELISA per-
formed on hospital day 15 was nega-
tive. Two days later, the HIV viral load 
was 241,789 copies/mL. On hospital 
day 19, her serum levels were within 
normal limits: immunoglobulin (Ig) 
M level (164 mg/dL), IgG level (1,440 
mg/dL), a 3  normal IgA level (1,060 
mg/dL), and no oligoproteins. The 
CSF had an IgG level >10  normal 
(72 mg/dL), elevated IgG levels for 
HSV1 (1:160) and HSV2 (1:40), was 
negative for virus culture, and showed 
a negative PCR result for JC polyoma 
virus. On hospital day 23, the eighth 
HIV ELISA result was negative. The 
Abbott HIVAB HIV-1/HIV-2 (rDNA) 
EIA was used throughout the hospital-
ization. On hospital day 24, supportive 
care was withdrawn and the patient 
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Five erythrocyte species (horse, goose, chicken, guinea pig, and human) were used to agglutinate avian
influenza H5N1 viruses by hemagglutination assay and to detect specific antibody by hemagglutination
inhibition test. We found that goose erythrocytes confer a greater advantage over other erythrocyte species in
both assays.

Endemicity of H5N1 avian influenza in Southeast Asian
countries since late 2003 has led to the application of vari-
ous techniques to diagnose the disease. For the isolation
technique, influenza virus progenies released from the in-
fected cells are primarily recognized by hemagglutination
(HA) test. In addition, HA is employed to quantify the
amount of hemagglutinin antigen used in HA inhibition
(HI) assay (7). Importantly, the World Health Organization
(WHO) has specified the presence of a horse erythrocyte
HI titer of �160 in adjunct with a microneutralization
(microNT) antibody titer of �80 in a single serum collected
at day 14 or later as one among other criteria for a con-
firmed case of H5N1 infection (8).
Agglutination of erythrocytes by influenza viruses is mediated

by the interaction between the receptor binding site (RBS) in
hemagglutinin molecule and the sialyl receptor. Human influenza
H1N1 and H3N2 viruses preferentially bind to a sialic acid recep-
tor, the oligosaccharide side chain of which is linked with �2,6-
galactose linkage (SA�2,6Gal), while avian and equine influenza
viruses prefer an �2,3-galactose linkage (SA�2,3Gal). Horse and
cow erythrocytes contain mainly an SA�2,3Gal linkage but no
SA�2,6Gal (1). Chicken and goose erythrocytes contain more
SA�2,3Gal linkage than SA�2,6Gal, while this is reversed with
human O cells and pig, guinea pig, and turkey erythrocytes (1, 2).
Herein, five erythrocyte species (horse, goose, chicken,

guinea pig and human O cells) were tested by HA assay against
14 H5N1 clade 1 isolates from Thailand, including five from
humans, seven from wild and domestic birds, one from a tiger
and, one from a clouded leopard, together with one human

H1N1 isolate and five H3N2 isolates. Final concentrations of
0.5% goose, 0.5% chicken, 0.75% guinea pig, 0.75% human
group O, and 1% horse erythrocytes were used. Except for
those from the horse, erythrocytes were suspended in phos-
phate-buffered saline, pH 7.2. Horse erythrocytes were sus-
pended in phosphate-buffered saline plus 0.5% bovine serum
albumin. These protocols were followed as described previ-
ously (6, 7). A reaction well, consisting of 50 �l of diluted virus
and 50 �l of erythrocyte suspensions, was incubated for 1 h at
4°C before the agglutination pattern was read. One HA unit is
defined as the highest virus dilution that yields complete HA.
The experiments demonstrated that 13 of 14 H5N1 isolates

could agglutinate erythrocytes from all five species with a sta-
tistical difference in the extent of titer (Friedman test, P �
0.05). Interestingly, an isolate from the clouded leopard could
not agglutinate horse erythrocytes (Table 1). The result was
consistent, as repeatedly tested with erythrocytes from three
donors within one species. Goose erythrocytes yielded the
highest HA titer, followed in order of sensitivity by chicken,
guinea pig, human, and horse erythrocytes (Wilcoxon’s signed-
rank test, P � 0.005).
Hemagglutinin amino acid sequences of our H5N1 isolates

were compared with those of A/Goose/Guangdong/1/96 (the
ancestor) and with Hong Kong virus 1997 (5) (see Fig. S1 in
the supplemental material). No change in RBS was found,
except for one isolate, A/Thailand/676(NYK)/05, which con-
tained a mutational change A134V in RBS. However, this
mutational change did not relate to erythrocyte binding pref-
erence. It remains to be elucidated why the isolate from the
clouded leopard could not agglutinate horse erythrocytes while
there were no change in RBS and no difference in the deduced
amino sequence of hemagglutinin. Receptor specificity of in-
fluenza viruses is influenced by both the galactose linkage and
species of sialic acid: N-acetylneuraminic acid (NeuAc) or N-
glycolylneuramic acid (NeuGc). Horse erythrocytes contained
only NeuGc�2,3Gal (1, 3). Therefore, loss of the ability to
agglutinate horse erythrocytes may be related to loss of the
ability to recognize either NeuGc or galactose linkage (1, 3).

* Corresponding author. Mailing address: Department of Microbi-
ology, Faculty of Medicine Siriraj Hospital, Mahidol University,
Bangkok 10700, Thailand. Phone: 662-419-7059 or 662-418-2663. Fax:
662-418-4148 or 662-418-2663. E-mail: siput@mahidol.ac.th.
† Supplemental material for this article may be found at http://jcm

.asm.org/.
� Published ahead of print on 23 May 2007.
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The study of human influenza H1N1 and H3N2 viruses
showed that all six isolates could not agglutinate horse eryth-
rocytes (Table 1). An A/Sydney/05/97(H3N2)-like isolate could
agglutinate chicken erythrocytes, while all three A/Fujian/411/
02(H3N2)-like isolates and one A/California/07/04(H3N2)-like
isolate could not. This result supported previous findings that
current H3N2 isolates have lost their agglutinating activity with
chicken erythrocytes (2, 4). However, all of the data, including
ours, were discrete and could not conclude that there was a
correlation between certain mutational positions and loss of
the agglutinating activity (data not shown).
Fourteen serum samples from seven H5N1 patients, includ-

ing the survivors, were assayed for H5N1 antibody. Two H5N1
strains, A/Thailand/1(KAN-1)/04 which was the first human
isolate from the country (5), and A/Thailand/676(NYK)/05, as
described above, were selected as the test antigens. This study
was approved by the Institution Ethical Committee for Human
Research.
In the HI test, serum was pretreated with a receptor-destroy-

ing enzyme (Denka Seiken, Japan) at final dilution of 1:4 for
16 h at 37°C followed by heat inactivation for 30 min at 56°C
and absorbed with a 50% erythrocyte suspension for 60 min at
4°C. A mixture of 25 �l of the diluted serum and 25 �l of the
test virus at a concentration of 4 HA units was incubated for 30

min at room temperature before addition of 50 �l of erythro-
cyte suspension. The end result was read after incubation for
1 h at 4°C. HI antibody titer is defined as the final serum
dilution that completely inhibits HA. Again, three donors from
each of the five erythrocyte species were tested in separate runs
with consistent results.
The results demonstrated that horse erythrocytes, which

were the least sensitive in HA, gave the highest geometric
mean titer (GMT) of antibody when A/Thailand/1(KAN-
1)/04 was used as the test antigen (Wilcoxon’s signed-rank
test, P � 0.005). Goose erythrocytes were ranked second,
followed by human, guinea pig, and chicken erythrocytes. In
contrast, when A/Thailand/676(NYK)/05 was used as the
test antigen, goose erythrocytes yielded the highest GMT,
followed in order by chicken, horse, human, and guinea pig
erythrocytes. However, a statistically significant difference
was not found (Wilcoxon’s signed-rank test, P � 0.005)
(Table 2). Collectively, the level of HI antibody titer was
dependent on both the erythrocyte species and the test
antigen used. We also showed that HI is more sensitive for
strain differentiation than microNT.
Our study proposes that goose erythrocytes confer a greater

advantage for recognition of H5N1 viruses and HI antibody

TABLE 1. HA titers of influenza A viruses as assayed with erythrocytes from different species

Influenza A virus and HA GMT Passage history Accession no.
HA titer by erythrocyte sourcea

Goose Chicken Guinea pig Human Horse

H1N1 human influenza virus
A/New Caledonia/20/99-like virus (Siriraj 07/00) MDCK7 EF568930 128 64 128 64 �2

H3N2 human influenza viruses
A/Sydney/05/97-like virus (Siriraj 08/98) MDCK4 EF568929 64 64 128 64 �2
A/Fujian/411/02-like virus (Siriraj 03/04) MDCK6 EF568924 32 �2 64 64 �2
A/Fujian/411/02-like virus (Siriraj 01/03) MDCK3 EF568925 32 �2 32 32 �2
A/Fujian/411/02-like virus (Siriraj 02/03) MDCK2 EF568926 4 �2 32 32 �2
A/California/07/04-like virus (Siriraj 12/04) MDCK4 EF568927 4 �2 16 32 �2

H5N1 influenza viruses
A/Thailand/1(KAN-1)/04 LLC-MK2,

MDCK8
AY555150 512 512 128 128 128

A/Thailand/2(SP-33)/04 MDCK6 AY555153 64 64 64 32 16
A/Thailand/3(SP-83)/04 MDCK5 AY577314 64 64 16 32 16
A/Thailand/5(KK-494)/04 MDCK4 AY627885 128 64 32 64 32
A/Thailand/676(NYK)/05 MDCK9 DQ360835 256 256 512 256 32
A/Great Barbet/Thailand/
VSMU-2-CBI/2005

MDCK2 EF206697 128 128 64 64 32

A/Green Peafowl/Thailand/
VSMU-3-CBI/2005

MDCK2 EF206700 256 128 64 64 64

A/Gray-Crowed Crane/
Thailand/VSMU-4-CBI/2005

MDCK2 EF206696 512 256 128 128 128

A/Tree Sparrow/Thailand/
VSMU-16-RBR/2005

MDCK4 EF178506 64 64 32 32 16

A/Golden Pheasant/Thailand/
VSMU-21-SPB/2005

MDCK1 EF178517 128 64 32 16 32

A/Pigeon/Thailand/VSMU-25-BKK/2005 MDCK3 EF206698 64 64 32 16 16
A/Chicken/Thailand (Suphanburi)/137/05 MDCK4 EF568922 512 512 64 64 128
A/Tiger/Thailand/VSMU-11-SPB/2004 Egg 1 EF178531 512 512 256 256 256
A/Clouded Leopard/Thailand
(Chonburi)/AI-1216A/2004

Egg 1 EF568923 512 512 256 256 �2

HA GMT of H5N1 viruses 190.21 156.03 74.25 67.25 33.62

a The most frequent titer obtained from three erythrocyte donors within the same species is presented.
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assay. Whether this finding is also generalized for H5N1 clade
2 viruses need to be investigated.
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search Fund for Advanced Research Scholar for support.
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TABLE 2. H5N1 HI antibody titers as tested by different erythrocyte species

Patient,
sequential
sample no.,
and HI

antibody GMT

Time after
onset of
illness

A/Thailand/1(KAN-1)/04(H5N1)a A/Thailand/676(NYK)/05(H5N1)b

HI antibody titer by erythrocyte source NT
antibody
titer

HI antibody titer by erythrocyte source NT
antibody
titerGoose Chicken Guinea

pig Human Horse Goose Chicken Guinea
pig Human Horse

Patient 1
1 8 days 20 �20 20 �20 20 �5 20 �20 �20 �20 20
2 17 days 640 640 640 640 1,280 1,280 1,280 1,280 1,280 1,280 640

Patient 2 2 yr, 2 mo 20 �20 20 20 40 80 160 80 80 80 80 40

Patient 3 2 yr, 1 mo 20 �20 20 20 40 160 160 80 80 80 80 80

Patient 4
1 10 days 20 �20 �20 20 20 �5
2 12 days 20 �20 20 �20 20 5 20 20 20
3 6 mo 40 20 20 40 80 160 160 320 160 80 320
4 1 year 40 20 20 40 80 160 160 160 80 160 160 80

Patient 5 7 days �20 �20 �20 �20 �20 �5 20 �20 �20 �20 20

Patient 6
1 4 days �20 �20 �20 �20 �20 5 �20 �20 �20 �20 �20
2 15 days 320 160 160 160 640 1,280 1,280 1,280 1,280 1,280 1,280
3 21 days 160 80 80 160 320 640 640 1280 640 640 640
4 5 mo, 9 days 20 20 20 20 40 80 160 80 80 40 40 80

Patient 7 5 days 80 40 80 160 320 320 640 640 320 320 640

GMT of HI
antibody

40.00 24.38 31.23 36.26 65.63 136.35 134.54 93.88 100.79 110.16

a A/Thailand/1(KAN-1)/04 was isolated from patient 1.
b A/Thailand/676(NYK)/05 was isolated from patient 5.
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Avian influenza H5N1 virus is a global threat. An emergence of a reassortant virus with a pandemic potential
is a major concern. Here we describe a multiplex reverse transcription-PCR assay that is specific for the eight
genomic segments of the currently circulating H5N1 viruses to facilitate surveillance for a virus resulting from
reassortment between human influenza virus and the H5N1 virus.

The genome of influenza A viruses is composed of eight
gene segments, which encode polymerase (PB1, PB2, and PA),
nucleocapsid (NP), hemagglutinin (HA), neuraminidase (NA),
matrix (M) protein, and nonstructural (NS) protein. Since in-
fluenza viruses have segmented genomes, they are able to
evolve through reassortment (1). Both the 1957 and 1968 pan-
demic strains are believed to be reassortants in which HA and
PB1 genes, with or without the NA gene, were replaced by the
corresponding genomic segments of avian influenza virus
strains (5). The reassortments provided the viruses with new
HA and NA antigenic profiles and the ability to spread
efficiently from human to human. The ongoing outbreak of
the highly virulent avian influenza virus H5N1 is concerning
because of the possibility of a reassortant virus emerging
with pandemic potential (3). Monitoring for a reassortant
with mixed genomic segments from human and avian viruses
is therefore very important. However, detection of a reas-
sortant requires sequencing of all eight genomic segments, a
process which is laborious and time consuming. Therefore,
we developed a simple and high-throughput screening
method using multiplex reverse transcription-PCR (RT-PCR)
specific for eight genomic segments of recent H5N1 viruses to
detect the probable reassortant viruses worthy of further charac-
terization.
For the primer design, 100 full-length sequences arbitrarily

selected from the Influenza Virus Resource Database (Na-
tional Center for Biotechnology Information; http://www.ncbi
.nlm.nih.gov/genomes/FLU/) were used to search for the se-
quence(s) that was conserved in H5N1 and that differed from

those of other subtypes. The viruses used in this study com-
prised 28 human influenza virus isolates and 103 H5N1 isolates
from various animal species (94 isolates from poultry and other
birds, 6 isolates from tigers, 2 isolates from leopards, and 1
isolate from a cat). These viruses have been collected since the
beginning of the epidemic in the country. In 2003, 2004, 2005,
and 2006, 7, 34, 60, and 2 animal H5N1 virus isolates were
collected, respectively. The human viruses comprised 6 H5N1,
3 H1N1, 8 H3N2, and 11 influenza B viruses. These viruses
were propagated in MDCK cells or embryonated eggs. The
H5N1 viruses were originally subtyped by RT-PCR. The sub-
typing was confirmed by sequencing for all human H5 and
some animal H5 viruses (2). Available accession numbers of
some of the H5N1 virus isolates used in this study are shown in
Table S1 in the supplemental material and also in a report by
Puthavathana et al. (4). The human H1, H3, and influenza B
viruses were characterized and confirmed with respect to their
subtypes by hemagglutination inhibition assay at the WHO
Reference Laboratories, Melbourne, Australia, or the Centers
for Disease Control and Prevention of the United States via
the National Reference Laboratory on Influenza, NIH, Thai-
land.
RNA was extracted by using a QIAamp viral RNA Mini kit

(QIAGEN, Valencia, CA). A 140-�l volume of virus suspen-
sion from the infected culture or embryonated egg yielded a
volume of 60 �l of extracted RNA. Multiplex RT-PCR was
carried out in three reaction tubes with combinations of the
following primer sets: NA plus PB1 plus NP, HA plus PA plus
PB2, or NS plus M. Sequences of these primers are shown in
Table 1. The thermocycling was performed in a GeneAmp
PCR system 2400 thermal cycler (Perkin Elmer) using a QIAGEN
OneStep RT-PCR kit (QIAGEN, Valencia, CA) with standard
reaction conditions (a 50 �l volume containing 1� PCR buffer,
5 to 10 �l of extracted RNA, 400 �M (each) deoxynucleoside
triphosphate, 2.5 mMMgCl2, 2 �l enzyme mix, and 2 U RNase
inhibitor). The thermocycling profile was 50°C for 30 min, 95°C
for 15 min, 35 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C

* Corresponding author. Mailing address: Department of Microbi-
ology, Faculty of Medicine, Siriraj Hospital, Mahidol University, 2
Prannok Road, Bangkok Noi, Bangkok 10700, Thailand. Phone: 662
419 7059. Fax: 662 418 4148. E-mail: siput@mahidol.ac.th.
† Supplemental material for this article may be found at http://jcm

.asm.org/.
� Published ahead of print on 21 March 2007.
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for 45 s, and a final extension of 72°C for 10 min. The PCR
products were visualized by ethidium bromide staining after
electrophoresis in a 2% agarose gel.
In our multiplex RT-PCR assay, potential reassortants

would show the lack of one or more of the eight amplicons in
the case of H5N1 viruses and the presence of one or more
amplicons in the case of H1N1 and H3N2 viruses. With the
designed primer set, we could initially amplify all eight
genomic segments from 105 out of 109 H5N1 viruses. Four
viruses initially gave negative amplification results for NA.
However, these four viruses yielded positive NA band results

in separated single-gene amplifications, and multiplex ream-
plification using 1.5- to 2-fold-higher RNA input gave positive
amplification results for all genes. Representative results ob-
tained with the multiplex RT-PCR products are shown in Fig.
1. None of the human H3N2, H1N1, or influenza B virus
isolates yielded any amplification products by this method
(data not shown). In order to verify the lack of reassortment,
all human H5N1 viruses and a subset of animal viruses (62 out
of 103) were subjected to a full-genome sequencing protocol as
previously described (4). Phylogenetic analyses of the sequence
data revealed that all viruses contained their respective
genomic segments and that no evidence of reassortment was
found (data not shown). In addition to detecting human-avian
virus reassortants, our assay may also be able to detect some
reassortants that acquire genomic segments from some other
unrelated avian viruses. However, the assay was not designed
to detect reassortment among avian viruses, which are unlikely
to play a role in viral adaptation to the human host. The
absence of a band in the amplification of H5N1 viruses is not
always due to reassortment. Full-genome sequencing is needed
for result confirmation. Because the performance of this assay
is directly affected by variation in the sequences of circulating
H5N1 strains, the primer sequences should be frequently re-
evaluated and updated accordingly.
Our multiplex RT-PCR was designed for egg- or MDCK-

propagated viruses. Although the assay may be able to de-
tect some of the genes in some clinical specimens, the level
of sensitivity is probably not sufficient to reliably detect all
the genomic segments simultaneously. This makes our assay
less suitable for direct screening using clinical specimens.
Nevertheless, the possibility of using a more sensitive ver-
sion of this assay with clinical specimens should be further
explored.

FIG. 1. A representative photograph of multiplex RT-PCR prod-
ucts from an H5N1 virus after electrophoresis in 2% agarose and
ethidium bromide staining. Each lane shows products from each tube.
The first lane is a 100-bp DNA ladder, and the target gene of each
amplification product is labeled on the right.

