
tf Q QJ 

~w1~~n1ru1JVf11V1tJ1~tJ 
q 

Q QJ 

VI'Ud~tJ 
q 

ne:J~VI'U~Cij~1jib'Mn611JbcnCij
q 

Q QJ 

11tJ~1'U1~tJ 

'V 

n111bfl11~~ltJ1~'U~1~uCSZJe:J~b~e:Jl1~61 H5N 1 U'U~1b6l1~~tJ1~611V1 

CSZJe:J~fl'U1~tJ1ibVlflilflVl1~1tJ1~1e:Jijn61 

l~tJ 

.c:::t 
lAJ~~1cf1 CijlAJ6i'UVl1

'U q 

I 

tJ~ cf111111ru 
'U 

n1n~1fl1J 2556 




ii 

~ ~ _I 
fl~~ fl'j'j)J1J'j~ fllfl 

W),ltJ'U{)'U{)lIf1W O{)-1Vl'W~'lf~lnlfHH"lJ1.fl'lf ~ 1~{)'W~'Vl'Wi,)tJril'l1~1Ion itfl'Jl~..1Y!l11h~'W 
'II q q q q 

~1~1I'U{)-:]1~{) ~h~!;Y H5N 1 lI'W~htClf",,\h~ffl'Vl'UV-:]f1'W 1~tJ1~t'VlfliJfI'Vll-111h~1vum:y Vil '11'1 fi 'J -101'J 

i,)tJ~~ f)ril1dlt~ 'tI~llJl~ tllh~!;Y ~rl~11~1l' 
q 

ti.16U'l1~ o...N 15 _,._ 
~"'t~tiV~~· 

"", .}<>i; 

!i.1"ll~A1Jtn.. 016Y3'1·,~ .\ 

'V ~ "';'1 . 
1U, AVl3U. u Q111. 9\. 5~ 



iii 

tJ't1fi~dflftl1:n''t1t1 


~ '" 1~ 1 d QI 'QI QI ~ "'~ 1~ IIJ~t)lf1'l-3fll'li~tI fll'j'11fl'j'1~11111 u'j'~'W~1'j'U6ijfl~1'lffl ld'j'ff H5NI U'WH119f'fl'flu'j'~ffl'V1 

'Ufl~fl'W 1~tJ1~1'VIflUfl'VI1~ 1 u'j'~lfliJflff 
. 
~ yqV d I 

'lft)~1~tI 'j'fy'~'j'.VHl'fll.tl 'If'Wff'W'VI'j' fl.'W'VttJ~ .tl1'j'1'j''j'tu
'U q 'U 

l&lt)'UUi;l~iJ~'thi~whl~~ YHP:J.tllfllJ 'W. fl. 2555 

QJ , 

tJ't1rl~tlfl 

"g ~ .1 jA QI IIJ v ~ ~ IIJ QI QI '" 1'Wfll'j'fl'fl1:Jlfl'j'~'W fltu~H1,)tJ 1'-'~'j'11lffflUfl11lJffllJl'j'U''Wfll'j'\PI~1G)ffl n'j'ff H5Nl ffltJWW1i 
'U q 

AlThailandl NK 165/2005 ''Wt9f'flrl'1.h~(;l'l'VI SH-SY5Y l'-'tJ~11i'(;l'(;l'lfJ'i'W {numWfllJl1l1fl'W'fllfflJl 
q 'U 

VI "" A I dd d, 11)
6ijfl.:J Hlbo\PI'-'lGlffl' 'W~1.:J'VIlJfll'j''j' ~Ul'-''j'~'flflfl'VIffllJ 'WU'j'~t 'VIfl 1'V1 tJ ldfl.:J 1l1fl1l'W (l.:JU1l1l1JurJ.:J 1~~ 

q'U 

"g , ~ A 11) QI OJ '".1, ~ 1 
'j'ltJ~1'W(l-3fl11lJ(;l'llJl'j' U 'W fll'j'~'-'t 'lffl6ijfl~ n'j'(;l'ffltJ'W'W 1i'W 'W 'j'~U1Ju'j'~(;l'l'V16ijfl.:Jfl'W H'flfll'j'fffl'hl1

q 

'Vnrhfll'j'~,-,!4fll1i'(;l' NK 165 'V11' 11'!9f'fl~U'j'~(;l'1'V1fl'Wn fll'j'lU~tJ'WUU 'fl.:J'j'U~l.:J 1U1l1m~lJ (CPEs)
'U 

dOl 9 '" Q,I 11) 'JIQ,I A 11) 'JI .:.. 1
ffllJl'j'U\PI'j'11)'WU hemagglutinin 'VI\l11'Wl~~fl H5NI !'WU1~19f'fl(;l11(;l~1l1fl t~'j'Ul'lffl tUU(;l1 12 'In lJ.:J 

, .:.. 1 '" "" A dllJ 'JI V Q,I 0 Q,I "" 

.tl1tJ 'Wt1(;l1 24 ~1 lJ.:J 'VIm9f(;l(;l1l~~'-'t'lffll1lJ~ H(;l'VI l~(;l'fl~fl(;lfl.:JflU(;ll~Ufll'j'!fl~ CPEs U'fl~illlJltu 
q 

IIJ v d "" ",d ~.K 9 .:.. 1 ",d"" A 0 

ld'j'ff'VI(lflH'fl~flflfllJl1l1m9f(;l(;l'VI~,-,t'lffl .tl1tJ !'Wt1'fll 72 'lf1 lJ~ t9f(;l(;l'VI~'-'t~fl1)~Ufl'VI1'flltJ1l'Wl1lJ'-'
'U 'U 

'Wflfl1l1fl~ fltu~W"J,rtJl~'~1 i'(;l'(;l'l tJvr'W {~~ flri 11 1'W flU ilfl'j'1~cH1111U'j' ~'Wi1i'U6ijfl.:J l1i'ff H5N I U'W 
'U q 

~ht9f'flrl'lh~(;l'1'V11'-'tJ'i't'VIflUfl ID-VOPBA fl1u~iunufluitfl'j'1~cHH(;l1,-,tJ19¥tflifl~ LC-MSIMS 
'U 

"i ;'1 1~ 1 d dd "" , "'~ 1 d, v~I

!,-,tJ'WU11 RACK 1 U(;l~ prohibitin lu'W u'j'~'W'VIlJfl1'j'Uff'-":Jflflfl1l'j'~ 'Wt9f(;l'flu'j'~(;l'l'Vl'VI ~Mfl1:JltH'1~ 

d ~ QI .1 Q,I d ~ "" A "g d 11] lIJ v I 

fl1'j' U (;l''-' .:Jflfl fl6ijfl.:J 1 U 'j' ~'W 'VI.:J fffl.:J~1'W1l~Cl'-' 'fl.:J11 'fl.:J 1l1fl'VItfl'-' fll 'j'~,-,t~fl 1l-3!U'W tUl~11 RACKI U{l~ 

d d dQl Q,I 11) Q,I dl. v 11) Q,I' '" • IIJ
prohibitin fll1l1l~tU'W lu'j'~'W'VI1l1JflU ld'j'(;l'U'fl~lJff1tJ'j'1lJ'tJfl1'j'16ij16ijfl.:J n'j'fffJt9fCl(;lU'j'~ffl'V1 eJtJl.:J l'j' 

~~llJrJ.:Jfl~~fl~~fll'j'fffli:n''Wt~.:J~m~flV'WrJ'WU'VIU1'V1~-:j fl~116ijfl.:J 1U'j' ~'Wi.:J(;l'fl~i1~~fl i U ~.:JH(;l6ijV.:J 
~ dllJ v 0' v"" V" """g I "" ~ IIJ Q,I 9 ~ 1fll'j'Mfl1:Jl'VI1'-'1l~'VI1 111fl'-'fl11lJt6ij1 1l 'Wl~-:jClfl~flfll'j'~~t'lffl n'j'(;l' H5Nl !'W'j'~UUu'j'~ffl'V1tU'1~fl11l 

o IL 1 I Q,I C>d 2'1 Q,I Q,I "" A 11) Q,I "" .1, ~ 1 I 11] ~ 1 
tJllu(;l'fll'j'W~'W1fll'j11iufl-:jfl'WU"~'j'fli:J1fll'j'~~1'lffl n'j'ff'lf'W~tJ 'W'j'~U1Ju'j' ~(;l'l'V16ijfl~fltJ~fl lU 

'U 

http:j'fy'~'j'.VHl'fll.tl


/ 
iv 

QJ , QJ 

'U't1fl~UJelfll'Hlel~ flt')'H 

Project title Identification of receptors for H5Nl virus on human nerve cells 

using proteomics-based approaches 

Investigators Assoc. Prof. Poonlarp Cheepsunthorn, Ph.D., Prof. Yong Poovorawan, MD. 