TABLE 1. Sequences, concentrations used in the reaction, nucleotide positions, and product sizes of
PCR primers for the eight gene segments

Gene Primer
name Sequence Concn in

PCR (�M)
Nucleotide
positions

Product
size (bp)

PB2 SPB2F GAA TGA ACA AGG GCA GAC G 0.3 237–255 117
SPB2R ACT GCA CTT GTC GCC GGC 0.3 336–353

PB1 SPB1F AAT GAG AAT CAG AAT CCT AGG 0.4 952–972 377
SPB1R GTG GTT TTG GTG TAC CTT TTC 0.4 1308–1328

PA SPAF AAT TGA AAG CAT GAT TGA AGC C 0.3 1797–1818 167
SPAR TGA ACA CAG ACT TCG CCA GC 0.3 1944–1963

HA HA-H5f ACT CCA ATG GGG GCG ATA AA 0.6 897–916 352
HA-H5r CAA CGG CCT CAA ACT GAG TGT 0.6 1228–1248

NP SNPF GAC AGC TAT CCA CCA GAG GG 0.3 1112–1131 174
SNPR CCG AGA AAG TGG GCT GAA CG 0.3 1266–1285

NA NA-N1f CTC ATG CTC CCA CTT GGA 0.6 332–349 515
TNAr5 CCC TGC ACA CAC ATG TG 0.6 830–846

M SMF TCG CAC TCA GCT ACT CAA CC 0.3 369–388 142
SMR TGA GAC CGA TGC TGT GAA TCT 0.3 490–510

NS SNSF GAT AAG GCA CTT AAA ATG CCG 0.4 250–270 253
SNSR ACG GTG AGA TTT CTC CCA CG 0.4 483–502
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A serologic study with simultaneous self-administered

questionnaire regarding infection control (IC) practices and other

risks of influenza A (H1N1) pdm09 (2009 H1N1) infection was

performed approximately 1 month after the first outbreak among

frontline healthcare professionals (HCPs). Of 256 HCPs, 33 (13%)

were infected. Self-reported adherence to IC practices in >90% of

exposure events was 82Æ1%, 73Æ8%, and 53Æ5% for use of hand

hygiene, masks, and gloves, respectively. Visiting crowded public

places during the outbreak was associated with acquiring infection

(OR 3Æ1, P = 0Æ019). Amongst nurses, exposure to HCPs with

influenza-like illness during the outbreak without wearing a mask

was the only identified risk factor for infection (OR = 2Æ3,
P = 0Æ039).

Keywords 2009 H1N1 pandemic, Thailand, healthcare workers,

seroprevalence, hemagglutination assay

Please cite this paper as: Chokephaibulkit et al. (2009) Seroprevalence of 2009 H1N1 Virus Infection and Self-Reported Infection Control Practices Among
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Introduction

The outbreak of influenza A (H1N1) pdm09 (2009 H1N1)

pandemic in Thailand started in early June, peaked around

July to August, and waned in September.1 Healthcare pro-

fessionals (HCPs) are at risk of exposure to infection from

the community as well as in the workplace. However, they

also have the greatest access to personal protective equip-

ment (PPE) and are likely to receive the annual seasonal

vaccine that may provide some protection against 2009

H1N1 infection.2 The 2009 H1N1outbreak was an opportu-

nity to evaluate the effectiveness of infection control (IC)

practices in HCPs.

We conducted a serologic study of 2009 H1N1infection

among frontline HCPs who were involved in the care of

2009 H1N1 patients during the first outbreak in two large

public hospitals in Bangkok, Thailand. The aim of the

study was to understand the magnitude of acquisition of

infections among HCPs in relation to self-reported IC

practices and the factors associated with infection during

the outbreak. This information may be useful for future

outbreak control and vaccination strategies.

Methods

HCPs who worked during the peak of the 2009 H1N1 out-

break (June–August, 2009) on the wards that cared for

patients with influenza and at emergency rooms of Siriraj

Hospital and Thammasat Hospital, two large public tertiary

care centers in Bangkok, were randomly invited to partici-

pate in the study. These two hospitals served adults and

children patients. The wards at which the HCPs in this

study were working were 3 ERs, four pediatric wards, three

adult wards, and three intensive care units. Immunocom-

promised patients were being cared for in some of the

wards participating the study. Approximately, a third of

HCPs in each of these wards were invited and 97%

accepted. The study was conducted from October 1 to 19,
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2009, approximately 1 month after the end of the outbreak.

An anonymous self-administered questionnaire was admin-

istered prior to a single blood draw for assessment of hem-

agglutination inhibition (HI) titer. The questionnaire

consisted of demographic information, medical history,

and factors that may be associated with community-

acquired and occupational-acquired influenza. Adherence

to hand hygiene (alcohol-based hand rub and ⁄or hand

washing with water) and using mask and gloves when in

contact (defined as having activities or procedures that

potentially resulted in contact or droplet transmission) with

patients with suspected 2009 H1N1 were categorized as:

every time or >90–100%, mostly or 70–90%, and <60%,

respectively. The wards were classified as isolation wards

(1–three patients in a room, PPE practice for airborne and

contact precautions when entering the patients’ room),

semi-open ward (share up to 12 patients in a room, PPE

practice for airborne and contact precaution when entering

patients’ area), and open ward or emergency room (large

ward hold up to 24 beds or walk-in patients, PPE practice

for contact and droplet precaution as needed). There

was no verification of the accuracy of responses in the

questionnaire.

HI assay was performed using the protocol previously

described.3,4 We defined an HI titer ‡40 as seropositive

and a marker of acquiring recent infection assuming

that none of the HCPs had been infected with the 2009

H1N1 virus prior to the outbreak and that pre-existing HI

antibody to 2009 H1N1 was uncommon.

Statistical analysis
Descriptive analysis was performed on the demographic

and other variables associated with risk of influenza infec-

tion. Univariate analysis was performed using a binomial

test. Multiple logistic regression analysis was used for mul-

tivariate analysis of self-reported factors including the IC

practices associated with an HI titer ‡40. Stata3 (Version

9.2) was used for the data analysis.

Results

There were 256 HCPs, 93% female, who participated in

this study. The median (range) age was 34 (20–61) years.

The majority (81Æ3%) were nurses and nurse assistants. Of

the 198 HCPs working in specific wards, 72 (36Æ4%) were

working in isolation wards, 57 (28Æ8%) in semi-open

wards, and 69 (34Æ8%) in open wards or emergency rooms.

The majority (82%) had received seasonal influenza vac-

cines (Southern Hemisphere strain 2008) between April

2008 and May 2009, at least 1–2 months before the out-

break started. Adherence to IC practices in >90% of the

exposure events when in contact with patients with sus-

pected 2009 H1N1 infection was 82Æ1%, 73Æ8%, and 53Æ5%

with hand hygiene, using a mask, and using gloves, respec-

tively. One hundred and twenty (47Æ1%) HCPs reported a

history of respiratory tract infection (RTI) during the out-

break.

Thirty-three (13%) HCPs had a serum HI titer ‡40 sug-

gesting acquisition of 2009 H1N1 infection during the out-

break. The proportions seropositive in HCPs aged <25, 25–

49, and ‡50 years were 20Æ9%, 12Æ9%, and 2Æ8%, respec-

tively. HCPs with a history of RTI during the outbreak

tended to have a higher proportion seropositive than those

who had no history of RTI (16Æ7% versus 8Æ9%, P = 0Æ06).
The proportions seropositive among nurses and nurse

assistants in different patient care areas were not different:

12Æ5% versus 19Æ3% versus 11Æ6% (P = 0Æ411) in isolation,

semi-open, and open wards, respectively.

The univariate analysis revealed that a younger age

(<25 years) and visiting crowded public places during the

outbreak were associated with acquiring infection. In mul-

tivariate analysis, the only risk factor was visiting crowded

public places during the outbreak (odds ratio = 3Æ1, 95%
CI = 1Æ2-8Æ1, P = 0Æ019, Table 1). The rates of adherence to

IC practices were not associated with acquisition of infec-

tion. The HCPs with adherence to hand hygiene and mask

use at 70–90% of exposure events had a similar rate of

infection to those with adherence >90–100%. In a sub-

group analysis of 198 nurses and nurse assistants, there was

a weak association between acquisition of 2009 H1N1

infection and close contact with HCPs with influenza-like

illness (ILI) during the outbreak without wearing a mask

(odds ratio = 2Æ3, 95% CI 0Æ9–5Æ6, P = 0Æ039).

Discussion

This study revealed a rate of 2009 H1N1 infection among

frontline HCPs of 13%, indicated by a serum HI titer ‡40,
after the first outbreak in Bangkok. This result was consis-

tent with a previous report of 18% of HCPs in a large hos-

pital in Bangkok who became sick with the 2009 H1N1

infection during the same outbreak,5 and higher than the

7% reported among healthy blood donors in Bangkok

around the same period of this study,6 suggesting that

HCPs had a higher risk of getting 2009 H1N1 infection

than the general population.

A report of the 2009 H1N1 outbreak in England found

that 42%, 20%, and 6% of the general population age 5–14,

15–24, and 25–44 years in London and West Midlands had

an HI titer against 2009 H1N1 of ‡32.7 This evidence of

higher prevalence in a younger age group correlated well

with a large study of the 2009 H1N1 outbreak in the US

in which 40% and 35% of the patients were in the age

groups 10–18 and 19–50 years, respectively, and only 5%

occurred at age >50 years.8 This age bias was probably due

to the increased number of social or institutional gathering
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Table 1. Factors associated with serologic evidence of recent infection defined by hemagglutination inhibition (HI) titer ‡40

Characteristics No. (%)

No. (%)
Cases with
HI ‡ 40

No. (%)Cases
with HI <40

Crude
odds ratio
(95% CI) P-value

Adjusted
odds ratio
(95% CI) P-value

Age (years) (n = 256) (n = 33) (n = 223)
<25 43 (16Æ8) 9 (27Æ3) 34 (15Æ2) 9Æ0 (1Æ1–405Æ8) 0Æ0198* 5Æ7 (0Æ7-49Æ0) 0Æ111
25–49 178 (69Æ5) 23 (69Æ7) 155 (69Æ5) 5Æ0 (0Æ8–213Æ8) 0Æ14* 4Æ3 (0Æ6-33Æ6) 0Æ163
50–64 35 (13Æ7) 1 (3) 34 (15Æ3) 1

Body Mass Index (n = 254) (n = 33) (n = 221)
‡25 44 (17Æ3) 4 (12Æ1) 40 (18Æ1) 0Æ6 (0Æ2–1Æ9) 0Æ47*

<25 210 (82Æ7) 29 (87Æ9) 181 (81Æ9) 1
Career (n = 256) (n = 33) (n = 223)

Physician 30 (11Æ7) 3 (9Æ1) 27 (12Æ1) 1
Nurse or nurse assistant 208 (81Æ3) 28 (84Æ8) 180 (80Æ7) 1Æ4 (0Æ4–7Æ7) 0Æ78*

Others 18 (7) 2 (6Æ1) 16 (7Æ2) 1Æ1 (0Æ1–10Æ9) 1Æ00*

Received the seasonal influenza
vaccine between April 2008 and
May 2009

(n = 250) (n = 32) (n = 218)

Yes 205 (82) 27 (84Æ4) 178 (81Æ7) 1Æ2 (0Æ4–4Æ3) 0Æ71
No 45 (18) 5 (15Æ6) 40 (18Æ3) 1

Living with children younger
than 5 years

(n = 255) (n = 33) (n = 222)

Yes 52 (20Æ4) 8 (24Æ2) 44 (19Æ8) 1Æ3 (0Æ5–3Æ2) 0Æ56
No 203 (79Æ6) 25 (75Æ8) 178 (80Æ2) 1

Living with children age 5–15 years (n = 253) (n = 33) (n = 220)
Yes 59 (23Æ3) 4 (12Æ1) 55 (25Æ0) 0Æ4 (0Æ1–1Æ3) 0Æ12*

No 194 (76Æ7) 29 (87Æ9) 165 (75Æ0) 1
Having household member sick
with respiratory tract infection
during the outbreak

(n = 253) (n = 33) (n = 220)

Yes 117 (46Æ2) 12 (36Æ4) 105 (47Æ7) 0Æ6 (0Æ3–1Æ4) 0Æ22
No 136 (53Æ8) 21 (63Æ6) 115 (52Æ3) 1

Visiting crowded public places
during the outbreak

(n = 256) (n = 33) (n = 223)

Yes 149 (58Æ2) 27 (81Æ8) 122 (54Æ7) 3Æ7 (1Æ4–11Æ4) 0Æ0032 3Æ1 (1Æ2–8Æ1) 0Æ019
No 107 (41Æ8) 6 (18Æ2) 101 (45Æ3) 1

Mask type used when caring for
patients with suspected ⁄ confirmed
2009 H1N1

(n = 239) (n = 30) (n = 209)

N95 respirator 142 (59Æ4) 16 (53Æ3) 126 (60Æ3) 1
Surgical Mask 78 (32Æ6) 10 (33Æ3) 68 (32Æ5) 1Æ2 (0Æ4–2Æ9) 0Æ73
Use either mask 19 (8) 4 (13Æ4) 15 (7Æ2) 2Æ1 (0Æ4–7Æ7) 0Æ26*

Frequency of hand hygiene before
and after caring for patients with
suspected ⁄ confirmed 2009 H1N1

(n = 246) (n = 32) (n = 214)

All the time (>90–100%) 202 (82Æ1) 27 (84Æ4) 175 (81Æ8) 1Æ2 (0Æ4–4Æ1) 0Æ76
Most of the time (70–90%) 43 (17Æ5) 5 (15Æ6) 38 (17Æ8) 1
Sometimes (<60%) 1 (0Æ4) 0 1 (0Æ4) –

Frequency of mask use when caring
for patients with suspected ⁄ confirmed
2009 H1N1

(n = 244) (n = 32) (n = 212)

All the time (>90–100%) 180 (73Æ8) 24 (75Æ0) 156 (73Æ6) 0Æ9 (0Æ4–2Æ5) 0Æ86
Most of the time (70–90%) 56 (23) 8 (25) 48 (22Æ6) 1
Sometimes (<60%) 8 0 8 (3Æ8) –

Frequency of glove use when caring
for patients with suspected ⁄ confirmed
2009 H1N1

(n = 245) (n = 32) (n = 213)

All the time (>90–100%) 131 (53Æ5) 19 (59Æ4) 112 (52Æ6) 1Æ4 (0Æ4–4Æ9) 0Æ57
Most of the time (70–90%) 69 (28Æ2) 8 (25) 61 (28Æ6) 1Æ0 (0Æ3–4Æ4) 0Æ94
Sometimes (<60%) 45 (18Æ3) 5 (15Æ6) 40 (18Æ8) 1

Having respiratory tract infection
during the outbreak

(n = 255) (n = 32) (n = 223)

Yes 120 (47Æ1) 20 (62Æ5) 100 (44Æ8) 2Æ1 (0Æ9–4Æ8) 0Æ06 1Æ8 (0Æ8-4Æ0) 0Æ132
No 135 (52Æ9) 12 (37Æ5) 123 (55Æ2) 1

*Fisher’s exact test.
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activities and less pre-existing cross-protective antibody in

the younger compared with the older participants.9 In our

study, we also found that having an HI titer ‡40 was associ-

ated with younger age and visiting crowded public places,

suggesting that the outbreak spread more widely in a youn-

ger population, probably from gathering in public places.

Conducting a serologic study immediately after the first

outbreak of 2009 H1N1 infection was a unique opportunity

to look at the effectiveness of IC practices. Assuming from

a previous study that approximately 11% of the HCPs had

an HI antibody titer to 2009 H1N1 ‡ 40 before the out-

break,6 we can expect that the serologic evidence reported

is primarily due to the acquisition of infection during the

outbreak. The HCPs who participated in this study were

the frontline personnel at highest risk of exposure to 2009

H1N1-infected patients and were well trained in using PPE

and IC practices. Ideally, these HCPs should not acquire

2009 H1N1 infection from patient care. However, our set-

up was not ideal. Aerosol-generating procedures were per-

formed in many of the patient care areas and none of the

wards had the perfect negative pressure needed to limit aer-

osol spread. Moreover, adherence to IC practices was not

perfect in real life.

A previous report revealed that frontline HCPs were

actually less likely to contract 2009 H1N1 than other HCPs,

probably because of good adherence to IC practices and

use of PPE.10 However, we found that only about half of

our HCPs reported perfect adherence (>90% of exposure

events) to wearing of gloves, and around 70–80% perfectly

adhered to mask use and hand hygiene. Despite this imper-

fect adherence, it seemed that the HCPs in our study

acquired infection from the community rather than from

patient care. A report from the US also found acquisition

from the community as a major route of infection in

HCPs.11 We did not find the levels of adherence to hand

hygiene and mask use (70–90% versus 90–100%) to be

associated with infection. This is in line with a previous

study that revealed a protective effect of >75% adherence

to hand hygiene.10

The hospital environment is the setting where HCPs

spend much of their time and may be the source of infec-

tion, in addition to patient care activities. Environmental

contamination in household settings of patients with influ-

enza was well documented.12 A study in Singapore reported

that contact with H1N1-infected colleagues was associated

with 2009 H1N1infection in hospital staff.13 We found that

exposure to HCPs with ILI was associated with 2009 H1N1

infection in a subgroup analysis of nurses and nurse assis-

tants, but not in the whole cohort analysis. Of note, almost

half of the HCPs in this study had an RTI during the out-

break but only 16Æ7% of these RTI episodes appeared to be

associated with HI seroconversion to 2009 H1N1 suggest-

ing that other respiratory viruses co-circulated during the

outbreak, and this may have masked the effect of ILI con-

tact in the whole cohort. Hospital policies to monitor ill

HCPs and prevent transmission of infection from ill HCPs

are needed.

There are several limitations of the study. First of all,

our sample size was not large. Inherent self-report survey-

based research compared with observer-based research, in

particular when reporting hand hygiene and PPE habits, is

that over-reporting of the habit cannot be excluded. We do

not have verification of the accuracy of the answers to the

questionnaire and we did not monitor for adherence to IC

practices in our study.

In conclusion, we found that of 2009 H1N1 infection

among frontline HCPs was somewhat higher than in the

general population. The risk of infection was found to be

associated with community exposure risk, particularly in

the young, as well as exposure to other HCPs with ILI

without protection.
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Electron micrographs of highly and low pathogenic avian influenza viruses 
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Short running title: Morphology of influenza virus particles 



Background: The outbreak of highly pathogenic avian influenza (HPAI) H5N1 virus was 

first reported in Thailand in 2004. Up to present, electron micrographs demonstrating the 

morphology of HPAI H5N1 virus particle are quite limited. 

Objective: To demonstrate the morphology of free particles of human influenza viruses, 

HPAI H5N1 viruses and low pathogenic avian influenza (LPAI) viruses as well as the H5N1 

structural components in the infected cells. In addition, the amino acid substitutions affecting 

the virus morphology was also investigated.

Methods: Electron micrographs of the negative stained virus particles and the positive stained 

thin sections of the HPAI H5N1 virus infected cells were visualized under a transmission 

electron microscope (TEM). The M1 and M2 amino acid sequences were retrieved from

GenBank.

Results: Morphologically, the free influenza virus particles appeared in 3 forms: spherical, 

regular and irregular rods, and long filamentous particles, were demonstrated.  However, 

spherical form was the most predominant morphological type and took account of more than 

80% of the virus populations examined. In addition, the step of viral entry and exit including 

incomplete particles in the infected MDCK cells were found. mainly spherical.

Conclusion: Of all virus isolates studied, we demonstrated that the spherical particles were 

the major  population observed regardless of virus subtypes, host of origin, virus virulence,  

passage history and amino acid substitutions in  M1and M2 proteins.

.

Key words: electron micrographs, virus morphology, influenza virus, highly pathogenic avian 

influenza H5N1 virus, low pathogenic avian influenza virus 



Introduction 

           Influenza A virus particle comprises a 8 segmented RNA genome surrounded by 

nucleocapsid and the outermost envelope which is underlined with matrix protein and 

covered with two kinds of surface glycoprotein projections: hemagglutinin (H) and 

neuraminidase (N) [1].  Influenza virus particles are pleomorphic and vary in size.  The 

visualized morphology under an electron microscope was classified into three forms: the 

spherical forms with the diameter at range of 80 to 120 nm, the rod forms at size of 120-300 

nm, and the filamentous forms which are normally longer than 300 nm [1-4].  

            Collective information from previous works suggested that morphology of influenza 

virus particles were influenced by two factors: type of host in which the viruses were 

propagated - either cell culture or embryonated egg, and virus passage at investigation - 

either early or late passage [5-6].  It was reported that the filamentous form predominated 

among the virus population isolated from chick embryo or cell culture at early passages; 

alternatively, the laboratory-adapted strains were predominantly spherical [5].  On the other 

hand, it had been reported that both filamentous and spherical forms appeared simultaneously 

in tissue culture [2, 6].  Moreover, it had been suggested that spherical form was the final 

product from segmentation of filamentous particles [5].  Subsequent observation showed that 

polarized cell type and integrity of the actins microfilament network were important for the 

formation of filamentous particles [6].  On the other hand, it had been suggested that 

morphologic features of influenza viruses were under genetic control, not a result of host 

induced modification [7-11].  It had been suggested that filament forming ability of the 

viruses was genetically stable under control of multiple genes: H, N, M) (matrix) and NP

(nucleoprotein) genes [8, 12].  Using reverse genetic technique to analyze M1 amino acid 

sequences, Elleman and Barclay [9] suggested that 3 residues: Ala41, Arg95 and Ala218 

might contribute to filamentous morphology; whereas the residues Arg95 and Glu204 were 



proposed by Bourmakina et al. [10].  In addition, Rossman et al. [11] suggested that Ser71, 

Met72 and Arg73 in M2 cytoplasmic tail may contribute to the formation of filamentous 

morphology.