Year May 2012 

Abstract 

In this study, we investigated neuroinfectious capacity ofH5NI (A/Thailand/ NK165/2005) 

isolated from plasma of infected individual during the third wave of Thailand outbreaks using human 

neuroblastoma SH-SY5Y cells. This was due to lack of information regarding neuroinfectivity of this 

variant. Results demonstrated that H5NIINKl65 induced severe CPEs in these neuronal cells. H5NI­

specific hemagglutinin was found in the cytoplasm of the infected cells as early as 12 h post-

infection. By 24 h post-infection, all cells in the cultures were infected. These findings coincided 

with time course of CPEs and the presence of virus progeny in the culture me~ium of infected cells. 

Virus titer increased exponentially overtime. After 24 h post-infection, viability of the infected cell 

began to decline. By 72 h, only cellular debris remained in the infected cultures. Moreover, with this 

isolate we identified host cell proteins that might be involved in H5N I entry to nerve cells using 1 D­

VOPBA coupled with LC-MSIMS analysis. RACKl and prohibitin were identified as potential 

receptor for H5Nl. Expression of RACKl and prohibitin was confirmed by western blot analysis. 

There was a significant decrease in expression of RACKI and prohibitin proteins compared with 

mock-infected cells, suggesting that both RACKI and prohibitin might be involved in the initial step 

of H5Nl binding to the neuronal cell membrane and/or internalization. further studies are needed to 

explore whether both RACKl and prohibitin are actual receptors for H5Nl. This will ultimately lead 

to improved therapeutics and provide an insight into neuronal mechanism of H5NI infection. 
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Introduction 

The influenza A virus subtype H5N 1 is highly pathogenic virus that becomes endemic in 

Asia, the Middle East, Europe and Africa (AI-Azemi A et aI., 2008). As of 2010, WHO has reported 

there were 512 confirmed human cases of H5NI worldwide of which 304 were fatal. However, not all 

infected individuals died from severe respiratory illness. This is because the virus not only attacks 

respiratory system, but also attacks other vital organs including the brain, where it can induce severe 

and deliberating encephalopathy or acute encephalitis. In mice, the virus was reported to cause 

encephalitis without prior host adaptation and virus antigens were detected in nerve and glial cells 

(Jang et aI., 2009). Similar findings were also reported in feline including tiger. H5NI virus evolved 

from the Hong Kong strain caused the second outbreaks in Asia resulting in acute encephalitis 

leading to a death of two Vietnamese siblings who initially developed a severe diarrhea without 

apparent respiratory dysfunction followed. by rapid progressive coma. Moreover, the virus was 

isolated from their serum and cerebrospinal fluid specimens (de long et aI., 2005). This might be 

similar to the notorious Spanish flu (influenza A virus subtype HINI) that caused the great 1918 

pandemic and gave rise to global outbreak of encephalitis and its neurological sequelae, including 

post-encephalitic parkinsonism. 

The presence of infectious virus particles and viral genomes in the brain and elevated levels 

of pro-inflammatory cytokines in the cerebrospinal fluid of patients who died from H5NI encephalitis 

strongly indicate that brain cells actively interact with H5Nl viruses during the course of infection. 

Human infection of H5N 1 could impair normal brain functions by causing cell death and 

subsequently production and spreading of infectious virus progeny within the nervous system. 

Generally, acute inflammation is beneficial to infected host in limiting the survival and proliferation 

of invading pathogens and promotes tissue regeneration. Unfortunately, prolonged and excessive 
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inflammation within the brain is highly detrimental leading to the exacerbation of neurodegenerative 

process. This is due to the fact that nerve cells compared to other types of brain cells are the most 

susceptible cells to inflammatory reaction during the course of virus infection, in addition of being the 

prime target of the virus (Bissel et aI., 2012) . 