 On the basis of H and N antigens, influenza A viruses are further divided into 17 H and 

9 N subtypes [13-16].  The first 16 subtypes have been found in aquatic birds; and most of 

them are low pathogenic, except for some isolates in H5 and H7 subtypes that are considered 

to be highly pathogenic avian influenza (HPAI) viruses [1, 13-15]. The 17th subtype was 

detected in bats by molecular techniques, but the attempts to isolate the virus did not success 

[16].   On the other hand, influenza in human population is attributed only to H1N1, H1N2, 

H2N2 (which existed from 1957 to 1968) and H3N2 subtypes [17-18].  Nevertheless, a cross 

species barrier of avian viruses to humans had been documented [19].  Transmission of HPAI 

H5N1 viruses from poultry to humans were first reported in 1997 and the disease subsided 

within that year [ref].  The re-emergence of HPAI H5N1 outbreaks since 2003 is even more 

catastrophic.  It globally spreads and involved more human cases with higher fatality rate of 

about 60% [ref].

 Electron micrographs of influenza virus particles had been demonstrated by groups of 

investigators for longer than 50 years ago, and those studies were mostly confined to human 

viruses [2-4].  Novel influenza subtypes have been discovered time to time, assuming that 

morphology of these influenza subtypes are similar to what had been previously shown.  Up 

to present, electron micrographs demonstrating the morphology of avian influenza virus 

particle, especially HPAI H5N1 viruses are quite limited. Eventually, the viral morphology is 

one piece of basic information for characterizing a newly virus. With the higher resolution of 

the electron microscope and the higher quality of reagents and equipment now supported, it 

is interesting to characterize the morphology of H5N1 virus in terms of: 1) comparative 

morphology with human influenza viruses and LPAI viruses; 2) the viral structures during 



replication in MDCK cells; and 3) the amino acid residues in M1 and M2 proteins that might 

affect the virus morphology.  

Materials and methods 

The study viruses 

 The virus isolates employed in this study were derived from either human or poultry 

origin.  List of the viruses studied comprised 9 HPAI H5N1 isolates (4 from humans and 5 

from avian), 4 LPAI isolates and 2 human influenza isolates.  These viruses were isolated and 

propagated in Madin-Darby canine kidney (MDCK) cells or in 9 days-old chick embryonated 

eggs as shown in Table 1.  MDCK cells were grown in Eagle’s minimal essential medium 

(EMEM) (Gibco, U.S.A.) containing 10% fetal bovine serum (FBS) (Hyclone, U.S.A.), 200 

U/ml penicillin, 20 μg/ml gentamycin and 1 mg/ml fungizone. Upon virus propagation, cells 

were maintained in EMEM supplemented with antibiotics, fungizone and 1.5 μg/ml trypsin 

tosyl phenylalanyl chloromethyl ketone (TPCK, Sigma, St. Louis, MO), and no FBS 

supplement.  These virus isolates were stored at -80°C until tested.  The experiments on 

H5N1 viruses were performed in the biosafety laboratory level 3 (BSL-3) in the Faculty of 

Medicine Siriraj Hospital and the Faculty of Veterinary Science, Mahidol University. 

Negative staining of the free virus particles 

In order to destroy the viral infectivity, the virus particles in the culture supernatants or 

allantoic fluids were treated with 2% glutaraldehyde before spinning by high speed 

centrifugation at 18,000x for 90 minutes.  The viral pellets were negatively stained with 

phosphotungstic acid (PTA), and morphology of the stained virus particles were visualized 

under a TEM (JEM-1230, JEOL Company, Tokyo, Japan) [20].  Briefly, 10 μl of the virus 

suspension was absorbed on a grid (SPI supplies, 200 meshes, West Chester, U.S.A.) coated 



with formvar-carbon for 1 minute; the excess virus suspension was drained off, followed by 

UV irradiation of both sides of the grid for 5 minutes.  A drop of 1.6% PTA, pH 7.0 is then 

applied for 1 minute, and the excess fluid was removed prior to examining under a TEM.  

Staining of HPAI H5N1 virus infected MDCK cells 

 MDCK cell monolayer was inoculated with the test virus, A/Thailand/1(KAN-1)/2004 

(H5N1), at multiplicity of infection of 1 for 24 hours at 37°C in a CO2 incubator.  The 

infected cells were pelleted before processing and embedding.  Thin sections of the virus 

infected cells and the uninfected cell control were positively stained and examined under a 

TEM as previously described [21].  The cell pellets were pre-fixed with 4% glutaraldehyde in 

PBS for 30 minutes at 4°C, and followed by 3 washes with Millonig’s phosphate buffer and 

post-fixed with 2% phosphate buffered osmium tetroxide for 30 minutes at room temperature, 

and lastly by two washes in distilled water.  Then, the cells were stained with 2% uranyl 

acetate aqueous solution for 20 minutes at room temperature as described after the protocol 

for rapid tissue processing [22].  The stained sample was dehydrated in an order of steps as 

follows: 70% ethyl alcohol for 90 seconds with 2 changes, 80% ethyl alcohol for 90 seconds 

with 2 changes, 90% ethyl alcohol for 3 minutes with 2 changes, 95% ethyl alcohol for 3 

minutes with 3 changes, absolute ethanol for 3 minutes with 3 changes, and, lastly, with 

propylene oxide for 3 minutes with 3 changes.  Then, the stained sample was infiltrated with 

the 50:50 mixture of propylene oxide and epoxy resin for 30 minutes at 37°C.  Subsequentlyt, 

the mixture solution was replaced with epoxy resin solution and further incubated for 2 hours 

at 37°C.  Finally, the sample was embedded in polypropylene capsules and polymerized in 

hot air oven at 70°C overnight followed by sectioning with ultra-microtome.  The ultra-thin 

section was mounted onto a copper support grid (SPI supplies, 200 meshes, West Chester, 

U.S.A.) prior to nuclear staining with uranyl acetate for 30 minutes and followed by 



cytoplasmic staining with lead citrate for 15 minutes.  The stained grid was examined under a 

TEM.

Genetic characterization of the study viruses 

 Our study analyzed the amino acid residues that might affect the virus morphology after 

those described by Elleman and Barclay [9] and Bourmakina and Garcia-Sastre [10] for M1; 

and by Rossman et al. for M2 [11]. The M1 and M2 amino acid sequences of our study 

viruses together with the reference filamentous or spherical type particles were retrieved from 

the GenBank database (Table 1).  The amino acid sequences were aligned using the 

programs BioEdit version 7.0.9.0 [23]. The HPAI H5N1 viruses in this study belong to clade 

1, except A/Laos/Nongkhai 1/2007 which belongs to clade 2.3.4. 

Result

Electron microscopy of influenza virus particles 

 Electron micrographs of HPAI H5N1 virus particles originated from humans and avian 

are demonstrated in Figures 1 and 2, respectively; and those of human H1N1 and H3N2 

viruses as well as LPAI H3N8, H5N3 and H7N1 viruses are shown in Figures 3 and 4,

respectively. These virus isolates comprised 3 morphological types of particles: spherical at 

diameter of 80-120 nm, regular and irregular rods at length between 120-300 nm and 

filaments at length longer than 300 nm. Nevertheless, majority of them were spherical 

particles. The multilayered-coil structure suggestive of the helical ribonucleocapsids could be 

seen inside a virus particle in this study (Figure 3a).

Using electron micrographs at magnification of 50,000x and/or 80,000x, numbers of 

virus particles with different morphological types in a virus isolate was enumerated.  In order 

to avoid an invalid data as too low number of the particles was present in the stained samples, 



the results were excluded when the counting number was lower than 80.  Therefore, the 

enumeration was successful with 3 HPAI H5N1 virus isolates and one human H1N1 isolate 

which demonstrated that approximately 80-90% of the virus populations observed were 

spherical, and the remaining was the mixed population between rod and filamentous particles 

(Table 2). Unfortunately, numbers of the viral particles for LPAI viruses and human viruses 

were less than 30 particles; therefore, the counting numbers obtained were excluded from 

percentage calculation. Nevertheless, it was clearly seen that most of particles were spherical.  

Collectively, we demonstrated that majority of all influenza viruses in this study were 

spherical, while filamentous particles were the minority.   

Electron microscopy of influenza virus infected MDCK cells 

       H5N1 virus infected MDCK cells as well as the uninfected cell control was examined 

using positive staining technique. Morphology of the uninfected MDCK cell surface 

appendages might be mislead for their appearance as the filamentous like particle (Figure

5a).  The infected cell with chromatin condense suggesting of cell necrosis (Figure 5b), as 

well as invagination of cell membrane to endocytose a virus particle (Figure 5c), budding 

virus particles (Figures 5d and 5e) and the released virus particles (Figure 5f) were 

visualized.  Spherical particle was the predominant form of HPAI H5N1 viruses in all stages 

of replication in MDCK cells. 

Genetic characterization of the study viruses   

 Our study analyzed the amino acid residues that might influence the formation of 

filamentous or spherical particle according to previous groups of investigators, i.e., the 

residues Ala41, Arg95 and Ala218 in M1 for filamentous particle formation and the residues 

…. and … for spherical particle formation were followed after Elleman and Barclay [9]; the 



residues Arg95 and Glu204 in M1 for filamentous particle formation were followed after 

Bourmakina and Garcia-Sastre [10]; and the residues Ala71, Ala72 and Ala73 in M2 

cytoplasmic tail for filamentous particle formation were followed after Rossman et al.  The 

analyses demonstrated the presence of all amino acid residues that were suggestive of 

filamentous morphology in almost of our virus isolates which contained mainly the spherical 

type particles (Table 3). Therefore, our study suggested that there was no amino acid residue 

unique for certain morphological type of the viral particles. 

Discussion 

            Based on electron microscopy, this study demonstrated 3 morphological types of the 

virus particles: spherical, rod, and filamentous forms in all of the influenza viruses studied, 

irrespective of their human or avian host of origin and of their low or high pathogenicity. 

However, the spherical particles were the predominant population, whereas filamentous 

particles were the minor populations which took account for approximately 4-16.5%.   A 

previous group of investigator [5] reported that the long filamentous form was predominantly 

found in early passages of the viruses grown in embryonated eggs; and the filamentous form 

could turn to be the spherical form after a few to 4-7 sub-passages.  Unfortunately, we did not 

have an opportunity to study the virus isolates at earlier passages due to an inadequate 

numbers of the virus particles for electron microscopic examination.  Nevertheless, almost of 

our virus isolates were younger than 8 sub-passages.  On the other hand, our finding was 

supported by the electron microscopic study on HPAI H5N1 viruses of the 1997 outbreak in 

Hong Kong, in which the spherical virions were predominant among the mixed virus 

population after few subpassages in embryonated eggs, i.e., 65% for the viruses isolated from 

chicken and 84% for those isolated from humans [24].   



   Refer to the genetic control of the virus morphology, we analyzed 5 amino acid 

residues (Ala41, Arg95, Glu204 and Ala218) in M1 and 3 amino acid residues (Ser71, Met72 

and Arg73) in M2 cytoplasmic tail that were predictive of filamentous feature together with 4 

amino acid residues (Val41 and Lys95 ……)  in M1 that were suggestive of spherical 

morphology based on previous reports [9,…    We demonstrated that Ala41, Arg95, Glu204, 

Thr218, Ser71, Met72 and Arg73 were found in almost of our viruses which contained 

mainly the spherical particles, irrespective of the virus subtypes, host of origins and the virus 

virulence.  Therefore,our study suggest that the morphology of influenza virus particles is 

less likely under control of the viral genetics.  Unfortunately, we have no opportunity to 

explore if it is influenced by the number of virus passages. 

     Bruce et al. [26] demonstrated that TEM failed to demonstrate the morphogenesis of 

the long filament viruses extruding from the infected cells present in the positively stained 

thin section, whereas it was successful by the scanning electron microscopy (SEM).  In this 

study, TEM was employed to demonstrate the virion at entry and exit from the infected cells.   

The multilayered-coil structure of a virus similar to what reported by Clader et al. [27] was 

visulaized. In addition, the appearance of surface pilli on the uninfected MDCK cell 

membrane which some time may be misinterpreted as filamentous particles [3] could be 

identified by the high resolution and magnification of TEM together with professional 

experience.    
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Figure legends 



Figure 1. Electron micrographs of HPAI H5N1 isolates from humans: 

A/Thailand/676(NYK)/2005 (a); A/Laos/Nong khai 1/2007 (b); A/Thailand/1(KAN-1)/2004 

(c, d); and A/Thailand/NBL 1/2006 (e, f). Note pleomorphic morphology of spherical and 

filamentous particles. 

Figure 2. Electron micrographs of HPAI H5N1 isolates from animals: 

A/Chicken/Thailand/ICRC-VS143/2007 (a); A/Chicken/Thailand/ICRC-VS195/2008 (b);

A/Chicken/Thailand/ICRC-VS213/2007 (c); and A/Duck/Thailand/ICRC-VS629/2008 strains 

(d). 

Figure 3. Electron micrographs of human influenza viruses: A/New Caledonia/20/1999 

(H1N1)-like virus (a, b) w; and A/Fujian/411/2002 (H3N2)-like virus (c, d). The 

multilayered-coil structure of a virus is demonstrated in spherical (a) and rod (d) particles.  

Figure 4. Electron micrographs of LPAI isolates from animals: A/Aquatic bird/Hong 

Kong/D125/2002 (H1N1) (a); A/Duck/Shantou/1883/2001 (H3N8) (b); 

A/Duck/Jiangxi/6151/2003 (H5N3) (c); and A/Ostrich/Zimbabwe/222/1996 (H7N1) (d).

Figure 5. Electron micrographs of H5N1 infected MDCK cells: MDCK cell control (a);

cytopathic change of H5N1 infected cell (b); H5N1 virus [A/Thailand/1(KAN-1)/2004] at 

entry (c); virus budding from infected cell (d); virus releasing from the infected cells (e); and 

free virions (f).

Figure 6. Amino acid sequence alignment of influenza M1 protein. The programs BioEdit 

version 7.0.9.0 were used to produce the alignment. Boxes indicate the positions of amino 

acid substitution. 

 Figure 7. Amino acid sequence alignment of influenza M2 protein. The programs BioEdit 

version 7.0.9.0 were used to produce the alignment. Boxes indicate the positions of amino 

acid substitution. 



Table 1   The study viruses and GenBank accession numbers of influenza M1 and M2 amino 

acid sequences.

Virus name Source*

Passage

history**

GenBank  accession  No.

M1 

protein 

M2 

protein 

H5N1 influenza viruses* 

A/Thailand/1(KAN-1)/2004 MU LLC-MK2/ MDCK 6 AAV35110 AAV35111 

A/Thailand/676(NYK)/2005 MU MDCK 5 ABC72651 ABC72652 

A/Laos/Nong khai 1/2007 MU MDCK 4 ACA64012 ACA64013 

A/Thailand/NBL 1/2006 MU MDCK 4 ACU46646 ACU46647 

A/Chicken/Thailand/ICRC-VS143/2007 MU MDCK 3/Egg 1 ABW89592 ABW89593 

A/Chicken/Thailand/ICRC-VS195/2008 MU Egg 4 ACE73587 ACE73588 

A/Chicken/Thailand/ICRC-VS 213/2007 MU MDCK 3/Egg 1 ACF36779 ACF36780 

A/Duck/Thailand/ICRC-VS629/2008 MU Egg 3

A/Chicken/Thailand/ICRC-VS1069/2008 MU Egg 2 

Human influenza viruses 

A/New Caledonia/20/99 (H1N1)-like virus 

(Siriraj07/2000)
MU MDCK 8 ABF21304 ABF21305 

A/Fujian/411/02 (H3N2)-like virus 

 (Siriraj 03/2004)
MU MDCK 8 - ABB71834 

Low pathogenic avian influenza (LPAI) viruses
A/Aquatic bird/Hong Kong/D125/2002 (H1N1) SJ Egg 1/MDCK 3

A/Duck/Shan tou/1883/2001 (H3N8) SJ Egg X/MDCK 2

A/Duck/Jiangxi/6151/2003 (H5N3) SJ Egg 4 ABA12315 ABA12316 

A/Ostrich/Zimbabwe/222/1996 (H7N1) SJ Egg 2

Reference strains 
A/Udorn/1972(H3N2) - - ABD79033 ABD79034 

A/FW/1/1950(H1N1) - - CAA30888 CAA30889 

A/Port Chalmers/1/1973-mouse adapted(H3N2) - - CAA30886 CAA30887 

*MU= Mahidol University; SJ =St. Jude Children’s Research Hospital 

**All H5N1  viruses belong to clade 1 except A/Laos/Nong khai 1/07  which belongs to 
clade 2;   Egg X = unknown passage in egg



Table 2 Morphological types of HPAI H5N1 and H1N1 viruses  

Morphological type Spherical forms 
Rod and 

filamentous forms 
Total

A/Thailand/1 (KAN-1) /2004 (H5N1)  79 (90.8%) 8 (9.2%) 87 (100%) 

A/Thailand/676(NYK)/2005 (H5N1)  223 (95.7%) 10 (4.3%) 233 (100%) 

A/Laos/ Nongkhai/1 /2007 (H5N1)  147 (83.5%) 29 (16.5%) 176 (100%) 

A/New Caledonia/20/99 (H1N1)-like 

virus (Siriraj07/2000)  

113 (90.6%) 12 (9.4%) 125 (100%) 



         Table 3. Panel of amino acid residues that might affect influenza virus morphology in 

M1 and M2 protein 

Virus name*

Amino acid residues in*

M1 M2

41 95 204 218 71 72 73

A/Udorn/301/1972  (H3N2) [filament] A R E A/V S M R

A/Victoria/3/1975(H3N2) [filament] A R E A     

A/WSN/1933 (H1N1) [spherical] V K D T     

A/PR8/1934 (H1N1) ) [spherical] V K E T     

A/Port Chalmers/1/1973-mouse adapted (H3N2)
[spherical]

V R E A S M R

A/Thailand/1(KAN-1)/2004 (H5N1)  A R E T S M R

A/Thailand/676(NYK)/2005 (H5N1) A R E T S M R

A/Laos/Nong khai 1/2007 (H5N1) A R E T S M R

A/Thailand/NBL 1/2006 (H5N1) A R E T S M R

A/Chicken/Thailand/ICRC-VS143/2007 (H5N1) A R E T S M R

A/Chicken/Thailand/ICRC-VS195/2008 (H5N1) A K E T S M R

A/Chicken/Thailand/ICRC-VS 213/2007(H5N1) A R E T S M R

A/New Caledonia/20/99 (H1N1)-like virus 
(Siriraj07/2000) 

A R E A S M R

A/Duck/Jiangxi/6151/2003 (H5N3) - - E T S M R

*Position of amino acid residues at M1: 41, 95, 218 (Elleman and  Barclay. Virol 2004) and 

204 (Bourmakina and Garcia-Sastre. J Gen Virol 2003); and at M2: 71,72 and 73 

(Rossman JA, et al. J Virol 2010)

**Abbreviations of amino acids: A= Ala; D= Asp; E =Glu; I= Ile; K =Lys; M = Met; R= Arg; 

S= Ser; T= Thr; V= Val
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I would like to submit the article entitled “Satellite tracking on the flyways of Brown-headed 

gulls and their potential role in the spread of highly pathogenic avian influenza H5N1 virus” 

for publishing in PLoS ONE.  Using satellite telemetry technique, we demonstrated the 

migratory routes of Brown-headed gulls that encompassed 7 countries affected by H5N1 

avian influenza outbreaks: Thailand, Cambodia, Vietnam, Myanmar, India, Bangladesh, and 

China.  It is also the only study that revealed the flyways which linked between China and 

Southeast Asian countries, the epizootic regions of H5N1avian influenza.  Distance and 

duration of migration, tolerability of the captive gulls to survive the HPAI H5N1 virus 

challenge and days at viral shedding after the virus challenging suggested that the Brown-

headed gull may be a prime candidate species for AI spread, especially among nearby 

countries.   

We are looking forward for your kind consideration. 
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Abstract 

Brown-headed gulls (Larus brunnicephalus), winter visitors of Thailand, were tracked by 

satellite telemetry during 2008-2011 for investigating their roles in the highly pathogenic 

avian influenza (HPAI) H5N1 virus spread.  Eight gulls negative for influenza virus infection 

were marked with solar-powered satellite platform transmitters, their movements were 

monitored by the Argos satellite tracking system, and locations were mapped.  Five gulls 

completed their migratory cycles, which spanned 7 countries (China, Bangladesh, India, 

Myanmar, Thailand, Cambodia, and Vietnam) affected by the HPAI H5N1 virus. Gulls 

migrated from their breeding grounds in China to stay overwinter in Thailand and Cambodia; 

while Bangladesh, India, Myanmar, and Vietnam were the places of stopovers during 

migration. Gulls traveled an average distance of about 2400 km between Thailand and China 

and spent 1-2 weeks on migration. Although AI surveillance among gulls was conducted at 

the study site, no AI virus was isolated and no H5N1 viral genome or specific antibody was 

detected in the 75 gulls tested, but 6.6% of blood samples were positive for pan-influenza A 

antibody. No AI outbreaks were reported in areas along flyways of gulls in Thailand during 

the study period. Distance and duration of migration, tolerability of the captive gulls to 

survive the HPAI H5N1 virus challenge and days at viral shedding after the virus challenging 

suggested that the Brown-headed gull could be a potential species for AI spread, especially 

among neighboring countries. This is the only study that demonstrated flyways which links 

between China and Southeast Asia, the epicenter of H5N1 AI outbreak.  
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 3 

Introduction 

To date, 16 hemagglutinin (H) and nine neuraminidase (N) subtypes of influenza A 

viruses have been identified. All the H and N subtypes have been isolated from wild aquatic 

birds, particularly from orders Anseriformes (ducks, geese, and swans) and Charadriiformes 

(gulls, terns, and shorebirds). Therefore, aquatic birds are widely accepted as the main natural 

reservoirs of influenza A viruses. Influenza viruses isolated from these birds are the mostly 

avirulent, low pathogenic avian influenza (LPAI) viruses [1-3].  