In the current study, we investigated neuroinfectious capacity of H5NI (AlThailandl 

NK16512005) isolated from plasma of infected individual during the third wave of Thailand 

outbreaks using human neuroblastoma SH-SY5Y cells. This is due to lack of information regarding 

neuroinfectivity of this variant. Moreover, using this isolate we aimed to identify host cell proteins 

that might be involved in H5NI entry to nerve cells using one dimension virus overlay protein 

binding assay (lD-VOPBA) coup ted with LC-MSIMS analysis. 

Survey of related literatures 

Avian influenza is caused by H5NI influenza A virus, that belongs to family 

Orthomyxoviridae. H5N 1 has become endemic in Asia, the Middle East, Europe and Africa and has 

been recognized as a highly pathogenic virus (AI-Azemi A et a1., 2008). The virus can be directly 

transmitted from poultry to humans . Up to date, WHO has reported approximately 60% mortality rate 

of confirmed human cases of recently emerged influenza A virus subtype H5Nl worldwide. In 

Thailand, there were three major outbreaks. The first one was in January 2004. The second and the 

third were in July 2004 and October 2005, respectively. At the end, there were 22 confirmed human 

cases with 14 fatalities (Amonsin et aI., 2006). During the third outbreak, H5NI viruses from plasma 

sample of infected human were isolated by embryonated egg inoculation as recommended by OlE. 

The isolate was designated as "NThailandl NK165/2005" (Amonsin et aI., 2006). Since live virus 

can be isolated from human blood sample, this is of great concern that the virus could genetically 

adapt or reassort with human transmissible viruses to efficiently transmit between human populations. 
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Although most patients with H5N 1 infection died from acute respiratory distress 

( (Chotpitayasunondh et aI., 2005; de long et aI., 2005; de long and Hien, 2006), cases with 

involvement of the central nervous system have also been reported (de jong et aI., 2006; Maines et aI., 

2008). Infection with H5NI isolated from Novasibirsk region caused changes in mouse brain 

structures, which include vasculopathies with thrombosis of the microcirculatory vessels, perivascular 

and pericellular edema with multi focal ischemic necrosis, hyperplasia of glial cells, caspase­

dependent apoptosis of nerve cells and hypercytokinemia (Potapova et aI., 2009). Similarly, H5Nl 

(AiVietnamI1203/2004) has been shown to be neuroinfectious in a mouse model of H5NI infection 

followed by robust glial activation and a significant loss of dopaminergic neurons of the midbrain 

(Jang et aI., 2009). Recent study has identified the olfactory system could be a major route for brain 

invasion and, therefore, suggests that efficient growth of virus in the upper respiratory tract could 

facilitate viral brain invasion (Shinya et aI., 2011). Several studies have provided evidence of acute 

encephalitis in humans infected with H5NI viruses (de long et aI., 2005). Postmortem analysis 

revealed that the virus was found in several parts of the brain with elevation of pro-inflammatory 

cytokines in the CSF (Gu et aI., 2007; Thanawongnuwech et aI., 2005). Moreover, it has been 

reported that the hemagglutinin protein of H5NI (ANietnam11203/2004Y strongly induces pro 

inflammatory cytokine responses in human epithelial cells, as well as in human astrocytic and 

neuronal cell lines (Cheng et aI., 2010; Ng et aI., 2010). Based on these findings, H5NI virus could 

induce profound injury to the central nervous system. However, molecular mechanism involved in 

this process remains elusive. 

Procedures 

All procedures involved with infection and handling of live influenza A virus subtype H5NI 

(AiThailandINKI6512005) virus were performed exclusively in a biosafety level 3+ facility at the 

Faculty of Medicine, Chulalongkom University, Thailand. 
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Virus propagation and hemagglutination titrations 

) 
Stocks of NK165 virus were kindly provided by Prof. Yong Poovorawan (Chulalongkorn 

University, Thailand). The virus was propagated in 12-day-old embryonated chicken eggs at 3SoC for 

3 days. Then, the eggs were stored overnight at 4°C before harvesting virus-containing allantoic 

fluids. Virus titer was detennined by hemagglutination (HA) assay (Kistner et aI., 2007). Briefly, the 

allantoic fluids were centrifuged at 10,000 x g for 10 min to obtain clear supernatant. Then, 25 III of 

supernatant was mixed with 25 III of phosphate buffered saline (PBS) in 96-well plate and serially 

diluted two-fold. Subsequently, 50 III of 1 % chicken red blood cell was added to each well and gently 

agitated. The plate was incubated for 30 min at room temperature. The tast dilution showing complete 

agglutination of the red blood cells was counted and expressed as hemagglutination unit. 

Cell culture and infection 

Human neuroblastoma SH-SY5Y cells (ATCC, USA) were cultured in DMEM-FI2 medium 

(HyClone, USA) supplemented with 10% fetal bovine serum (Gibco, USA), 100 Ulml of penicillin 

and 100 Ilglml of streptomycin at 37°C in 5% CO2• Then, cells were infected with NK165 virus at a 

mUltiplicity of infection (MOl) of I. After 1 h absorption, cells were washed with PBS and cultures 

were continued in 10% serum supplemented medium at 37°C under standard cell culture conditions. 

Mock-infected cells served as negative controls. Cell-free supernatants from infected and mock­

infected cultures were collected at 0, 6, 12, 24, 48, and 72 h post-infection to determine the titer of 

progeny viruses by HA assay. 

Cell viability assay 

To access the viability of infected cells, the number of viable cells at different time points 

post-infection was determined using trypan blue dye exclusion assay. The assay is based on the 

ability of intact viable cells to exclude trypan blue dye. Briefly, NK1 65-infected SH-SY5Y and 
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mock-infe~ted cells at 2 x 10' cells/well were cultured in 6-well plates. At detennined time points 

post-infection, the cells were washed once with PBS and trypsinized to collect cell pellets by 

centrifuging at 300 x g for 5 min followed by re-suspending the pellet in PBS. Subsequently, 0.2 ml 

of the suspension were mixed with an equal volume of 0.4% trypan blue (Sigma, USA), incubated for 

5 min and observed under a microscope to count total cell and stained cell numbers using a 

hemocytometer. 

CPE assay 

The cytopathic effects (CPEs) manifested by multinucleated giant cells, cell shrinkage and 

foci of cell destruction in SH-SY5Y cultures following NK 165 virus infection were examined. The 

cultures were photographed using a phase-contrast microscope and the CPEs were scored as 

previously described (0, no CPE; +/-, enlargement of some cells in monolayer; 1+, 1-25% CPE; 2+, 

25-50% CPE; 3+, 50-75% CPE; 4+,75-100% CPE)( Moore et aI., 1981) 

Indirect immunofluorescence assay 

Mock and NKl65-infected SH-SY5Y cells on cover slips at different time points post­

infection were washed with PBS and fixed with absolute methanol at room temperature for 20 min. 

Then, the cover slips were air dried for 30 min. Subsequently, cells were penneabilized with 0.3% 

Triton X-IOO in PBS for 10 min at room temperature and washed with PBS. The cells were blocked 

with 5% nonnal goat serum made up in 0.03% Triton X-I DO/PBS for 1 h at room temperature before 

incubating with mouse monoclonal anti-H5NI hemagglutinin (1: 100, ProSci Inc., USA) at 4°C 

overnight. After washing with 0.03% Triton X -1 OOIPBS, the cells were incubated with goat anti­

mouse IgG (H+L) AlexaFlour 594-conjugated (1 :5000; Invitrogen, USA) mixed with DAPI (I :500; 

Invitrogen, USA) for 1 h at room temperature. After extensively washing with 0.03% Triton x-

100/PBS, the coverslips were mounted onto glass slides using anti-fade mounting media (Invitrogen, 
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USA). The stained cells were visualized using an Olympus inverted fluorescence microscope with 

DP2-BSW application software (Olympus Imaging America Inc., USA). 