Only some members of the H5 and H7 subtypes are highly pathogenic [1, 3]. The 

HPAI H5N1 virus was the first avian virus known to cross the species barriers to infect 

humans and was recognized as the most virulent subtype. In the first identified occurrence of 

H5N1 HPAI infection in humans in Hong Kong in 1997, 18 humans were infected and 6 died 

(fatality rate 33.3%) [4]. The HPAI H5N1 virus re-emerged in Hong Kong in 2001, twice in 

2002, and subsequently in 2003. The viruses isolated in Hong Kong before 2002 were 

pathogenic in gallinaceous birds but not domestic or wild waterfowl. Death of aquatic birds 

from the HPAI H5N1 virus was first recognized in the 2002 outbreak [5]. The resurging 

HPAI H5N1 strain is highly virulent in both avian and humans, with a fatality rate of 

approximately 60% being reported in infected humans [6, 7]. In January 2004, an outbreak of 

H5N1 HPAI was reported in poultry and humans in Thailand.  The virus initially isolated in 

Thailand belonged to clade 1; while clade 2.3.4 virus was introduced into northeast Thailand 

in 2006 [8, 9].  However, all of the virus isolates in central Thailand still remained in clade 1.  

There were 25 cases reported in humans, with 17 deaths (fatality rate 68%). No cases of 

human infection have occurred since August 2006, but there were some AIV outbreaks in 

poultry until 2008 [6, 7].   

Based on virological data and satellite telemetry studies, many groups of investigators 

have linked migratory birds with H5N1 HPAI spread [10-17]. The first evidence that 

supported this claim was an outbreak of genotype z, clade 2 H5N1 viruses that occurred in 

wild bird populations at Qinghai Lake, western China during late April until June 2005 

causing death of more than six thousand birds. The main victim infected were Bar-headed 

geese (Anser indicus) which accounted for more than 50% of the deaths, whereas Brown-

headed gulls were the second most species affected [10, 11].   Subsequently, H5N1 HPAI 

viruses similar to those in the Qinghai area were also isolated in other Asian countries, 

Europe, the Middle East and some African countries [3]. H5N1 viruses were likely 

transmitted along the flyways of birds that shared habitats, wintering sites, breeding areas or 
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 4 

stopovers [3, 15]. In addition, the results from surveillance for H5N1 HPAI in migratory and 

wildlife birds in 14 provinces of China from 2004 to 2007 showed that highest infection rates 

(4.37%) occurred in mallards; while it was 2.39% for Brown-headed gulls [18].  Birds in the 

Qinghai province had the highest rates of infection, possibly because there are many lake 

areas in Qinghai, which are natural habitats and breeding ground of numerous bird species 

[11, 18]. Investigation of the outbreaks and phylogenetic analysis suggested that the 

migrating birds in Qinghai got infected with H5N1 HPAI viruses through spillover from 

domestic poultry [11].   

Satellite telemetry has been conducted by several groups of investigators to study the 

potential role of migrants in H5N1 HPAI spread [13-16].  With this technique, flyways of 

migrants can be illustrated with high accuracy; and the linkage between bird locations and 

geographical areas of AI outbreaks can be determined. Spatial analysis of distance of 

migration, duration of asymptomatic infection and duration of viral shedding strongly 

supported potential role of migratory birds on H5N1 HPAI spread.  However, those satellite 

telemetry studies explored the flyways which spanned Africa, Europe and East Asia, while 

none involved flyways to Southeast Asia which was the epicenter of the outbreaks.   

The Brown-headed gull (Larus brunnicephalus, Family Laridae) is the most common 

bird species to annually visit Thailand, staying from October to May [19-22].  According to 

the Department of National Parks, Wildlife and Plant Conservation of Thailand, there are 2 

large flocks of Brown-headed gulls in Thailand. The larger flock consists of approximately 

5,000 birds foraging around the inner gulf of Thailand mainly at mangrove mudflats in the 

Bang Poo Rest and Rehabilitation Center of the Royal Thai Army, Samut Prakan province 

(Figure 1). Our group at the Faculty of Veterinary Science, Mahidol University isolated 

HPAI H5N1 virus from 4 of 153 (2.6 %) apparently healthy birds in this flock between 2005 

and 2008 (unpublished data), which indicates that this flock may play a role in the spread of 

the HPAI virus along its flyways. However, the entire migratory route of Brown headed gulls 

remains unknown. In order to determine the potential role of this bird species on AI spread 

along its migratory path, satellite telemetry was employed to track the flyways of Brown-

headed gulls during 2008-2011. We searched for linkage between bird locations and 

occurrence of reported H5N1 HPAI outbreak while the birds overwintered in Thailand. Status 

of H5N1 HPAI infection in the flock was also determined. Gulls in captivity were challenged 

with H5N1 HPAI virus in order to determine their tolerability to virus infection. The result 

demonstrated that the infected gulls with virus shedding survived long enough to spread the 

virus along their migratory routes. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 5 

 

Results 

Migratory routes and flight distances of Brown headed gulls 

Eight Brown-headed gulls employed in the satellite telemetry study were captured 

from the flock at the Bang Poo study site, Samut Prakarn province, Thailand (Figure 1).  

They were of adult age, negative for influenza virus infection (see material and method), 

physiological healthy and energetic. Tagging the birds with satellite transmitters was 

performed in two consecutive years.  The first Brown-headed gull was tagged in March 2008; 

and the other 7 gulls were tagged between February and March 2009.  Flyways of these gulls 

were monitored until the satellite signals were lost. Demographic data and duration of 

tracking of each bird are shown in Table 1. Two gulls (I.Ds. 74795 and 88216) completed 

one migratory cycle, 3 gulls (I.Ds. 88215, 91416  and 91417) completed 2 cycles (Table 2); 

while 3 gulls (I.Ds. 88217, 88218 and 91418) were lost in Thailand within one month after 

tagging (Table 1). Flyways of the 5 marked gulls including their habitats in different 

countries are as shown in Tables 3, and individual flyway of each gull was described in 

details in Supplementary data. 

The mean flying distance of the tagged gulls during migration was 230 km/day (167-

295 km/day at 95% C.I.); whereas the local movements within a given site ranged from 1 to 

28 km/day (1-12 km/day at 95% C.I.) (Table 2). In general, gulls traveled an estimated 

migratory distance of 2,400 km between China and Thailand with duration of migration of 

approximately 12 days in average (7-23 days at 95% C.I.). Although all gulls began their 

flight from the same study site in Thailand, their destinations in China were different. They 

also arrived and left Thailand at different time points. These results indicated that these 

Brown-headed gulls belong to different flocks while they were in China, and just gathered 

together in the same overwintering site in Thailand. Migratory routes of the 5 tracked gulls 

spanned 7 countries- Thailand, Myanmar, India, China, Bangladesh, Vietnam and Cambodia 

(Figure 2). Almost all tracked gulls, except gull I.D. 88216, stayed in Cambodia for 

approximately 30-40 days in a migratory season; and only the gull I.D. 91417 had traveled 

further to Vietnam. If seasonal habitat is defined as the places where gulls stayed for longer 

than 1 month, those places were mainly located in three countries: China, Thailand and 

Cambodia; while Myanmar, India, Bangladesh and Vietnam were considered to be the 

stopover countries.  Moreover, the stopover places of individual gull in each country were 

different. They could be West Bengal or Assum in India, the Gulf of Martaban, Ayeyarwaddy 
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 6 

or Rakhine in Myanmar and Kien Giang in Vietnam.  In the three gulls that were tracked for 

over two migratory cycles, the migratory routes were only slightly different between years.   

Ecologically, seasonal habitats were always along the coast, wetlands or inland lakes 

(Figure 3). Birds stayed over the cold season for 5-6 months in Thailand and stayed in their 

breeding places in China for another 5-6 months. Duration that gulls stayed in each country is 

shown in Figure 4. Seasonal habitats in Thailand were mainly in three provinces: Samut 

Prakan, Samut Sakhon and Samut Songkhram, all of which were situated along the inner gulf 

of Thailand. In China, the breeding habitats were in Tibet, Qinghai and Xinjiang. However, 

gulls also spent their times at a third habitat in Siem Reap, Cambodia around Tonle Sap, the 

largest fresh water lake in Southeast Asia [23]. Although this flock of gulls stayed through 

winter along the inner gulf of Thailand, no AIV outbreak was reported in that area through 

the extensive national surveillance system. 

 

Prevalence of avian influenza virus infection in gulls 

A total of 75 birds were captured from the Bang Poo study site during 2008 to 2010.  

Throat and cloacal swabs as well as blood samples were collected for the investigation of 

influenza virus infection. No influenza virus was isolated and the viral genome was not 

detected in cloacal and throat swab samples. The H5N1 antibody was not detected in the HI 

and MicroNT assays. However, 6.6% of samples were positive for the pan-influenza A 

antibody by ELISA. 

 

Virus challenge assay 

Brown headed gulls kept in captivity were inoculated with HPAI H5N1virus in order 

to explore whether the infected birds could survive the infection, and therefore might be able 

to carry on migratory activity. Group of 3 gulls was inoculated with the H5N1 virus at the 

inoculum dose of 10, 103 or 104 tissue culture infective dose 50 (TCID50) per head (Table 4). 

The result demonstrated that all gulls inoculated with the high inoculum dose of 103 or 104 

TCID50 began shedding the virus in cloacae and trachea after 1-2 days post inoculation (dpi.).  

These infected birds developed clinical symptoms, but they could tolerate the infection for 4-

6 days before death. One of the three gulls inoculated with 10 TCID50 could shed the virus at 

3 dpi. and died on day 7. The two gulls that survived the infection neither shed the virus nor 

developed any clinical symptom, of which one of them underwent seroconversion.  
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 7 

Discussions 

The worldwide resurgence of H5N1 HPAI since 2003 has resulted in massive deaths 

in poultry and human deaths, especially in East and Southeast Asian countries. The global 

spread of H5N1 HPAI is likely mediated by migratory birds, trade in poultry, and possibly, 

trade in wild birds [24]. Integrated data and phylogenetic analyses of virus isolates obtained 

from different geographical locations suggest that the H5N1 spread throughout Asian and 

African countries involved both migratory birds and trade in poultry, whereas the spread in 

European countries involved migratory birds [24]. Human population, duck population 

(particularly, free grazing ducks) and intensity of the rice crop can increase the risk of 

propagation of H5N1 HPAI in Southeast Asian countries [25-26]. Density of the duck 

population can be a major risk factor for virus dispersal, especially when viral shedding is 

observed in asymptomatic infected ducks [27]. There is a close relationship between the 

density of free grazing ducks and the double or triple cultivation of rice in Thailand, because 

the falling rice grains left in the fields after harvesting are the source of low-cost food for 

ducks.  Movements of free grazing ducks to post-harvested rice fields has been suggested as 

the major source of virus spread in Thailand during the initial waves of HPAI outbreaks.  

Nevertheless, duck movement has been later on prohibited. Natural infection in the other 

animal species such as tigers and leopards [28], cats [29], and dog [30] was mainly caused by 

ingestion of infected carcasses or chicken meat. However, most cases of H5N1 HPAI 

infection in humans in Thailand were mainly caused by exposure to sick or dead chicken.  

It has been very difficult to trace how the H5N1 HPAI virus was introduced into 

Thailand because of the delay between the initial cases and the subsequent spread of the virus 

throughout of the country [31]. It has been hypothesized that the virus might have been 

introduced via migratory birds. HPAI usually occurs during low temperature months 

(October to February) which coincide with the time of arrival of wintering migratory birds 

[31]. In our study, Brown-headed gulls seem to be a prime candidate species for spreading 

avian influenza. They are long distant migrant and their flyways involved 7 countries, all of 

which had been affected by the H5N1 HPAI. Nevertheless, on the basis of an inhabiting time 

of 1 month or longer, only China, Thailand and Cambodia, were considered to be the gulls’ 

seasonal habitats, whereas Myanmar, Bangladesh, India and Vietnam were stopover places.  

In our study, Brown-headed gulls spent their breeding time in the lake areas of Tibet, Qinghai 

and Xinjiang. All of these breeding sites are cold and high altitude lakes of varying salinity 
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 8 

[21].  They migrated to warmer places and stayed overwinter in mudflats along the inner gulf 

of Thailand and Tonle Sap Lake areas in Cambodia. 

Our study illustrates complete migratory cycles of Brown-headed gulls. Gulls in this 

flock arrived and left Thailand asynchronously; their destinations on migration to China were 

different, suggesting that they belonged to different flocks while in China. Gulls from these 

flocks gathered together during the winter time in Thailand. The first group of gulls reached 

the Bang Poo study site in October and the last group left in May. The migration distance of 

about 2400 km between Thailand and China and the migration time at range of 5-23 days in 

our tracked Brown-headed gulls were more or less similar to those previously reported in 

wildfowl in which the movements of up to 2,900 km in 5-15 days were within the timeframe 

that was compatible with the preclinical symptom and virus dispersal [16].  

We looked for a linkage between the virus from the Qinghai outbreaks and the H5N1 

HPAI viruses isolated from Brown-headed gulls in Thailand in 2005 and 2008, but no linkage 

was found. Phylogenetic analysis showed that the viruses isolated from birds in Qinghai in 

2005 belonged to clade 2.2 [10, 11], whereas the viruses isolated from gulls in Thailand 

between 2005 and 2008 belonged to clade 1 (unpublished data). Nevertheless, phylogenetic 

analysis showed a virological linkage between countries situated in the migratory corridor of 

this flock of Brown-headed gulls. The viruses causing outbreaks in Bangladesh belonged to 

the Qinghai like-lineage [32]; and the viruses causing the first epidemic wave in Thailand, 

Cambodia and Vietnam belonged to clade 1 [8, 33]. The clade 1 virus was originally isolated 

in Yunnan, southern China in 2002 and 2003, and probably spread to Vietnam by poultry 

trade across the shared border that is 600 km long [34]. Thereafter, the viruses spread from 

the North to the South of Vietnam. Interestingly, the H5N1 virus isolates in Thailand are 

closely related to the isolates in Vietnam [6]. It is also claimed that the clade 1 virus spread 

from Thailand to Cambodia [34]. Nevertheless, it remains unknown for how the clade 1 virus 

was introduced into Thailand. The firstly H5N1 HPAI outbreaks in Thailand occurred in 

central part, not at the border of the country. Interestingly, Vietnam, Thailand and Cambodia 

reported the first outbreak in the country at about the same period of time in 2004, i.e., on 

January 23 for Thailand, on January 8 for Vietnam, and January 24 for Cambodia [6].  

Although there might be a lag time period for outbreak identification and report, it is implied 

that the H5N1 HPAI outbreaks occurred in these countries more or less about the same time. 

In addition, the time at occurrence of outbreaks in these 3 countries coincides with the 

overwintering period of Brown headed gulls. 
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Our study showed that Brown headed gulls kept in captivity were vulnerable to HPAI 

H5N1 virus. Nevertheless, gulls infected with the inoculum dose of 104 TCID50 could survive 

for 4 days and those inoculated with 103 TCID50 could survive for 5-6 days, and with viral 

shedding from trachea and cloacae which began after 1 dpi.  In addition, a gull infected with 

the low inoculum dose of 10 TCID50 could survive for 7 days with viral shedding which 

began at 3 dpi. The results implies that the infected gulls may be able to complete migratory 

route between China and Thailand, or at least, at a shorter distant between nearby countries 

with virus spread along their flyways.   

Although cross border trade may be the major route of H5N1 HPAI virus spread in 

Asian countries, it cannot be excluded that migratory birds might also play an additional role 

in the spread of the virus across countries or domestically along its flyways.  In spite of the 

fact that Brown-headed gulls appear to be an ideal candidate for spreading the virus, no 

H5N1 virus including other influenza subtypes could be isolated, and no H5N1 antibody 

could be detected in our flock of Brown-headed gulls during the study period. Only anti-

influenza antibody was detected by ELISA, indicating previous infection with some subtype 

of AIVs in these birds.  Besides waterfowl, gulls and shorebirds also maintain an influenza 

gene pool in their species.  Predominant AIV subtypes found in gulls are H13 and H16 [2].  

The inability to detect the H5N1 virus, however, may simply be due to our small 

sample size collected from gulls as all migratory birds in Thailand are protected by law; and 

it may be also due to the absence of HPAI outbreaks during our investigation period of 2008-

2011. There was only one outbreak occurred in poultry in Nakhon Sawan and Phichit 

provinces (upper part of central Thailand) in January 2008, and one in backyard poultry in 

Sukhothai province (lower north of the country in November 2008). No AI outbreak has been 

reported since then [6]. Nevertheless, this study is the only flyway monitoring that 

encompassed the epicenter of H5N1 HPAI in Southeast Asia to date; and it is also the longest 

flyway monitoring covering complete migratory seasons which has never been reported 

before. 

 

Methods 

Approvals and permissions 

This study was approved by the Animal Care and Use Committee of the Faculty of 

Veterinary Science, Mahidol University, and compiled with the Statement of Compliance 

(Assurance) with Standards for Humane Care and Use of Laboratory Animals of the Office of 
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Laboratory Animal Welfare (OLAW No. A5731-01), U.S. Department of Health and Human 

Services. The study was carried out with permission of the Department of National Parks, 

Wildlife and Plant Conservation, Thailand, in accordance with the Wildlife Conservation Act 

of Thailand. 

 

Study site 

This study was conducted at Bang Poo, a recreation area located in the Samut Prakan 

province, Thailand, 37 km east of Bangkok. This 63 km2 coastal area owned by the Royal 

Thai Army is a part of the inner gulf of Thailand and comprised mangrove and large mudflat 

habitats.  Gulls gather together here to feed on an abundance number of clams that embedded 

in the muddy beaches.  Bang Poo is an Important Bird Areas (IBA) with more than 135 water 

bird species being recorded, including 7 species of ducks, 50 species of waders, and 18 

species of terns and gulls.  Thirteen globally threatened species have been recorded in this 

area [22].  The Brown-headed gull is an important species in this wetland IBA [19-22].   

 

Study birds 

The Brown headed gull (Larus brunnicephalus) is a waterfowl belonging to the 

family Laridae.  The common name for this species comes from the presence of brown color 

on the head of adult birds.  These gulls normally feed on small fishes and crabs; nevertheless, 

they can adapt to a variety of available foods.   

 

Bird capture and specimen collection 

 All migratory birds in Thailand are protected animals by law. Therefore, bird capture 

was performed by the authorized persons from the Department of National Park, Wildlife and 

Plant Conservation. Gulls were attracted by fried pork rind, and captured by a hand net.  

Approximately 10-20 birds were captured in each trap.  Tracheal and cloacal swabs as well as 

blood samples were collected for laboratory investigations to determine the prevalence of 

AIV infection. The captured birds were also physically examined for general health 

conditions (body weight, body size) and the healthy, energetic adults that were negative for 

influenza viral infection, as screened by rapid antigen detection kit (Rapid H5 AIV Ag Test, 

Bionote, Inc., Gyeonggi-Do, South Korea)  at the study site, were chosen for satellite 

telemetry tracking.  Results of samples negative for the virus infection by antigen detection 
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were confirmed at the Virology Laboratory at the Faculty of Veterinary Science, Mahidol 

University.   

 

Satellite telemetry technique and data analysis 

Eight gulls negative for influenza antigen were chosen for the satellite telemetry study.  

The first gull was marked in March 2008 and the second lot of 7 gulls was marked during 

February and March 2009. Each bird was tagged with a ring band and fitted with a solar 

powered satellite platform transmitters (solar PTT-100, Microwave Telemetry, Inc., 

Columbia, MD) on its back by using Teflon harnesses (Bally Ribbon Mills, Bally, PA). A 

transmitter weighing 12 g was used for the first gull and transmitters weighing 9.5 g were 

used for remaining 7 gulls. On average, the transmitter packages weighed approximately 

1.98 % of the bird’s body weight. After being marked, birds were released, usually within 1 

hour, to a place close to the capture sites.  

The solar PTT-100 transmitter operates at frequency of 401.650 MHz; and flyway 

data from birds can be retrieved every 2 days. The standard duty cycle of the solar PTTs was 

set at 10 hours on and 48 off for recharging the batteries. Signals were processed and the data 

was provided by Argos CLS (Toulouse, France). Bird locations were analyzed and mapped 

with Google Earth Program version 5.1(Google, Mountain View, CA, USA) with a precision 

of <1500 m. When the transmitter signal from any tracked bird was lost, the observation was 

still going on for at least one more month before concluding its disappearance.   

 

Detection of H5N1 HPAI infection in study birds  

Prevalence of influenza virus in this flock of gulls as well as the confirmation of the 

negative results for influenza antigen detection was determined by real time reverse 

transcription-polymerase chain reaction (RT-PCR) for viral genome detection and the virus 

isolation from throat and cloacal swab samples. Serological techniques for detection of H5 

antibody were performed by hemagglutination-inhibition (HI) assay and microneutralization 

(microNT) assay; and that for detection of pan-influenza antibody was performed by ELISA. 

 Real time RT-PCR: Protocols from the Organization des Epizooties 

(http://www.oie.int/fr /normes/mmanual/2008/pdf/2.03.04_AI.pdf) and/or those established 

by the U.S. Centers for Disease Control and Prevention (CDC) were used for viral genome 

detection and subtype identification. Throat and cloacal swabs from each bird were tested 

separately. 
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 Virus isolation method: Cloacal and throat swab specimens were separately 

inoculated in duplicate in embryonated eggs and a Madin Darby canine kidney (MDCK) cell 

monolayer. Amniotic/allantoic fluid and culture supernatant were screened for presence of  

influenza virus by hemagglutination with 0.5% goose red blood cells before subjected to 

subtype identification by real time RT-PCR. 

 Hemagglutination-inhibition (HI) assay:  The protocol for H5N1 antibody detection 

was based on the method given for avian influenza in the World Health Organization (WHO) 

manual on animal influenza diagnosis and surveillance [35] in which 0.5% goose 

erythrocytes were chosen as the indicator as previously described by Louisirirotchanakul et al. 

[36].  The assay was performed in micro-titer V plate in duplicate wells using replicating 

A/chicken/Thailand/ICRC-V143/07(H5N1) (accession No. EU233413-EU233420) at a final 

concentration of 4 hemagglutination units/25 l as the test antigen. Titer was defined as the 

highest serum dilution that causes complete hemagglutination of the test erythrocytes. 

  Microneutralization assay: H5N1 antibody was detected by ELISA based MicroNT 

assay using the protocols as described in the WHO manual for avian influenza [35], and 

modified by Louisirirotchanakul et al. [36] in which MDCK cell suspension was replaced 

with MDCK cell monolayer. The assay was performed in micro-titer plates in duplicate. 

A/chicken/Thailand/ICRC-V143/07(H5N1) at a final concentration of 100 TCID50 was used 

as the test virus. Viral nucleoprotein synthesized was detected by a mouse monoclonal 

antibody (Chemicon International, Inc., Tecumala, CA) as the primary antibody together with 

horse radish peroxidase-conjugated rabbit anti-mouse Ig (Dako Cytomation, Denmark) as the 

secondary antibody. Titer was defined as the highest serum dilution that causes a 50% 

reduction in the amount of viral nucleoprotein synthesized. 

ELISA: Sera were assayed for antibody to influenza A viruses (pan-influenza A 

subtypes), using the type A influenza multi species antibody test kit (AI MSp) ( BioChek, 

London, UK) according to the manufacturer’s instructions.   

 

Virus challenge test 

 To study whether infected birds could survive the infection and still be able to carry 

on migratory activity, wild birds were trapped and kept in captivity for a week prior to viral 

inoculation. These gulls were negative for influenza virus infection. Each bird was intranasal 

inoculated with 100 l of A/Brown-head gull/Thailand/vsmu-4/2008(H5N1) (accession No. 

EU676322-EU67329) at an inoculum dose of 10, 103 and 104 tissue culture infective dose 50 
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(TCID50). Inoculated birds were kept in an isolator in an animal biosafety laboratory level 3, 

Faculty of Veterinary Science, Mahidol University, and observed  daily for signs, symptoms 

and death until one month after inoculation.  
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Figure legends 

 
Figure 1. Flock of Brown-headed gulls at the study site, and a gull fitted 
with satellite transmitter.   
  

Figure 2. Migratory routes of all study gulls. (A) Gull I.D. 74795; (B) Gull I.D. 

88215; (C) Gull I.D. 88216; (D) Gull I.D. 91416; and (E) Gull I.D. 91417. Data 

accessed on August 6, 2011, Co-ordinates (Main figure and A-E): 21.98°N 

95.28°E. 

 

Figure 3. Ecological characteristics of habitats in each country involving 
the inland lakes and coastal areas. Data accessed on August 6, 2011 Co-

ordinates: (A) 36.97°N 89.23°E; (B) 35.23°N 91.11°E; (C) 31.10°N 90.85°E; (D) 

13.58°N 100.45°E; (E) 12.95°N 103.92°E; and (F) 9.56°N 105.18°E. 

 
Figure 4. Duration of stay of each gull in various countries. 
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Table 1. Demographic data of the tracked gulls. 
 

Bird I.D. Sex Body weight (g) Marking date 

Time at signal loss 

from monitoring 

Place at 

signal loss Tracking period 

74795 ND 475 Mar 25, 2008 Dec 2008 Cambodia 9 mos. 

88215 Male 650 Mar 26, 2009 Mar 2011 Thailand 2 yrs. 

88216 Female 600 Mar 13, 2009 May 2010 Tibet 1 yr, 2 mos. 

88217 ND 450 Feb 17, 2009 Mar 2009 Thailand <1 mo. 

88218 Female 500 Mar 26, 2009 Apr 2009 Thailand <1 mo. 

91416 ND 440 Feb 17, 2009 Jan 2011 Cambodia 1 yr, 11 mos. 

91417 ND 430 Feb 17, 2009 Nov 2010 Thailand 1 yr, 9 mos. 

91418 ND 400 Feb 17, 2009 Mar 2009 Thailand <1 mo. 

 

ND = Not determined 
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Table 2. Flying distances of the tracked gulls. 

Total distance on migration 
(km) 

Duration of migration 
(days) 

Average distance at 
habitat per day (km) 

Bird I.D. Year 
Thailand to 
China 

China to 
Thailand 

Thailand 
to China 

China to 
Thailand 

Average flying distance 
on migration per day (km) China Thailand 

74795 2008 2,419 2,747 7 9 326 26 28 

88215 2009 3,167 2,372 12 16 201 2 7 

2010 2,223 2,404 9 21 174 9 6 

2011 Lost 6 

88216 2009 2,343 2,014 5 15 310 19 6 

2010 2,074 Lost 7 2 

91416 2009 2,255 2,067 12 12 177 1 2 

2010 1,954 1,968 23 12 137 3 3 

91417 2009 2,924 2,917 39* 22 152 3 6 

2010 2,403 2,870 22 5 360 10 3 

Average 
distance 

 

2,418 2,420 12 14 230 9 7 

95% CI 2,139- 2,698 2,143- 2,697 7-23 10-18 167 - 293 3-16 1-12 
 

CI = Confidence interval  

    *The migratory route started from Thailand to Cambodia and Vietnam, and it took 39 days from Vietnam to China.  
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Table 3. Habitats of the tracked gulls. 

Length of stay (days) 

Bird I.D. Location 2008 2009 2010 2011 Average 

74795 
Thailand: Samut Prakan, Samut 
Sakhon 44 - - - - 

China: Qinghai, Xinjiang, Tibet 174 - - - - 

Cambodia: Siem Reap 35 - - - - 

88215 
Thailand: Samut Prakan, Samut 
Songkhram - 90 119 61 90 

China: Xinjiang, Tibet - 170 180 - 175 

Cambodia: Pursat, Siem Reap - - 40 (02/12/10 -11/01/11) - 

88216 
Thailand : SamutPrakan, 
SamutSongkhram, Chachoengsao - 90 98 - 94 

China: Tibet - 183 - - - 

91416 Thailand :SamutSongkhram - 64 101 - 82 

China: Tibet - 201 189 - 195 

Cambodia: Kampong Thom, Pursat, 
Siem Reap - - 42 (19/11/10 - 10/01/11) - 

91417 
Thailand : Samut Prakan, Samut 
Songkhram - 83 78 - 81 

China:  Qinghai, Xinjiang - 146 180 - 163 

Cambodia: Kampong Thom, Pursat, 
Siem Reap - 32 (25/12/09- 25/01/10) - - 
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Table 4. Susceptibility of Brown-headed gulls in captivity to H5N1 virus challenge. 

 

Inoculum 
dose 
(TCID50) 

Gull 
No. 

Day of shedding after virus 
inoculation from Day at 

death 
NT titer at day after inoculation 

Trachea Cloacae 0 5 10 15 20 25 

104 1 No shedding 2, 3 4 <20 
2 2, 3 2 4 <20 
3 1, 2, 3, 4 3, 4 5 <20 

103 4 3, 4 No shedding 5 <20 
5 1, 2, 3, 4 2, 3, 4 5 <20 
6 2, 4 3 6 <20 20 

10 7 No shedding No shedding Alive <20 <20 <20 <20 <20 <20 
8 No shedding No shedding Alive <20 <20 160 1280 
9 4 3 7 <20 <20 
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Lerdsamran H, Louisirirotchanakul S, Wiriyarat W, Sangsiriwut K, Pooruk P, Kijphati R, Chaichoune K, Sawanpanyalert P, 

Pittayawonganon C, Ungchusak K, Auewarakul P, Puthavathana P.
Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand

A/Thailand/1(KAN-1)/04(H5N1) A/Thailand/676(NYK)/05(H5N1)
Serum Code HI antibody titer NT HI antibody titer NT 

(sequential blood) Goose Chicken Guinea pig Human Horse Ab titer Goose Chicken Guinea pig Human Horse Ab titer

CB KAN-1 (1) 20 <20 20 <20 20 <5 20 <20 <20 <20 20 -
CB KAN-1 (2) 640 640 640 640 1280 1280 1280 1280 1280 1280 640 -
TN 20 <20 20 20 40 80 160 80 80 80 80 40
SJ 20 <20 20 20 40 160 160 80 80 80 80 80
PT (1) 20 <20 <20 20 20 <5 - - - - - -
PT (2) 20 <20 20 <20 20 5 20 - 20 - 20 -
PT (3) 40 20 20 40 80 80 160 320 160 80 320 -
PT (4) 40 20 20 40 80 80 160 160 80 160 160 80
MY 676 (1) <20 <20 <20 <20 <20 <5 20 20 <20 <20 <20 -
MY 676 (2) <20 <20 <20 <20 <20 <5 20 <20 <20 <20 20 -
RB (1) <20 <20 <20 <20 <20 5 <20 <20 <20 <20 <20 -

Horse hemagglutination inhibition (HI) antibody is one WHO
notification for the H5N1 confirmed case. Unfortunately, horse
erythrocytes can not be accessed easily in Asia countries.

Objective

To investigate the efficiency of avian influenza (H5N1) influenza
viruses on erythrocytes receptor from five different species: horse,
goose, chicken, guinea pig and human group O for using in both
Hemagglutination (HA) and HI tests.

Materials and Methods

• Viruses : 14  human and animal H5N1 influenza viruses

Table 3.  H5N1 HI antibody titers as tested against different erythrocyte species

RB (2) 320 160 160 160 640 1280 1280 1280 1280 1280 1280 -
RB (3) 160 80 80 160 320 640 640 1280 640 640 640 -
RB (4) 20 20 20 20 40 80 160 80 80 40 40 80
BB 80 40 80 160 320 320 640 640 320 320 640 -

Geometric

Mean antibody titer 36.47 22.97 28.95 33.25 57.89 118.9 116.19 80 84.38 92.81

Guinea pig Human gr O Horse chicken goose
  Concentration (%) 0.75 0.75 1 0.5 0.5
  Microtiter plate U U U V V
Incubation time 40C min 60 60 60 30 30

Table 1 : Condition of Hemagglutination test and Hemagglutination inhibition test 

Goose Chicken  Guinea pig       Human group O            Horse  

• Serum samples : 15 human sera from 7 cases
• Erythrocytes from 5 species

Geometric mean antibody titer  as using erythrocyte from:

Viruses Goose Chicken Guinea pig Human Horse
A/Thailand/1(KAN-1)/04 36.47 22.97 28.95 33.25 57.89
A/Thailand/676(NYK)/05 118.9 116.19 80 84.38 92.81
2-sided exact p-value

0.001 0.002 0.004 0.004 0.102(Wilcoxon’s signed-rank test) 

Table 4. Statistical values from the analyses on difference in HI antibody titers                      
as assayed against different viruses

Passage * HA titer based on erythrocytes of

H5N1 Influenza A viruses history Goose Chicken Guinea pig
Human 

gr.O Horse
A/Th il d/1(KAN 1)/04 MK2 MDCK8 512 512 128 128 128

  Incubation time 40C, min 60 60 60 30 30

Results

Titration of a virus solution as using goose erythrocyte yielded the
highest geometric mean titer, followed by chicken, guinea pig, human
group O and horse erythrocyte (Friedman test; p<0.05)

Table 2. Hemagglutination titer of influenza A viruses as assayed with                   
erythrocytes from different species 

Conclusions

• Goose erythrocyte is the most sensitive for virus recognition for influenza A
virus, whereas horse erythrocyte can recognize only avian influenza virus.

• Not all H5N1 isolate can agglutinate horse erythrocyte.

• Regarding to HI antibody detection, horse erythrocyte can not demonstrate
in clear cut for its advantage over goose as it is depend upon the virus strain.

• Our study proposes that goose erythrocyte confers higher advantage than
horse in the determination for both presence of H5N1 virus or HI influenza
antibody

(Stephenson, 2003 and WHO,2002)

A/Thailand/1(KAN-1)/04     MK2, MDCK8 512 512 128 128 128
A/Thailand/2(SP-33)/04     MDCK6 64 64 64 32 16
A/Thailand/3(SP-83)/04     MDCK5 64 64 16 32 16
A/Thailand/5(KK-494)/04 MDCK4 128 64 32 64 32
A/Thailand/676(NYK)/05 MDCK9 256 256 512 256 32
A/Tiger/Thailand/VSMU-11-SPB/2004 Egg 1 512 512 256 256 256
A/Clouded Leopard/Thailand/VSKU-6-CBI/2004 Egg 1 512 512 256 256 <2
A/Great Barbet/Thailand/VSMU-2-CBI/2005 MDCK2 128 128 64 64 32
A/Green Peafowl/Thailand/VSMU-3-CBI/2005 MDCK2 256 128 64 64 64
A/Crane/Thailand/VSMU-4-CBI/2005 MDCK2 512 256 128 128 128
A/Tree sparrow/Thailand/VSMU-16-RBR/2005 MDCK4 64 64 32 32 16
A/Golden Pheasant/Thailand/VSMU-21-SPB/2005 MDCK1 128 64 32 16 32
A/Pigeon/Thailand/VSMU-25-BKK/2005 MDCK3 64 64 32 16 16
A/Chicken/Thailand (SPB)/137/2005 MDCK4 512 512 64 64 128

Geometric Mean titer 190.21 156.03 74.25 67.25 33.62

* Only HA titer obtained from one out of three erythrocyte donors is presented
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Respiratory Viruses Associated with Severe Pneumonia
Pisut Komolsiri1, Tawee Chotpitayasunondh2, Kulkanya Chokephaibulkit1, Chariya Sangsajja3, Charoen 

ChuChottaworn4, Achareeya korkusol1, Rajita Kanyaboon1, Phisanu Pooruk1, Nirun Vanprapar1,
and Pilaipan Puthavathana1

1Faculty of Medicine Siriraj Hospital, Mahidol University; 2Queen Sirikit National Institute of Child Health; 
3Bamrasnaradura Infectious Disease Institute; 4Chest Disease Institute Thailand

Table 1. Viral agents associated with severe pneumoniaAbstract 
Conventional multiplex RT-PCR using Seeplex kit and
indirect immunofluorecence (IFA) assay were used to
investigate for viral agents associated with severe
pneumonia in Thai patients. Our result demonstrated that
> 80% of pediatric cases were associated with viral

Bamrasnaradura Infectious Disease Institute; Chest Disease Institute, Thailand

Virus

Positive by
IFA Seeplex Grand

Adult Pediatric Total Adult Pediatric Total total
Flu A 1 15 16 1 14 15 17 (8.7%)
Flu B 0 8 8 1 7 8 9 (4.6%)
PIV 1 1 6 7 1 11 12 12 (6.1%)

infection; and 60% of them were two years old. RSV was
the most common virus found (23.6%), and followed in
order by adenovirus (14.3%), Flu A (8.7%), and HuMV
(8.2%). Viral infections were found only in 30% of adult
cases. Seeplex could detect mixed viral infections in 14
(7.2%) cases: of which adenovirus was the most common
mixed agent. Seeplex was statistically compared with
IFA by agreement over chance and it was found that the

V 6 7 (6. )
PIV 2 0 1 1 0 1 1 1 (0.5%)
PIV 3 1 4 5 1 4 5 6 (3.0%)
RSV 0 43 43 0 41 41 46 (23.6%)

Adenovirus 1 12 13 1 26 27 28 (14.3%)
HuMV NA NA NA 2 14 16 16 (8.2%)

Rhino A virus NA NA NA 1 15 16 16 (8.2%)
Coronavirus NA NA NA 1 2 3 3 (1.5%)
Total viruses 4 89 93 9 135 144 154 (78.9%)

Total positive pediatric cases = 130/163 (79 7%)

Objective

Materials and Methods

To investigate respiratory viruses associated with severe 
pneumonia by using multiplex RT-PCR (Seeplex RV detection 
kit, Seegene, Korea) and IFA.

Seeplex

Total
(+) (-)

(+) Flu B 7 1 8

Seeplex

Total
(+) (-)

(+) Flu A 14 2 16

Seeplex

Total
(+) (-)

(+) RSV 38 5 43

IFA by agreement over chance and it was found that the
agreement over 0. 80 was found with RSV, flu A and flu B
only. Table 2.  Investigation for viral agents by IFA and Seeplex 

Total positive pediatric cases = 130/163 (79.7%)
Total positive adult cases = 10/32 (31.2%) 

Materials and Methods

Immunofluorescence assay (IFA): Exfoliated cells present in NPA 
were used for detection of viral antigens by indirect IFA using 
Respiratory Panel IFA kit, Chemicon, USA. 
Multiplex RT-PCR for respiratory viruses (RV): RNA extracts

IFA 
(+) Flu B 7 1 8

(-) Flu B 1 186 187

Total 8 187 195

IFA 
(+) Flu A 14 2 16
(-) Flu A 1 178 179

Total 15 180 195

Seeplex
Total

(+) (-)

IFA 
(+) Adeno 12 1 13
(-) Adeno 15 167 182

Total 27 168 195

IFA 
(+) RSV 38 5 43
(-) RSV 3 149 152

Total 41 154 195

Seeplex
Total

(+) (-)

IFA 
(+) PIV 1 7 0 7
(-) PIV 1 5 183 188

Total 12 183 195

Subjects: This study comprised 195 severe pneumonia patients: 163 
children and 32 adults from 4 hospitals in Thailand.  99 ( 60.7%) 
pediatric cases were under two years old. Adult cases had age-range 
between  27 and 81, of which (71.9%) were older than 50. 

Table 3. Determination for agreement over chance index between 
Results
Fig 1. Immununofluorescence staining of virus infected cells in NPA. 

Multiplex RT PCR for respiratory viruses (RV): RNA extracts 
from NPA samples were reverse transcribed with random hexamer 
primers Subsequently, cDNA  was subjected to Seeplex RV 
Detection (Seegene, Korea). This test kit includes  2 panels (RV1A 
and RV1B) of primer pairs specific to 12 RV: adenovirus, human 
metapneumovirus, coronavirus (229E), PIV1, PIV2, PIV3 in RV1A, 
and Flu A, Flu B, RSV B, Rhinovirus A, RSV A, and coronavirus 
(OC43) in RV1B. 

Total 27 168 195

Seeplex
Total

(+) (-)

IFA 
(+) PIV 3 4 1 5
(-) PIV 3 1 189 190

Total 5 190 195

Total 12 183 195

Seeplex
Total

(+) (-)

IFA 
(+) PIV 2 1 0 1
(-) PIV 2 0 194 194

Total 1 194 195

g
Seeplex and IFA on the detection of respiratory viral agents 

Virus Agreement over chance index
PIV 2 1.00
Flu A 0.89
RSV 0.88
Flu B 0.87
PIV 3 0.79

Flu A Flu B PIV1

g g
Positive cells exhibit an apple green color under fluorescence microscope.

An acute viral respiratory disease can be caused by several 
respiratory viruses leading to need of tools that can diagnose 

lti l t i lt l d t th ti i

PIV 1 0.72
Adenovirus 0.56

Index value between 0.9-1.0 indicates real agreement between two assays
AdenovirusPIV3 RSV

Fig 2. Seeplex® RV detection of respiratory viruses in NPA specimens.