Preparation of membrane extract 

SH-SY5Y cells were washed twice with Tris buffered saline (TBS). The cell suspension was 

collected and centrifuged at 1200 x g at 4°C for 4 min. The pellets were re-suspended in 1 ml of ice­

cold buffer M containing 100 mM of NaCI, 20 mM of Tris-HCI (pH 8), 2 mM of MgCI2, I mM of 

EDTA, 0.2% Triton X-IOO and protease inhibitor cocktail (Pierce, USA). The pellets were lysed by 

vigorous vortex and centrifuged at 600 x g for 3 min at 4
0 

C for separation of the nuclei and cell 

debris. The supernatant was collected, centrifuged at 6000 x g for 5 min at 4
0 

C to collect the 

membranous organelles in the supernatant part and subsequently transferred to an ultracentrifuge tube 

and centrifuged at 20,800 x g for 10 min at 4°C to collect the membrane protein pellets. The pellets 

of membrane protein were resuspened in 50 ul of ice-cold buffer M (Sakoonwatanyoo et aI., 2006). 

Protein concentration was measured by BCA assay kit (Pierce, USA). 

ID-VOPBA and LC-MS/MS 

Membrane proteins (100 ug) were separated on 10% SDS-P AGE and transferred onto PVDF 

membrane, followed by incubating with 5% skim milk in TBS at room temperature for 2 h. The 

NK165 virus was diluted with 1 % skim milk in TBS and subsequently incubated for 2 h at room 

temperature or at 4°C. The amount of the virus used in the experiment was 1 x I 0
7 

pfu/cm
2 

of the 

membrane area. After washing three times with TBS, the PVDF membranes were incubated with a 

mouse monoclonal antibody directed against the H5NI hemagglutinin protein (ProSci, USA) at a 

dilution of I :200 in 5% skim milk in TBS at room temperature for 2 h. After incubation, the 

membranes were washed three times and then incubated with peroxidase-conjugated rabbit anti­

mouse IgG at a dilution of 1 :3000 in 5% skim milk in TBS, under constant agitation at room 
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temperature for 1h. After washing in TBS, the signal was generated by ECL-Plus Western Blotting 

Substrate (Pierce, USA) and directly exposed to CL-XPosure film (Pierce, USA). The other 

corresponding protein bands of SDS-PAGE were cut from the Coomassie blue-stained gel and the 

proteins interacting with NK165 virus were submitted to Genome Institute (BIOTEC, Thailand) for 

protein identification using liquid chromatography coupled to tandem mass spectrometry (LC­

MS/MS). 

Western blot analysis 

Cultures of mock and H5N I-infected SH-SY5Y cells were harvested at 24 h to collect cell 

pellets by centrifuging at 300 x g for 5 min. The pellets were resuspended in ice-cold RIP A buffer 

containing 150 mM of NaCI, 50 mM of Tris-HCI (pH 8), 0.5% DOC, 1 mM of EDTA, 0.2% Triton 

X-100, 1 % SDS and protease inhibitor cocktail (Pierce, USA) and bnefly sonicated on ice followed 

by centrifuging at 14000 x g for 10 min at 4°C to collect protein in supernatant. Protein concentration 

was measured by BCA assay (Pierce, USA). Whole cell proteins were separated by SDS-PAGE and 

transferred to PVDF membranes by electroblotting. The membrane were then blocked with 5% skim 

milk in TBS for 1 h at room temperature, then incubated with either a mouse monoclonal antibody 

directed against RACKI protein (I :500; Santa Cruz, USA) or a goat polyc1onal antibody directed 

against prohibitin protein (I :200; Santa Cruz, USA) made up in 5% skim milk in TBS overnight at 

4°C. The blots were then washed three times with TBS and incubated with HRP-conjugated 

secondary Ab for 1 h at room temperature. Subsequently, after washing three times in Tris-buffered 

saline with 0.1 % Tween 20, the signal was generated by ECL-Plus Western Blotting Substrate 

(Pierce, USA) and directly exposed to CL-XPosure film (Pierce, USA). 
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Data analysis 

Data were presented as mean ± S.E.M. from experiments performed in triplicate in order to confirm 

the reproducibility of the results. Statistical comparisons; quantitative data of significance was done 

by a paired t test with a probability value ofp < O.OS was considered to be statistically significant. 

Results 

H5Nl induced CPEs in SH-SY5Y cells. 

To examine neuroinfectious capacity of HSNI (NThailandl NK16S/200S) in human nerve 

cells, human neuroblastoma SH-SYSY cells were infected with NK16S at moi of 1 and compared to 

the mock-infected cells at 6, 12, 24 ,48 and 72 h post-infection. Cell undergoing cytopathic changes 

in each condition were photographed and scored, as shown in Fig. 1 and Table 1, respectively. CPEs 

in SH-SY5Y cells were characterized as follows: first, the cells became round and formed small 

aggregates or progressed from a typical neuronal morphology, extension of neurites to round dead 

cells with cell debris in the supernatant. CPEs were first observed in cultures of NK 16S-infected SH­

SY5Y cells at 24 h post infection. The CPEs progressed rapidly and by 72 h post-infection entire cells 

in the cultures detached from the substratum. These findings demonstrated that H5NIINK165 

infection induces severe cytopathic effects in human neuroblastoma cells. 

Permissiveness of human neuroblastoma SH-SY5Y cells to H5Nl 

To detennine the course of H5Nl infection in SH-SY5Y cells, cells were infected with 

NK165 at MOl of 1. At 0, 6, 12, 24, 48 and 72 h post-infection, the presence of virus antigens were 

examined using immunofluorescent labeling of H5Nl specific hemagglutinin. Results demonstrated 

that the viruses were found in the cytoplasm of the infected cells as early as 12 h post-infection. By 

24 h post-infection, all cells in the cultures were infected. The presence of virus antigen in the cell 
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debris was prominent at 72 h post-infection (Fig. 2). These findings coincided with time course of 

CPE reported in previous experiment. The presence of viruses in the cytoplasm strongly suggests that 

SH-SY5Y cells express the receptor for H5NlfNK165. Moreover, these results also suggest that 

human neuroblastoma cells support the replication of H5N I virus. 

To study the kinetics of viral production in human neuroblatoma cells, the presence of viral 

progeny in the media at different time points post-infection were determined using hemagglutination 

assay. Simultaneously, viability of the infected cell was assayed by trypan blue dye exclusion 

method. As showed in Fig. 3, results demonstrated that virus progeny released from the infected cells 

into the culture medium were first observed at 12 h post-infection. Virus titer increased exponentially 

overtime. After 24 h post-infection, viability of the infected cell began to decline. By 72 h, only 

cellular debris remained in the infected cultures. These results demonstrated that human neuroblatoma 

cells are pennissive to H5NlfNK165 virus. Moreover, the results also suggest that pronounced death 

of the remaining cells in the infected cultures could be the consequence of recurrent infection by virus 

progeny. 

H5Nl-binding proteins on SH-SY5Y cells 

To identify H5Nl virus binding proteins on human neuroblastoma SH-SY5Y cells, 

membrane-enriched samples were prepared and separated on SDS-P AGE and transferred to PVDF 

membrane. Then, the membranes were incubated with NK165 for 2 h at 4°C or at room temperature. 

The positions of virus-binding protein were visualized by successive incubations with a monoclonal 

antibody directed against H5Nl hemagglutinin protein and secondary HRP-conjugated rabbit anti­

mouse IgG. Negative control without virus overlaid was also applied in parallel. Results were shown 

in Fig. 4. There were several virus-binding protein bands observed, if the membranes were incubated 

with the virus at room temperature compared with that of 4°C. However, three specific bands at the 

approximately 36-38 kDa, 34-35 kDa and 28-30 kDa appeared at both incubation temperatures were 



10 

\ 


excised and processed for LC-MS/MS analysis. Results were showed in Table 2, which indicates 

number of fraction and size range in molecular mass (kDa), names of H5NI-binding protein 

candidates, its predicted mass, accession number of protein sequences searched on the NCBlnr 

database and % coverage of peptide match. RACK! and prohibitin were selected as H5Nl-binding 

proteins based on their molecular masses, % coverage of the peptide match and subcellular 

localization of these proteins. Expression of RACK! and prohibitin in mock and NKl65-infected SH­

SY5Y cells were confirmed by Western blot. Results were shown in Figure 5. Both RACKl and 

prohibitin were nonnally expressed by SH-SY5Y cells. Moreover, at 24 h post-infection there was a 

significant decrease in expression of RACK1 and prohibitin proteins compared with mock-i nfected 

cells. These findings suggest that both RACKI and prohibitin might be involved in the imtial step of 