RV1A 
primer set

RV1B 
primer 

set

R
V1

A

10
0 

bp

R
V1

B

Conclusions

multiple agents simultaneously, and at the same time, require 
small amount of respiratory specimens. Seeplex should be 
superior to IFA in term of number of agents it can diagnose; 
and it is also less subjective and requires less experience to 
run multiplex PCR.  However, accuracy of Seeplex has never 
been demonstrated.   

This study was supported by Thailand Research Fund for Senior Research Scholar, Mahidol University Research Grant, and South East Asia Infectious Disease Clinical 
Research Network (SEAICRN)
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Human Influenza Virus-Specific T Cells Mediated Cross Reactive 
Immune Response to Nucleoprotein (NP) Derived from 

Avian Influenza H5N1 Virus
Pirom Noisumdaeng1, Thaneeya Duangchinda2, Juthathip Mongkolsapaya2, Susan Assanasen3, Suda Louisirirotchanakul1, 

Prasert Auewarakul1, Phisanu Pooruk1, Hatairat Lerdsamran1 and Pilaipan Puthavathana1

1Department of Microbiology; 2Medical Molecular Biology Unit, Office for Research; and 3Department of Medicine, 
Faculty of Medicine Siriraj Hospital, Mahidol University, 2 Prannok Rd., Bangkok-noi, Bangkok 10700, THAILAND.

Background:
Protection against influenza A virus by specific antibody is relatively strain specific; 

meanwhile, broader immunity may be conferred by cell mediated immune response (CMIR) 
(1). Therefore, development of universal influenza vaccine that can confront seasonal influenza 
viruses as well as avian influenza H5N1 viruses of multiple clades, is desirable. Previous 
studies had shown that immunity induced by old influenza isolates could alleviate the severity 
of disease caused by novel strains or subtypes. It is suggested that this cross immunity is 
mediated by the heterosubtypic T-cell response. In this context, induction of cross-reactive 
CD4+ and CD8+ cytotoxic T lymphocytes (CTL) that recognize conserved epitopes in internal 
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protein of influenza virus are of interest (2,3). This prompted us to identify and characterize a 
set of T cell conserved epitopes that would contribute to broad immune response across 
influenza virus subtypes. This study measured cross cell-mediated immunity to H5N1 virus in 
healthy subjects by ELISpot and flow cytometry assays using overlapping peptides derived 
from nucleoprotein (NP) as the test antigen. 

Materials and Methods:
A total of 30 subjects included 23 healthy individuals in which 18 had history of receiving 

seasonal influenza vaccine at least once, and 7 subjects who had history of influenza infection 
one month ago. Peripheral blood mononuclear cells (PBMCs) from these subjects were kept 
frozen until used. A panel of 20 mer peptides with 10 mers overlapping, were synthesized based 
on amino acid sequence derived from NP of A/Thailand/1(KAN-1)/2004 (H5N1) virus (KAN-1 
virus) (accession number AAV 35112). Totally, this panel comprised 49 peptides. Memory T
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virus) (accession number AAV 35112). Totally, this panel comprised 49 peptides. Memory T 
cells that cross-reacted to these NP overlapping peptides were measured by the ex vivo IFN-
enzyme-linked immunospot (ELISpot) assay. Flow cytometry employing intracellular cytokine 
staining (ICS) was used for immunophenotyping of the peptide restricted T cells. 
Microneutralization (MicroNT) assay to KAN-1 virus was performed to determine status of 
previous H5N1 virus infection.

>gi|54610028|gb|AAV35112.1| nucleocapsid protein [Influenza A virus (A/Thailand/1(KAN-1)/2004(H5N1))]

MASQGTKRSYEQMETGGERQNATEIRASVGRMVSGIGRFYIQMCTELKLSDYEGRLIQNSITIERMVLSA
FDERRNRYLEEHPSAGKDPKKTGGPIYRRRDGKWVRELILYDKEEIRRIWRQANNGEDATAGLTHLMIWH
SNLNDATYQRTRALVRTGMDPRMCSLMQGSTLPRRSGAAGAAVKGVGTMVMELIRMIKRGINDRNFWRGE
NGRRTRIAYERMCNILKGKFQTAAQRAMMDQVRESRNPGNAEIEDLIFLARSALILRGSVAHKSCLPACV
YGLAVASGYDFEREGYSLVGIDPFRLLQNSQVFSLIRPNENPAHKSQLVWMACHSAAFEDLRVSSFIRGT
RVVPRGQLSTRGVQIASNENMEAMDSNTLELRSRYWAIRTRSGGNTNQQRASAGQISVQPTFSVQRNLPF
ERATIMAAFTGNTEGRTSDMRTEIIRMMESARPEDVSFQGRGVFELSDEKATNPIVPSFDMNNEGSYFFG
DNAEEYDN

Nucleoprotein H5N1 peptide pools

Pool A1 A2 A3 A4 A5 A6 A7

A)

B) C)

Fig. 3 Peptide recognition and frequency of responsiveness, NP221-240 
(RMCNILKGKFQTAAQRAMMD) denotes NP5-12, NP418-498 (MNNEGSYFFGDNAEEYDN) 
denotes NP5-25, NP111-130 (YDKEEIRRIWRQANNGEDAT) denotes NP5-31, and NP311-380
(QVFSLIRPNENPAHKSQLVW) denotes NP5-41 in the 2 dimentional matrix system (A); 
magnitudes of ELISpot response in 13 responders (B).

Fig. 4 Immnophenotyping of peptide-restricted 
T cells by ICS technique. Staphylococcal 
enterotoxin B (SEB) is used as the positive 
control
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NP peptide
NP221-240 NP481-498 NP111-130 NP311-380

B1 NP5-1 NP5-2 NP5-3 NP5-4 NP5-5 NP5-6 NP5-7

B2 NP5-8 NP5-9 NP5-10 NP5-11 NP5-12 NP5-13 NP5-14

B3 NP5-15 NP5-16 NP5-17 NP5-18 NP5-19 NP5-20 NP5-21

B4 NP5-22 NP5-23 NP5-24 NP5-25 NP5-26 NP5-27 NP5-28

B5 NP5-29 NP5-30 NP5-31 NP5-32 NP5-33 NP5-34 NP5-35

B6 NP5-36 NP5-37 NP5-38 NP5-39 NP5-40 NP5-41 NP5-42

B7 NP5-43 NP5-44 NP5-45 NP5-46 NP5-47 NP5-48 NP5-49

Fig. 1 Amino acid sequence of NP of KAN-1 virus (A); NP overlapping peptides were synthesized by 
Sigma-Genosys (Sigma-Aldrich, Singapore) in the PEPscreen® custom peptide libraries format. A total of 49 
peptides are overlapped by 10 amino acid residues (B); Peptides were pooled in  a 2-dimensional matrix 
system (C).

10 amino acid overlapping 
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Results:
All 30 subjects had no antibody to H5N1 virus as tested by microNT assay.  However, 13 

(43%) bj hibi d i ifi T ll b ELIS Al h h
Table 1.  Frequency of NP peptides recognition by CD4+ or CD8+ T cells from 13 responders

control. 

IFN-

C
D

4+
or
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8+

(43%) subjects exhibited cross-reactive specific T cell response by ELISpot. Altogether, these 
subjects recognized only 4 of 49 peptides tested (Fig. 3A). The average magnitudes of ex vivo
ELISpot IFN- were 63 SFU/106 PBMCs, and the frequency of responsiveness was 1 to 2 
peptides/subject (Fig. 3B). CD4+ T cells were mainly responsible for peptide recognition as 
they were present in all 13 responders; while CD8+ T cells were found only in one responder. 
Examples are shown in Fig. 4. There was only one responder who had both peptide specific 
CD4+ and CD8+ T cells, but both types of cells recognized different epitopes. In addition, there 
was one peptide that can stimulate both CD4+ and CD8+ T cell response (Table 1).

Pool A6 Pool B6
#T001

NP5-25

Conclusions:
Healthy individuals who had never been infected with H5N1 virus may exhibit 

cross cellular immunity against this virus as assayed by ELISpot and flow cytometry 
using overlapping peptides derived from H5N1 NP. Four NP immunodominants were 

Responders
NP peptide recognized by T cells

NP5-12(NP 221-240)    NP5-25(NP 481-498)    NP5-31(NP 111-130)      NP5-41(NP 311-330)   

CD4+ T cells CD8+ T cells CD4+ T cells CD8+ T cells CD4+ T cells CD8+ T cells CD4+ T cells CD8+ T cells

Healthy (n=9) 2 - 3 1 3 - 2 -

Convalescent  
FluA patients 

(n=4)
2 - - - 2 - 1 -

A) B)

Neg. control

NP5-27

NP5-39

NP5-41

Negative control

PHA

g pp g p p
identified. Our study may be useful in the vaccine design and understanding of natural T 
cell immunity. 

Fig. 2  ELISpot assay in a healthy subject shows spots 
of IFN- secreting cells after stimulating with pooled 
peptides (A); and with individual peptide in a 
confirmatory assay (B). 
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Electron micrographs of H5N1 virus 
and its replication in MDCK cells
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Background: Since 2003, re-emergence of highly 
pathogenic avian influenza (HPAI) H5N1 virus has swept 
across continents and causes poultry die-off including severe 
pneumonia in humans.  Morphology of this influenza virus 
subtype has never been characterized In this study we

1Departments of Microbiology and 2Pathology; 5Siriraj Influenza Cooperative Research Center (ICRC), 
Faculty of Medicine Siriraj Hospital and 3Faculty of Veterinary Science, Mahidol University, Bangkok, Thailand; 
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D

B
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subtype has never been characterized. In this study, we
demonstrated electron micrographs of HPAI H5N1 particles 
together with low pathogenic avian influenza (LPAI) viruses.  
In addition, localization of H5N1 viruses in MDCK infected 
cells was shown under a transmission electron microscope 
(TEM).
Materials and methods: The viruses employed in this study 
included 9 HPAI H5N1 (4 from human and 5 from avian); 4 
LPAI virus subtypes H1N1 H3N2 H5N3 and H7N1; and 2

Fig 1. Pleomorphic morphology of influenza A virus from 
human and avian isolates in culture fluid with negative 
staining 1) H5N1 HPAI of A/Chicken/Thailand/ICRC-
VS195/08 [A] and A/Thailand/1(KAN-1)/04 [B and C];
2) LPAI of A/Duck/Jiangxi/6151/03 (H5N3) [D]; human 

E

A/New Caledonia/20/99(H1N1) (200,000X) A/Fujian/411/02 (H3N2) (200,000X)

FD

A/Duck/Jiangxi/6151/2003 (H5N3) (150,000X)

LPAI virus subtypes H1N1, H3N2, H5N3 and H7N1; and 2
human isolates of H1N1 and H3N2 subtypes. Human viruses 
were isolated and propagated in cell culture, whereas avian 
viruses were isolated and propagated in embryonated eggs.  
These viruses, except one LPAI virus with uncertain passage 
history, were sub-cultivation for less than 10 passages. The 
virus particles were visualized by negative staining with 2% 
phosphotungstic acid. Meanwhile, thin sections of MDCK 
cells infected with A/Thailand/1(KAN-1)/04 (H5N1) were

influenza A/New Caledonia/20/99 (H1N1) [E] and 
A/Fujian/411/02 (H3N2) [F] strains. 

CA B

D E F             

100,000X, bar = 1 μm8,000X, bar = 2 μm 300,000X, bar = 50 nm

cells infected with A/Thailand/1(KAN 1)/04 (H5N1) were
positively double stained with uranyl acetate and lead citrate. 
The grids were examined under a transmission electron 
microscope (JEOL 1230, Japan).
Results: Influenza virus particles were pleomorphic. Three 
forms of morphology of different sizes were demonstrated: 
spherical (diameter 80-120 nm), rod (length 121-300 nm) and 
filamentous (length >300 nm) (Fig. 1). Regarding virus 
replication in MDCK cells we demonstrated ultrastructure of C l i El t i h f i fl

Fig 2. Electron micrograph of H5N1 A/Thailand/1(KAN-1)/04 
in MDCK cell culture with positive staining.  
Negative control [A] and the infected cell [B]. Attachment of 
the virus onto the cell [C] and budding out from the infected 
cell [D] and a large number of viruses releasing from the 
infected cells [E and F]. 

300,000X, bar = 50 nm 100,000X, bar = 100 nm                          200,000X, bar = 50 nm

replication in MDCK cells, we demonstrated ultrastructure of
virus inclusions in the cell cytoplasm, including virus particles 
at entry and the budding out particles at exit (Fig. 2). 

Conclusions: Electron micrographs of influenza
virus particles demonstrated that spherical form 
was the predominate population among all virus 
subtypes studied, regardless of host of origin, 
virus virulence or passage history. Positive 
staining of uninfected MDCK cells as observed at 
low magnification showed surface pilli which might 
be miss interpreted as the filamentous form of 
virus particles Nevertheless this appearance
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could be identified by higher resolution and 
magnification of the modern electron microscope.
Herein, we showed lines of spherical particles 
budding from the cell surface. Our finding was not 
different from what had been previously reported 
with human viruses.  
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Background
Oseltamivir and zanamivir are neuraminidase inhibitors against both influenza A and B viruses. Monitoring for neuraminidase inhibitor

resistant viruses can be accomplished by phenotypic and genotypic based assays. Our study employed neuraminidase inhibition (NAI) assay
together with nucleotide sequence analysis for amino acid substitution in NA gene to determine sensitivity of influenza A and B viruses to

Tawee Chotpitayasunondh5, Kulkanya Chokephaibulkit6, Pilaipan Puthavathana1
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Test viruses:
38 influenza virus isolates from 2007-2009 

• 8 pandemic influenza A/H1N1 isolates
• 6 human influenza A/H1N1 isolates
• 15 human influenza A/H3N2 isolates

g q y g y
oseltamivir and zanamivir.

Materials and Methods Results
Table. Drug sensitivity and NA molecular marker of influenza A/H1N1, A/H3N2,   

pandemic influenza A/H1N1/2009 and influenza B viruses

Viruses
IC50 values (nM) Resistant markers

Oseltamivir Zanamivir
Oseltamivir Zanamivir

E119V D198N H274Y R292K E119G/A/D R152K R292K
Reference viruses

• 9 influenza B isolates
Reference viruses:

• A/Mississippi/03/01(H1N1)wild type-274H and
its resistant mutant-274Y

• A/Fukui/20/04 (H3N2) wild type  (119E)
• A/Fukui/45/04 (H3N2) mutant (119V)

MUNANA b d NAI NA i

Reference viruses
A/Mississippi/03/01(H1N1) wildtype-274H 1.53 1.18 H
A/Mississippi/03/01(H1N1) mutant-274Y 591.66 2.26 Y
A/Fukui/20/04(H3N2) wildtype-119E 0.31 0.67 E E
A/Fukui/45/04(H3N2) mutant-119V 72.63 5.74 V V
H1N1 viruses (N=6)
3043 875.25 3.89 E D Y R E R R
3422  1.27 3.54 E D H R E R R
3461  2.16 2.15 E D H R E R R
3479 391.16 1.53 E D Y R E R R
3509 584.91 2.33 E D Y R E R R
3619  646.77 1.02 E D Y R E R R

Range  1.27- 875.25 1.02-3.89
Median 488.04 2.24MUNANA-based NAI assay      NA gene sequencing Median 488.04 2.24
Mean 416.92 2.41

H3N2 viruses (N=15) E D H R E R R
Range 0.29-1.04 0.25-2.64

for all isolatesMedian 0.5 0.62
Mean 0.54 1.05

Pandemic H1N1 viruses (N=8)

Not doneRange 0.5-1.43 0.27-1.03
Median 1.08 0.69
Mean 1.10 0.68

Influenza B viruses (N=9)

Not doneRange 10.97- 45.83 5.26-23.34
Median 23.93 6.58
Mean 25.24 10.87

• Both seasonal and pandemic influenza A/H1N1 together with A/H3N2 isolates
were zanamivir sensitive.

• All pandemic A/H1N1 and A/H3N2 isolates were oseltamivir sensitive; whereas,
4 of 6 (66.7%) seasonal A/H1N1 viruses were oseltamivir resistant viruses

• All influenza B isolates showed a decrease in sensitivity to both oseltamivir and
zanamivir

• NA sequencing data showed the molecular marker H274Y in seasonal A/H1N1
lt i i i t t ioseltamivir resistant viruses

ConclusionAcknowledgements

Oseltamivir resistant seasonal H1N1 virus is a growing problem worldwide.
Nevertheless, influenza B viruses should be closely monitored for emerging of
neuraminidase inhibitor resistance as it has been shown to require higher dose for
the disease treatment.

Rojanasang P.

This study was supported by the Thailand Research
Fund for Senior Research Scholar, and the South East
Asia Infectious Disease Clinical Research Network.
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Hemagglutinin-inhibition (HI) assay has been established for
decades for human influenza diagnosis and evaluation of
vaccine immunogenicity. Additionally, on the basis of antigenic
drift, HI employing a panel of reference antisera is used for
vaccine strain selection by the World Health Organization

Introduction
Table 1. Serodiagnosis of pandemic  influenza 2009

Patient No.
cases

Number with  a 4-folded rise in antibody titer

MicroNT HI

Adult 28 3 6
annually. In contrary, microneutralization (microNT) assay is
recommended for detection of antibody to H5N1 and pandemic
influenza A (H1N1) 2009 viruses. The present study applied
those two assays to determine the cut-off titer for diagnosis of
the pandemic influenza A(H1N1) 2009.

A total of 37 patients (9 children and 28 adults) who were
diagnosed pandemic influenza A(H1N1) 2009 by RT-PCR,
were enrolled. There were 18 subjects whose first blood

Material and Method

Adult 28 3 6
Children 9 5 4

Total 37 8 (21.6%) 10 (27.0%)
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samples were collected at < 7 days after disease onset, and
later for the remaining cases. Serum samples were assayed
for specific antibody by goose erythrocyte HI and ELISA
based microNT using A/Thailand 104/09 (H1N1) as the
test virus.
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Table 2.  Cut-off titers for disease diagnosis

Criteria Percentages 
of sensitivity

MicroNT titer  > 320 91.9

Cytopathic effect with
viral protein synthesis

+ +

No cytopathic effect 
No viral protein synthesis

Principle of HI assay

0
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46

Days after onset

0
160

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46

Days after onset

Fig.1 Antibody response in paired blood from adult (A), and      
pediatric cases (B)

Result:

Previous seasonal H1N1 infection might boost an anamnestic
response, and then, results in a rapid rise in antibody level in
acute blood sample such that a marked increase in antibody
titer in convalescent blood samples cannot be shown in most of

Conclusion:

HI titer  > 40  97.3

MicroNT titer  > 320 and HI titer  > 40 89.2
+

hemagglutination

no hemagglutination

+
+  RBC

Rising in antibody titer could be demonstrated mostly in
patients whose first blood samples were collected within 7
days and convalescent blood samples were collected between
3 to 5 weeks after onset of disease. Nevertheless, frequency of
a four folded rise in HI or microNT titer was low, even in
subjects whose first blood samples were collected earlier.
This is according to presence of high antibody level in the first
blood samples (Table 1 and Figs 1A and 1B).

the patients. Therefore, serodiagnosis does not help much in
disease diagnosis, but it will be useful for epidemiological study.
Our preliminary result proposed the cut-off titers for the
diagnosis of pandemic influenza 2009 as shown in Table 2.
More data is needed before this criteria is firmly established.
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Background: Nasopharyngeal aspirate (NPA), nasal swab (NS), and throat swab
(TS) are common specimens used for respiratory virus diagnosis by PCR/RT PCR,
antigen detection and viral isolation. However, there is no documented data
regarding a type of specimen that yields the best result for viral detection. In this
study, real time RT PCR specific for M gene of influenza A virus, was used to
determine viral load present in NPA, NS and TS samples collected from the same
patient with pandemic A/2009 (H1N1) infection. Copy numbers of M genomic
segments present in each type of specimen were compared The results thensegments present in each type of specimen were compared. The results, then,
can guide clinicians in making choice of clinical samples for the H1N1 2009
diagnosis.

Materials and methods: A total of 12 patients: 2 adults and 10 pediatric cases,
with severe pneumonia caused by pandemic influenza A (H1N1) 2009 virus were
enrolled in the study. From each patient, NPA, NS and TS swabs were collected
and put into each tube containing 2 ml of viral transport media (VTM). Viral load
present in each kind of clinical sample was determined based on copy number of
M genomic segments. Briefly, known copy numbers of in vitro M RNA transcripts
derived from pandemic influenza A (H1N1) 2009 virus were used as standard

Results: Of 12 subjects, M RNA segments were detected in 12 NPA, 12 NS and 9

TS samples (Table 1). NPA specimens were found to contain the highest amount of

influenza viral load, and followed in order by NS and TS samples. Mean copy

numbers of viral load in NPA specimens was 1.54×108 (range 6.54×105 8.10×108)
copies/ml of VTM; and it was 6.53×107 (range 5.62×102 4.93×108) copies/ml for NS

Fig. 1 Sequence alignment of primers/probe set against M gene of influenza A (H1N1)
2009 viruses

derived from pandemic influenza A (H1N1) 2009 virus were used as standard
RNA, and amplified in parallel with the test sample by real time RT PCR using CDC
protocol version 2009. Alignment of primers/probe against the pandemic 2009
viruses is shown in Fig.1. Standard curve of M copy numbers was constructed
from the C(t) values of standard RNA transcripts; and then, copy number of M
segments in the test sample was obtained by extrapolation of its C(t) value
against this standard curve (Fig.2).

and 1.05×106 (range 0 7.38×106) copies/ml for TS (Table 2). Examples of real time

RT PCR results are shown in Fig.3.

Preparation of standardM RNA transcripts
from influenza A virus (H1N1) 2009 genome

RT PCR amplification ofM genomic segments Specimens

Number of subjects
Number of positive cases

NPA NS TS

12 12 (100%) 12 (100%) 9 (75%)

Table 1 Detection rate ofM gene in each kind of specimen by real time RT PCR

Virus Statistics NPA NS TS
H1N1/2009 Mean 1.54×108 6.53×107 1.05×106

Median 4.02×107 8.49×106 7.56×104

Range 6.54×105 8.10×108 5.62×102 4.93×108 0 7.38×106

Table 2Mean, median and range of copy numbers of viral load in each kind of sample
RT PCR amplification ofM genomic segments

Cloning of amplifiedM gene products into
pGEMT Easy plasmid

In vitro transcription ofM segment
by RNA polymerase

M RNA standard

p
(NPA, NS, TS)

Total RNA extraction

Real time RT PCR amplification Real time RT PCR amplificationReal time RT PCR amplification

C(t) values

Calculation for viral copy numbers
b d RNA t d d

Fig. 3 Examples of real time RT PCR results

Conclusion: Based on M gene copy numbers, we conclude that NPA is the best

specimen for detection of pandemic influenza A (H1N1) 2009 virus , and followed

in order by NS and TS.

based on RNA standard curve

Viral copy numbers
in sample

R2 = 0.996

Acknowledgement: This study is supported by Thailand Research Fund for

Senior Research Scholar. We thank South East Asia Infectious Disease Clinical
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Fig. 2 A schematic diagram of quantitative
real time RT PCR for influenza viral
load
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Background:
Thailand has been affected by several waves of H5N1 HPAI outbreaks 
since 2004.  AI control with biosecurity is strictly implemented in industrial 
poultry farms.  However, this type of control is costly and difficult to 
implement in villages where flocks of backyard poultry are raised for 
family consumption.  Even though, there has been no human case since 
August 2006, AI is occasionally reported in free ranging birds in remote 
areas.  Thai native chickens and free ranging ducks are relatively 
resistant to HPAI H5N1 virus.  Some may be infected without developing 
clinical signs and death. Viruses shed from these infected poultry may 
contaminate the environment and become sources of viral spread in 
nature. Therefore, this study conducted serosurveillance to determine 
H5N1 virus infection rate in backyard, Thai native chickens resided in AI 
repeated outbreak areas. 

Materials and methods:
This study was approved by the Ethical Committee for Animal Health and Welfare, Faculty of Veterinary Science and the 
Animal Assurance PHS from Office of Laboratory Animal Welfare, USA (OLAW No. A5731-01). The study was carried out 
during January 2007 to August 2009 in 6 provinces: Nakhonsawan, Lopburi, Sukhothai, Phitsanulok, Kamphaeng Phet and 
Uttradit.   Blood samples were collected from backyards chickens with consent from the owners. ELISA based 
microneutralization assay in MDCK cell monolayer were conducted in biosafety level 3 containment facilities Themicroneutralization assay in MDCK cell monolayer were conducted in biosafety level-3 containment facilities. The
reciprocal antibody titer of 40 was the cut-off level for positive result. 

Results:  
Among 707 healthy backyards chickens, 12 (1.7%) had H5N1 neutralizing antibody.  
By location, 6 chickens were in Phitsanulok, 5 in Sukhothai and one in Uttradit 
provinces.  

Provinces No. of positive/ no. of 
chickens

Seropositive
(%)

Table 1. Seroprevalence to HPAI H5N1 virus in healthy backyards chickens

chickens (%)
Nakhonsawan 0/4 0
Kamphaeng Phet 0/6 0
Phitsanulok 6/40 15
Lopburi 0/6 0
Sukhothai 5/588 0.85
Phichit 0/1 0
Uttaradit 1/62 1.61

Total 12/707 1.70

Conclusion: 
The study demonstrated that backyards chickens resided in repeated outbreak areas, could survive H5N1 infection. 
Asymptomatically infected chickens may play role as silent spreaders and maintain the virus in nature. Outbreak may occur 
when the virus is spread to population of susceptible animals.  Our finding lead to the suggestion that HPAI H5N1 virus 
might has become an endogenous pathogen of Thailand.
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Background: Highly pathogenic avian influenza 
(HPAI) H5N1 virus had been documented for its 
infectivity in several kinds of mammals including tigers 

d d ti d d t hi h th t

Results:  Totally, serum samples from 157 dogs and 42 
cats were tested.  H5N1 NT antibody was detected in 25 
(15.9%) dogs and 2 (4.7%) cats.  Highest prevalence was 
f d i i l f Phit l k i d f ll dand domestic dogs and cats which are the most

popular pets of humans. HPAI has been well 
controlled; and no human cases occurred in human 
since August 2006. However, small outbreaks 
occasionally occur in backyard poultry, together with 
the infection in wild birds and mammal species.   
Thus, there is a possibility that dogs and cats, 
especially those living in H5N1 repeated outbreak 
areas or suspected outbreak areas where abnormal 
death of poultry were found have high risk of

Animal Provinces No. of positive/ 
no. of animals

Seropositive
(%)

Nakhonsawan 0/1 0
Kamphaeng Phet 0/2 0
Uttaradit 0/3 0

found in animals from Phitsanulok province, and followed
in order by Phichit and Sukhothai provinces. 

Table 1. Seroprevalence of HPAI H5N1 virus in domestic dogs 
and cats

death of poultry were found, have high risk of
exposure to H5N1 virus from eating the infected 
animal carcasses or closed contact with the infected 
animals. To demonstrate this, we performed 
serological surveillance in dogs and cats living in 5 
provinces where H5N1 HPAI outbreaks or suspected 
outbreaks were found, by using microneutralization 
(microNT) assay. 

M t i l d th d Thi t d i d t

Uttaradit 0/3 0
Dog Phichit 1/3 33.33

Phitsanulok 8/17 47.06
Sukhothai 16/131 12.21

Total 25/157 15.92
Nakhonsawan 0/0 0
Kamphaeng Phet 0/1 0
Uttaradit 0/3 0

Cat Phichit 0/5 0
Phitsanulok 2/5 40

Materials and methods: This study was carried out
during January 2007 to August 2009 in dogs and cats 
living in 5 provinces where H5N1 HPAI outbreaks or 
suspected outbreaks repeatedly occurred, i.e., 
Sukhothai, Phichit, Phitsanulok, Uttaradit and 
Kamphaeng Phet.   The study protocol was approved 
by the Ethical Committee for Animal Health and 
Welfare, Faculty of Veterinary Science and Animal 
Assurance PHS from Office of Laboratory Animal 
Welfare USA (OLAW No A5731 01) Blood sample

Conclusion: We demonstrated that dogs and cats living in 
the H5N1 outbreak areas could be infected 
asymptomatically or developed only mild symptom. 
However, time at infection is not known. Dogs and cats can 
serve as a potential source of HPAI spread in addition to 
avian species. 

Sukhothai 0/28 0
Total 2/42 4.76

Welfare, USA (OLAW No. A5731-01). Blood sample
collection was employed under consent from the 
animal owners.  ELISA based microNT assay in 
MDCK monolayer was performed in biosafety level-3 
containment facilities. The reciprocal antibody titer 40 
was established as the cut-off level for positive result.
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BackgroundBackground

A flock of brown headed-gulls (Larus brunnicephalus) is seen along the muddy beach at Bang Pu, Samut Prakarn 
every year during November to March.  However, its long distant migratory route has never been reported. Our group 
could isolate HPAI H5N1 virus from 4 (2.6 %) of 153 birds of this flock in 2005 and 2008. Thus, this flock might play a 
role in the spread of HPAI virus along its fly ways.  The present study conducted satellite telemetry technique to 
demonstrate the migratory routes of this bird species, including an attempt to isolate H5N1 virus and detect specific 
antibody by ELISA and microneutralization (microNT) assay.

Methods 

Gulls negative for influenza A antigen were tagged with solar powered satellite 
transmitters (Microwave); and their movements were monitored by Argos satellite 
tracking system. Most locations, used for analysis and mapping with Google Earth 
Programme version 4.3, had a precision of <1500 m. Tracheal and cloacal swabs 
as well as serum samples from birds were collected at convenience, while the flock 
stayed in Thailand.

Results Figure 1 : Brown headed-gull (Larus brunnicephalus)
was being tagged with solar powered satellite 
transmitters

We started tracking the first gull in March 2008 and the second group 
of 7 gulls between February and March 2009. Collective data from the 
two experiments confirmed that gulls migrated out of Thailand in April.  
Five of them flew to Xinjiang, Qinhai and Tibet, places of their long 
stay.  The first gull moved from Tibet to West Bengal, India in October 
before coming back to Thailand.  Nevertheless, this bird stayed in 
Thailand only shortly; then, it flew to Siem Reap, Cambodia in late 
October and inhabited there until the signals lost in December 2008.  
Birds could fly at a distance of 330.07 km/day in average.  MicroNT 

transmitters.

y y g
assay was performed in 85 birds, and the results were all negative; 
meanwhile 3.5 % of samples were positive by ELISA for pan-influenza 
A antibody. 

Conclusions

Brown-headed gulls had migrated across several countries.  However, it needs to be further explored that gulls can be 
infected asymptomatically and the infected gulls can migrate that far. Then, role of this species in the spread of H5N1

Figure 2 : Migratory route of a Brown headed-gull during 

March – December 2008.

infected asymptomatically and the infected gulls can migrate that far. Then, role of this species in the spread of H5N1
virus can be concluded. 

This study supported by US. CDC (Cooperative Agreement Number 1U19CI00399-01). The study was also partial 
supported by Thailand Research Fund for Senior Research Scholar through P.P. (the grant PI).  
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Introduction: 
Two neuraminidase inhibitors (NAI), oseltamivir and zanamivir, have been used for 

treatment and prophylaxis of influenza A and B viruses.  At present, almost 100% of seasonal 
influenza H1N1 viruses are resistant to oseltamivir owing to mutational change from   histidine  
to tyrosine at amino acid position 274 (H274Y in N2 numbering) in NA molecule .   
Nevertheless,   the H274Y mutant viruses are still sensitive to zanamivir.  The H274Y mutation 
was seen in N1 in both cell culture passaged viruses and clinical specimens from 
immunocompetent or immunocompromised patients treated with oseltamivir.  Our study 
conducted a surveillance of oseltamivir and zanamivir resistant seasonal H1N1 viruses 

l t i B k k d l f Th il d b t 2006 d 2009 b i th

Fig 4. Chromatogram of N1 gene of mutant show changing of amino acid position  
at position 274

NA subtype
NA mutation positions (N2 numbering)

Oseltamivir Zanamivir

Table 1. Mutation positions indicating NA inhibitor resistance

prevalent in Bangkok and rural area of Thailand between 2006 and 2009 by using the
fluorometric based NA inhibition assay as well as nucleotide sequencing for mutational 
change in N gene.  Our study provided additional data from different geographical sites for 
both drugs as well as the earlier time period of investigation.  

Materials and Methods:
Seasonal influenza H1N1 viruses from 3 provinces of Thailand during 2006 to 2009 : 28  

virus isolates and  41 respiratory samples. 
Neuraminidase (NA) inhibition assay using MUNANA substrate was used to determine 

50% inhibitory concentration (IC50) of the virus isolates

Oseltamivir Zanamivir
A/H1N1 H274Y, N294S Q136K
A/H3N2 E119V, D151E, I222V , R224K

, R292K, N294S, 
R371K , E276D

E119A/D/G , R224K , R292K, 
R371K ,  E276D

B E119A/D/G/V , R152K, 
D198N,  R292K

E119A/D/G , R152K, D198N, 
R292K

Result:
All 22 influenza isolates investigated in 2006 and 2007 were drug  susceptible  

with  mean IC50 of 0.93 and 1.40 nM, respectively for oseltamivir.    
Direct nucleotide sequencing of PCR products derived from amplification of  N genomic 

segments  present in clinical samples  was performed. The nucleotide sequences were 
analyzed for amino acid mutation position indicating of drug resistance.  

Fig 1. Standard curve of 4-methylumbelliferone:
The MU solution was serially two fold diluted (4 to 

10-6 mM), then the RFU (relative fluorescence unit) 
values   obtained were   plotted against MU 
concentrations to generate a standard curve. 
Therefore, the amount of viruses that yielded RFU 
value between 20,000 and 40,000 was selected as the

Standard curve of MU
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The isolates in 2008 and 2009   were  oseltamivir resistant with mean IC50 of 
437.12 and 709.05 nM, respectively.

All of the 28 isolates tested were zanamivir sensitive, i.e.,   mean IC50 of   0.42 to 
4.89 nM

The resistant mutation H274Y in N gene (N2 numbering) was found in all 6 
clinical samples collected in 2008,  but  none of the 35 samples collected between 
2006 and 2007.

All of the 28 isolates tested were zanamivir sensitive, i.e.,   mean IC50 of   0.42 to 
4.89 nM; and no mutational change indicating zanamivir resistance was observed in 
all clinical samples tested. all of the 28 isolates tested were zanamivir sensitive, i.e.,   
mean IC50 of   0.42 to 4.89 nM; and no mutational change indicating zanamivir 

value between 20,000 and 40,000 was selected as the
standard dose.  In general, all tested viruses in our 
study were assayed at the RFU value about 30,000.

Fig 2. NA activity assay of  SI-255 and U184/49 

0.00

10000.00

Concentration of MU in mM  

R

resistance was observed in all clinical samples tested.

Year Number tested
Mean, median and  range of IC50 in nM

Oseltamivir Zanamivir
2006 18 0.93, 0.94, (0.50-1.42) 1.22, 1.02, (0.42-2.11)
2007 4 1.40, 1.32, (1.02-1.94) 2.04, 1.91, (0.63-3.71)
2008 5 437.12, 428.03, (370.73-495.54) 2.19, 2.13, (1.45-3.30)
2009 1 709.05 4.89

Table 2. Susceptibility of seasonal influenza H1N1 virus isolates to NA inhibitors

Table 3. Nucleotide sequencing for drug resistant markers in clinical samples from 
patients with seasonal H1N1 virus infection

virus isolates.  These  two viruses will be used at 
the dilutions of 1: 8 and 1: 4, respectively in the NA 
inhibition assay 

Fig 3. NA inhibition assay of U184/49 and SI-255 

Year Number tested
Amino acid positions on NA gene (N2 numbering)

H274 H274Y N294 N294S

2006 32 32 - 32 -

2007 3 3 - 3 -

2008 6 - 6 6 -

Discussion:
Based on phenotypic and genotypic based assay, our study could not detect any 

drug resistant seasonal influenza H1N1 virus between 2006 and 2007; meanwhile the 
high percentages of drug resistance have been discovered   in 2008 and 2009.g y

against oseltamivir and zanamivir.   
U184/49 is sensitive to both drugs (IC50 =  1.46 nM for 

oseltamivir, and 2.51 nM for zanamivir), while SI-255 is 
sensitive to zanamivir (IC50=3.31 nM), but resistant to 
oseltamivir (IC50 = 372.18 nM) 

Regarding zanamivir phenotypic-based sensitivity assay,   all of the viruses 
tested were drug sensitive.   Additionally, mutation indicating zanamivir resistant was 
not found in all clinical samples investigated.    Nevertheless, it is interesting to see 
that the viruses have a trend towards an increasing  IC50 values by years; and this 
point is to be further explored. 
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Susceptibility of influenza A viruses to neuraminidase inhibitors 
as determined by phenotypic and genotypic-based assays

Susceptibility of influenza viruses against anti-viral drugs can be determined by genotypic based assay
(such as nucleotide sequencing and RT-PCR) or phenotypic-based assays (such as NAI assay, plaque reduction
assay and viral protein reduction assay). The present study proposed that no single assay is adequate for anti-
influenza drug resistance surveillance; and at least two assays of different principles should be performed in order to
compensate for the disadvantage of another one. Herein, all four assays mentioned above were employed in the

Introduction
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detection of oseltamivir and zanamivir resistant influenza viruses.

Phenotypic based assays

Virus + NA inhibitor

Add to MDCK monolayer

37C 1 hr

MUNANA-based NAI assay                                                      Plaque reduction assay

37C, 1 hr
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Results

37C, 1 hr

Wash out

Add agarose gel with various 
concentration of NA inhibitor 

37C, 48 hr

Stain with crystal violet and determine for IC50
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A/Mississippi/3/01(H1N1) wt 274H A/Fukui/20/04(H3N2) wt 119E 

A/Mississippi/3/01(H1N1) mutant 274Y A/Fukui/45/04(H3N2) mutant 119V 

Results

Viruses
Oseltamivir carboxylate Zanamivir

MUNANA-NAI 
assay (nM) 

Plaque reduction  
assay (μM)

NP reduction 
assay (μM) 

MUNANA-NAI 
assay (nM) 

Plaque reduction  
assay (μM)

NP reduction 
assay (μM) 

Reference strains
A/Mississippi/03/01(H1N1) wt (274H) 1.799 0.27 0.050 1.28 0.50 0.11

A/Mississippi/03/01(H1N1) mutant (274Y) 477.76 43.64 131.12 1.24 0.52 0.331

Seasonal viruses
A/Brisbrane/59/07(H1N1)-like SEA_3043 875.25 104.44 781.49 3.89 0.39 1.659
A/Brisbane/10/07(H1N1)-like SEA_3026 1.21 0.01 0.833 0.64 0.045 2.205

A/Brisbrane/10/07(H3N2)-like SEA 3613 0 85 0 055 0 166 1 82 0 50 1 331

Virus + NA inhibitor

Add to MDCK monolayer
37C, 1 hr

Wash out

37C, 1 hr

Nucleoprotein reduction assay

A/Brisbrane/10/07(H3N2) like SEA_3613 0.85 0.055 0.166 1.82 0.50 1.331

2009 H1N1 virus

A/Thailand/104/09(H1N1) 1.02 0.39 1.94 0.60 1.52 4.671

H5N1 viruses

A/Thailand/1(KAN-1)/04 0.15 1.084 5.68 1.82 14.32 50.282

A/Thailand/3(SP-83)/04 0.19 0.003 0.008 1.02 0.017 0.231

A/Thailand/5(KK-494)/04 0.26 0.031 0.223 2.21 0.885 0.186

A/Thailand/676(NYK)/05 0.17 0.035 0.012 3.12 0.479 0.932

A/Laos/Nong Khai 1/07 8.05 0.528 3.165 1.13 1.104 3.163

A/Thailand/276(NBL)/06 0.86 0.006 0.004 2.04 0.009 0.053
A/Tiger/Thailand/BF154/04 0.13 0.238 0.4395 0.40 0.042 0.099

A/Golden Pheasant/Thailand/BF2743/05 0.18 No plaque formation >800 0.24 No plaque formation >800

Add media with various 
concentration of NA inhibitor 

37C, 24 hr

ELISA based nucleoprotein assay and 
determine IC50
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ConclusionAcknowledgements
There is no amino acid substitution indicating drug resistance was detected

in N gene among all of the study isolates. However, based on phenotypic assays,
few resistant mutants were detected by infectivity reduction assays but not NAI
assay. Our result suggested the novel mutational change that might confer the
resistance to NA inhibitors.
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A/Clouded Leopard/Thailand/VSKU-6/04 0.14 0.003 3.266 0.16 0.038 1.982
A/chicken/Thailand/VS143/07 1.88 0.002 0.007 7.68 0.013 0.14

A/chicken/Thailand/VS195/07 0.53 No plaque formation 560.73 4.9 No plaque formation 259.45

0
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NA inhibitor conc ( M)

%

             800             50            3.125         0.195         0.012       0.0008       0.0002    
0
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             800             50              3.125          0.195          0.012          0.0008        
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Infection of human endothelial cells may be an explanation for influenza virus dissemination beyond the
respiratory tract. Herein, seasonal influenza A(H1N1) and A(H3N2), and H5N1 highly pathogenic avian influenza
(HPAI) viruses were determined for their capability to infect and induce cytokine/chemokine production in human
umbilical vein endothelial cells (HUVECs). The influenza infected HUVEC cultures showed cytopathic effect (CPE) and
expressed viral nucleoprotein as determined by immunofluorescence assay (IFA). Supernatants from the infected
cultures were collected at intervals and titrated for virus titers in MDCK cells as well as assayed for
cytokine/chemokine production by ELISA. The result showed that most of H5N1 isolates yielded high or moderately
high titers of virus progenies; while, only one isolate poorly replicated. On the other hand, seasonal influenza viruses
could also replicate in HUVECs, but to a lesser extent. Using commercial ELISA, IL 8 could be detected in
supernatants of HUVEC cultures infected with all influenza subtypes; but TNF and IL 1 could not be detected at
all. Interestingly, H5N1 HPAI dramatically induced IP 10 production; while H3N2 viruses induced very low level and
seasonal H1N1 viruses could not. Our study suggested that an ability to infect and induce cytokine/chemokine
production in HUVECs may contribute to mechanism of virulence of H5N1 HPAI viruses in humans.

Materials and methods

Harvest culture supernatants at 1, 3, 5 and 7 dpi.

Infected cells

Immunoflorescence
(IF) assay

Titration of virus
progenies in MDCK

cells

ELISA (R&D) for
cytokine/chemokine

(TNF , IL 1 , IL 8 and IP 10)

HUVECs + virus (0.005TCID50/cell)

Result
Virus infection in HUVECs

Cytokine and chemokine production

This study was supported by Thailand Research Fund for Senior Research Scholar and Mahidol University Research
Grant.
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Supernatants

With very few exception, an illness produced by human influenza viruses usually confines within the respiratory
tract and subsides without sequel in most of the cases. On the other hand,H5N1 HPAI virus is the most virulent
influenza subtypes ever reported in human infections. A virulent factor of H5N1 HPAI virus is its ability to disseminate
beyond the respiratory tract to distal organs and cause multi organ failure in most of the patients. Moreover,
pneumonia hemorrhage was the common pathological finding in HPAI. Hemorrhage and edema are the
characteristics suggestive of activation or infection of the endothelial cells which consequently lead to loss of tight
junction constituents and vascular hyper permeability, and probably virus dissemination in the body. The present
study explored mechanism of pathogenesis involving influenza A virus dissemination through investigation on their
ability to infect, replicate and induce cytokine and chemokine production in primary endothelial cells derived from
pooled HUVECs.

All influenza A subtypes could produce CPE in HUVEC cultures. Nevertheless, CPE produced by H5N1 isolates
could be recognized as early as 1 day post infection (Fig.1). The viral antigen was found in nucleus and/or cytoplasm
of the infected HUVECs as shown by IFA (Fig.2). Successful productive infection of influenza virus in HUVECs was
demonstrated by the release of viral progenies in the culture supernatants collected at 1, 3, 5 and 7 dpi. Among 9
H5N1 isolates, KAN 1, Nong Khai 1 and NBL 1 (feces) viruses replicated efficiently and yielded high virus titers; SP 33,
SP 83, 676 NYK, NBL 1 (lung) and NBL 1 (trachea) replicated at moderate efficiency; while, KK 494 poorly replicated
in HUVEC cultures. H3N2 viruses could fairly replicate in HUVECs, but least efficiency of replication was noted with
Moscow virus. On the other hand, all of the 3 seasonal H1N1 viruses investigated poorly replicated in HUVECs
(Fig.3).

Uninfected HUVECs A/Thailand/1(KAN 1)/2004 A/Fujian/411/2002(H3N2)
like virus

A/New Caledonia/20/99 (H1N1)
like virus

Fig.1 Cytopathic characteristics of HUVECs infected with influenza virus

Uninfected HUVECs A/Thailand/1(KAN 1)/2004 A/Fujian/411/2002(H3N2)
like virus

A/New Caledonia/20/99 (H1N1)
like virus

Fig.2 Influenza nucleocapsid antigen in nucleus and/or cytoplasm of the infected HUVECs
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All influenza viruses investigated could induce IL 8 in the infected HUVECs as assayed in the culture supernatants
collected at different dpi., while none of them induce TNF and IL 1 . Interestingly, H5N1 HPAI viruses was the only
subtype that could induce IP 10 production (Fig.4).
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Fig.3 Titers of influenza viruses in supernatants of the infected HUVEC cultures

Fig.4 Levels of cytokines and chemokines in supernatants of the infected HUVEC cultures

H5N1 HPAI, seasonal H1N1 and H3N2 viruses could elicit productive infection in
HUVECs; and highest efficiency of replication was noted with H5N1 HPAI viruses. IL 8
could be detected in supernatants of HUVEC cultures infected with all influenza
subtypes; while TNF and IL 1 could not be detected at all. Moreover, IP 10 induction
was typical for H5N1 viruses. Our study suggests that direct cellular damage and
induction of high level of IP 10 in the infected HUVECs may contribute to mechanism of
pathogenesis in severe H5N1 HPAI patients.

Conclusion

Introduction

Abstract

Objectives

Day 1

Day 3

Day 5

Day 7

• To explore the ability of 15 influenza virus isolates including 9 H5N1 HPAI, 3 seasonal H1N1 and 3 H3N2 viruses to
infect HUVECs. Kinetics of their replication was also determined at 1, 3, 5 and 7 days post infection (dpi.).
•To study the kinetics of cytokine and chemokine (TNF ,IL 1 , IL 8 and IP 10) release in supernatants of the infected
HUVEC cultures

IL 8

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

KA
N
1

KK
49
4

67
6(
NY
K)

No
ng
Kh
ai
1

NB
L 1

(Tr
ac
he
a)

NB
L 1

(Lu
ng
)

NB
L 1

(Fe
ce
s)

Sy
dn
ey
lik
e

Fu
jia
n
lik
e

Ne
w
Ca
led
on
ia
lik
e

Ne
w
Ca
led
on
ia
lik
e

IL
8
(p
g/
m
l)

IP 10

0

500

1000

1500

2000

2500

3000

KA
N
1

KK
49
4

67
6(
NY
K )

No
ng
Kh
ai 1

NB
L 1

(T
ra
ch
ea
)

NB
L 1

(L
un
g)

NB
L 1

(F
ec
es)

Sy
dn
ey
lik
e

Fu
jia
n
lik
e

Ne
w
Ca
led
on
ia
lik
e

Ne
w
Ca
led
on
ia
lik
e

Viruses

IP
10

(p
g/
m
l)

Day 1

Day 3

Day 5

Day 7

Day 1

Day 5

Day 3

Day 7



Normal guinea pig sera (GPS) were used as the tool to study serum
innate immunity against seasonal influenza A(H1N1) and A(H3N2), 2009
pandemic A(H1N1) (H1N1pdm) and H5N1 highly pathogenic avian
influenza (HPAI) viruses. GPS was incubated with influenza viruses; and
then, the mixtures were transferred onto MDCK cell monolayers to assay
for virus infectivity. The results demonstrated that H3N2 virus was the
most sensitive to GPS, while seasonal influenza A(H1N1) and H1N1pdm
viruses were less sensitive. When GPS was heat inactivated or treated
with receptor destroying enzyme (RDE) followed by heat inactivation, the
serum inhibitory effect dramatically decreased. Interestingly, all of the
H5N1 strains tested were highly resistant to GPS. It was suggested that
H or both H and N of H5 viruses may confer this resistance. Two reverse
genetic viruses, PR8-H5HA and PR8-H5HN, were tested against GPS in
parallel with the reassorted PR8 wild type virus. The result showed that
both reverse genetic viruses were resistant, while the reassoted PR-8 wild
type was sensitive to GPS. It was found that H3N2 viruses contained
highest number of glycosylation sites and followed in order by H1N1 and
HPAI H5N1 viruses. Thus, inverse correlation between sensitivity to GPS
and number of glycosylation sites had been demonstrated. This finding
may explain a mechanism to pathogenesis of H5N1 HPAI virus on its
ability to spread beyond the respiratory tract.

Abstract

Materials and methods

1000TCID50 of virus + 2 hemolytic units of GPS
(native, heat inactivated , RDE treated followed by heat inactivation) 

37 C for 45 minutes

MDCK cell monolayers 

37 C, overnight

Assay for the amount of viral nucleoprotein (NP) produced in 
the inoculated MDCK cells by ELISA

Virus subtype Virus name

Number of 
glycosylation sites 

on
HA NA

H1N1

H1N1 pdm

H3N2

H5N1

PR8-H5HA
PR8-HN

A/PR/8/34
A/New Caledonia/20/99-like virus 
A/Brisbane/59/07-like virus  
A/Thailand/104/09 
A/Nonthaburi/102/09
A/California/07/09
A/Sydney/05/97-like virus
A/Moscow/10/99-like virus 
A/Fujian/411/02-like virus No.1
A/Fujian/411/02-like virus No.2
A/Thailand/1(KAN-1)/04
A/Thailand/5(KK-494)/04
A/Thailand/676(NYK)/05
A/Thailand/NBL-1/06
A/Laos/Nong Khai 1/07 
rgPR8 H5HA (KAN-1)
rgPR8 H5HN (KAN-1)

7
10
10
8
8
8
11
11
12
12
8
8
8
8
8
8
8

4
9
9
8
8
8
-
9
-
-
3
3
4
3
4
4
3

Several soluble factors as well as non-specific inhibitors in sera of various
animal species possess blocking activity against influenza virus infection.
In presence of the serum inhibitors, the viruses were neutralized and resulted in the
reduction of the amount of viral nucleoprotein produced in the inoculated cell
cultures. It is difficult to study innate immunity against influenza viruses by
using human sera due to interference effect from pre-existing specific
antibodies arose during past infections or vaccination. Therefore, guinea
pigs were chosen as the model in this study.

Introduction

Results

Conclusion
GPS contained inhibitory factors that could neutralize influenza virus infectivity; and the degree of inhibition was
dependent on the virus subtypes and inversely correlated to number of glycosylation sites present in HA or HA
and NA molecules. These inhibitory factors were consisted of heat labile, heat stable, RDE resistant, and RDE
sensitive factors. Among all virus isolates tested, the inhibitor sensitive H3N2 viruses contained highest number of
glycosylation sites. However, the inhibitor sensitive reassorted PR8 and the inhibitor resistant HPAI H5N1 viruses
contained the similar least number. Our study has demonstrated a novel mechanism to virulence of H5N1 HPAI
viruses, i.e., the resistance to innate serum inhibitors which makes the viruses readily to disseminate beyond the
respiratory tract through viremia.

Acknowledgements
This work is supported by the Thailand Research Fund for Senior Research Scholar, Mahidol University
Research Grant, and the Faculty of Medicine Siriraj Hospital Scholarship for graduate students.

Figure Comparison between inhibiting activity of native, heat inactivated, and RDE treated plus heat inactivated
serum against : A. Seasonal H1N1; B. H1N1pdm; C. H3N2 viruses; and D. Reverse genetic viruses
. * There was statistically significant difference between the inhibitory activity of native serum and the heat inactivated serum or

the RDE + heat treated sera (t-test: p ≤ 0.05).
** There was statistically significant difference between the inhibitory activities of the

heat inactivated serum and the serum treated with RDE + heat inactivation (t-test: p ≤ 0.05).
*** There was statistically significant difference between the inhibitory activity against rgPR8H5HA or rgPR8H5HN and

the PR8 wild type virus (t-test: p ≤ 0.05).

B

C D

Table 2 Numbers of glycosylation site on HA and NA 
of the study viruses

A

Virus 
subtype

Virus name
% of  NP produced in presence of
Native 
serum

Heat 
inactivated 

serum

RDE treated 
plus heat 

inactivated 
serum

H1N1

H1N1 pdm

H3N2

H5N1

PR8-H5HA
PR8-H5HN

Reassorted A/PR/8/34
A/New Caledonia/20/99-like virus 
A/Brisbane/59/07-like virus  
A/Thailand/104/09 
A/Nonthaburi/102/09
A/California/07/09
A/Sydney/05/97-like virus
A/Moscow/10/99-like virus 
A/ Fujian/411/02-like virus No.1
A/Fujian/411/02-like virus No.2
A/Thailand/1(KAN-1)/04
A/Thailand/5(KK-494)/04
A/Thailand/676(NYK)/05
A/Thailand/NBL-1/06 feces
A/Thailand/NBL-1/06 lung
A/Laos/Nong Khai 1/07 
rgPR8 H5HA (KAN-1)
rgPR8 H5HN (KAN-1)

50.1
79.1
69.3
65.8
16.4
11.3
19.2

0
3.1
3.8

92.2
89.2
94

96.5
97.8
99.2
97.7
93.3

96.8
86.8
85.1
85

19.4
25.5
95.3
79.7
77.8
51.2

-
-
-
-
-
-

98.2
94.6

96.6
98.8
88.3
94.7
58.4
91.9
100
100
88
97
-
-
-
-
-
-

97.8
94.5

Table 1. Viral NP production in MDCK infected cells

Normal guinea pig serum mediates inhibitory effects on 
influenza virus infection

Jutatip Panaampon, Phisanu Pooruk, Pirom Noisamdaeng, Rungnapa Bunruang, Ornpreeya Suptawiwat, 
Prasert Auewarakul, Pilaipan Puthavathana

Department of Microbiology, Faculty of Medicine Siriraj hospital, Mahidol University, Bangkok 10700, Thailand

Objective
• To study seasonal influenza virus subtypes A/H1N1 and A/H3N2,

H1N1pdm and HPAI H5N1 viruses on their susceptibility to
guinea pig serum inhibitors

• To characterize biological properties of the serum inhibitors
• To determine correlation between glycosylation site on HA and NA

and susceptibility to serum inhibitors
• To determine role of HA/NA on susceptibility/resistance to serum

inhibitors

Note: % of NP produced as compared to that of the virus control

*
*



Serological response to the 2009 influenza A (H1N1) virus strains 
derived from different epidemic waves in Thailand

Nathamon Ngaosuwankul1, Sopon Iamsirithaworn2, Anek Mungaomklang2, Rungnapa Bunruang1, Phisanu Pooruk1, 
Kulkanya Chokephaibulkit3, Prasert Auewarakul1 and Pilaipan Puthavathana1

Methodology
- A total of 105 archival serum samples collected in July 2009 from patients and non patients were
investigated by HI assay (Figure 1) as described in the WHO manual on animal influenza diagnosis and
surveillance. Six virus isolates derived from 3 epidemic waves were used as the test antigens (Table 1).
- Nucleotide sequences derived from complete HA gene of the six viruses were genetically analyzed using
BioEdit and MEGA 5 software.

Background
Thailand had encountered 3 epidemic waves of the 2009 pandemic influenza A (H1N1) between 2009 and
2010. The first wave lasted between May and October 2009; and followed by the second wave between
November 2009 and April 2010, and the third wave between May and October 2010. Based on the RNA
nature of influenza virus, genetic drift commonly occurs and subsequently leads to viral antigenic variation
such that antibody arose against the virus originated during the first epidemic wave may be not able to
protect against those arose during the subsequent epidemic waves.

Results
The test sera harbored various HI antibody titers against each of the test viruses as shown in Table 2. GMT
obtained from each of the two viruses derived from the same epidemic wave (intra-epidemic viruses)
were not significant different (t-test; p > 0.05) as shown in Figure 2. And also, GMT obtained from viruses
belonged to the first and the second epidemic waves were not significantly different. On the other
hand, GMT of HI antibody against the viruses of the third epidemic waves were significantly lower than
those against viruses of the first and second waves (t-test; p < 0.05, *). Nucleotide sequences derived from
HA gene of the six viruses were analyzed; and phylogenetic tree demonstrated that viruses derived from
the three epidemic waves belonged to different clusters as shown in Figure 3.

Conclusion
This study demonstrated significant antigenic change of H1N1pdm to the point that the existing antibody
arose from the first epidemic wave or vaccination might not be able to protect against the current
circulating strains. The virus strain to be incorporated as a component of vaccine, therefore, should be
reconsidered to match with the current strains which underwent antigenic change dramatically.
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Objectives
- To determine GMT of antibody in serum samples collected during the first epidemic wave against the
2009 pandemic A (H1N1) (H1N1pdm) viruses derived from the three epidemic waves by hemagglutination
inhibition (HI) assay
- To characterize HA gene of the viruses derived from the three epidemics

Virus
Month at 
specimen 
collection

Epidemic 
wave No.

Place of origin
Passage 
history

A/Thailand/104/2009 Apr 2009 1 Imported case from Mexico MDCK5

A/Thailand/ICRC_CBI_10/2009 June 2009 1 Chonburi, Thailand MDCK5

A/Thailand/SEA 34002/2010 Feb 2010 2 Bangkok, Thailand MDCK5

A/Thailand/SEA 34004/2010 Feb 2010 2 Bangkok, Thailand MDCK4

A/Thailand/ICRC_BKK_1/2010 Aug 2010 3 Bangkok, Thailand MDCK5

A/Thailand/ICRC_NSN_1/2010 Sep 2010 3 Nakornsawan, Thailand MDCK6

1Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok 10700, Thailand 
2Bureau of Epidemiology, Department of Disease Control, Ministry of Public Health, Nonthaburi 11000, Thailand

3Department of Pediatrics, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok 10700, Thailand

Table 1. History of virus isolates  used in this study

Virus
No. of subjects with HI antibody titer of

GMT
<10 10 20 40 80 160 320 640 1280

A/Thailand/104/2009 11 8 6 26 34 16 3 1 - 46.9

A/Thailand/ICRC_CBI_10/2009 13 8 15 19 27 15 5 2 1 44.2

A/Thailand/SEA 34002/2010 11 6 6 24 25 25 6 2 - 55.6

A/Thailand/SEA 34004/2010 10 5 11 26 29 15 7 2 - 51.1

A/Thailand/ICRC_BKK_1/2010 18 11 24 32 16 3 1 - - 28.6

A/Thailand/ICRC_NSN_1/2010 22 12 21 29 14 6 1 - - 23.3

Table 2. HI antibody titers against the test viruses

Figure 2. GMT of HI antibodies against each of the six
test viruses. * represents statistic different with p < 0.05. Figure 3. Phylogenetic tree based on HA gene nucleotide sequences

Figure 1. Hemagglutination inhibition (HI) assay

Serum treatment
serum + RDE at the ratio of 1:3

37 C, 16-18 h and 56 C, 30 min

+ normal saline

4 C, 1 h

Centrifuge at 1,500 rpm, 10 min

Supernatant of treated serum at working dilution 1:10
Serum, RDE, NSS and 50% RBC are used at the ratio of 1 : 3 : 5 : 1

+ goose red blood cells

Abstract
Up to the end of 2010, Thailand has encountered 3 epidemic waves of the 2009 pandemic influenza A
(H1N1) virus. In order to determine the viral antigenic drift that might occur during these epidemic
waves, a total of 105 archival serum samples collected from patients and non-patients in July 2009 were
assayed by hemagglutination inhibition (HI) assay using two isolates of the 2009 pandemic viruses derived
from each pandemic wave as the test antigens. The result obtained from the two viruses derived from the
same epidemic wave (intra-epidemic viruses) showed no significant difference in level of HI
titers, i.e., GMT 46.9 and 44.2 for viruses from the first epidemic wave, GMT 55.6 and 51.1 for viruses from
the second epidemic wave; and GMT 28.6 and 23.3 for viruses from the third epidemic wave (t-test; p >
0.05). On the other hand, HI antibody titers obtained from the viruses of the first or second epidemic
waves were significantly higher when compared with those titers obtained from viruses of the third
epidemic wave (t-test; p < 0.05). However, HI titers obtained from viruses belonged to the first and the
second epidemic waves were not significantly different. Nucleotide sequences derived from HA gene of
the six viruses were analyzed; and the result showed that these viruses were grouped into three separate
clusters of the phylogenetic tree. The viruses isolated from the same epidemic wave were belonging to
the same cluster. Taken together, the results suggested an antigenic change of the 2009 H1N1 viruses to
the point that the antibody arose from the first exposure might not be able to protect from the viruses
derived from the subsequent epidemic waves. The virus strain incorporated as a component of vaccine in
use at present, therefore, might not match with the current strains circulating in the community.

HI assay
25 μL of 10-fold diluted serum + 25 μL of test virus (4 HA units/25 μL)

RT, 30 min

+ 50 μL of 0.5% goose red blood cells

4 C, 30 min

Read HI antibody titer as a reciprocal of the last serum dilution that
completely inhibits agglutination of RBCs

 CA/07 seed E4 HA

 Thai/104 MD5 HA

 NA MD5 HA

 34-002 MD5 HA

 34-004 MD4 HA

 CT MD5 HA

 JR MD6 HA

71

68

22

0.001

A/Thailand/ICRC_CBI_10/2009

A/Thailand/104/2009

A/Thailand/ICRC_BKK_1/2010

A/Thailand/ICRC_NSN_1/2010

A/Thailand/SEA 34002/2010 

A/Thailand/SEA 34004/2010 

71

68

0.001

A/California/07/2009

22

46.9 44.2
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