H5Nl binding to the nerve cell membrane and/or internalization. 
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Fig. 1. Cytopathic effects (CPE) of SH-SY5Y cells infected with influenza A H5Nl ViruS 

(ThailandINK165/05) at MOl of 1. At 6, 12, 24,48 and 72 h post-infection (p.i.). The morphology of 

the infected cells were compared with that of the mock-infected cells. Representative 

photomicrographs taken at 200x magnification showed progressive morphological changes with 

increasing small cell aggregation and cellular debris. 
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Table 1. ePE score ofH5Nl-infected SH-SY5Y cells at indicated time points 

2+ .::.3t :· 4+ 

Mock infected cells in ...j 
all conditions 

12 h p.i. ...j 

48 h p.i. ...j 

(0 = no ePE; +/- = enlargement of some cells in the monolayer; 1 + = 1-25% ePE; 2+ = 25-50% ePE; 

3+ = 50-75% ePE; 4+ = 75-100% ePE, as described previously (Moore et aI., 1981) 
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Fig.2. Immunofluorescence staining of SH-SY5Y cells infected with H5Nl virus. Cells were 

infected with the virus at MOl of 1 at indicated time points and were examined for the presence of 

H5NI specific hemagglutinin (HA) using a mouse monoclonal anti-H5NI HA (red). The nuclei were 

counterstained with DAPI (blue). Representative photomicrographs taken at 400x magnification were 

showed. 
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Fig. 3. Virus production and susceptibility of SH-SY5Y cells to H5Nl infection. Confluent 

monolayers of SH-SY5Y cells were infected with H5Nl virus at MOl of 1. At indicated time points, 

cell-free supernatants were collected for hemagglutination assay. The viability of mock and infected 

cells was determined by trypan blue dye exclusion method. All experiments were per(onned in 

triplicate. The dashed and solid lines indicate the amount of virus produced and infected cell viability 

compared with mock infection, respectively. 
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Fig. 4. Virus overlay protein binding assay (VOPBA) reveals H5NI virus bmding proteins 

on SH-SY5Y cells. Membrane proteins enriched were prepared from confluent monolayer of SH­

SY5Y cells, separated by SDS-PAGE and stained by coomassie blue dye (a). After transferred to 

PVDF membranes, proteins were incubated with H5Nl virus at 4°C (c) or room temperature Cd). 

Positions of H5NI virus binding proteins were specifically detected using a mouse monoclonal anti­

H5Nl HA. Simultaneously, negative controls without virus incubation step at 4°C or room 

temperature were performed in parallel (b). Molecular weight protein markers are indicated (M). 

••~__ 
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Table 2. The candidate H5Nl virus-binding proteins on SH-SY5Y cells identified by LC-MSIMS. 
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a The locations of the protein are indicated as follows: C, cytoplasmic (can include intracellular vesicles); M, plasma membrane or 

integral to plasma membrane; N, nuclear; ER, endoplasmic reticulum; G, Golgi; Mi, mitochondrion 

bOata from NCBI Protein Databases. 
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Fig. 5. Western blot analysis of RACKl and prohibitin (PHB) expression in mock (a) and 

H5Nl-infected (b) SH-SY5Y cells at 24 h post-infection. 
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Discussion 

To explore neuroinvasiveness of H5Nl virus in human, this study employed the isolate 

designated as NThaiiandINK165/2005 that caused the third outbreak in Thailand to infect human 

neuroblastoma SH-SY5Y cell line. This particular cell line is widely used as an in vitro model of 

mesencephalic neurons for Parkinson's disease research (Xie et aL, 2010). Our results indicate that 

NK165 is highly pathogenic to human nerve cells. Using immunof)uorecence staining technique, 

H5N I-specific hemagglutinin was detected in neuronal cells as early as early as 12 h post-infection 

coinciding with the time course observed for CPE. We also showed that neuronal infection occurred 

rapidly within 24 h. The infection was progressive leading to destruction of neuronal cells maintained 

in cultures within 72 h. Since not all cells at the beginning of the infection were infected, we therefore 

propose that virus progeny released from the infected cells would spread and reinfect the remaining 

cells. Our findings also suggest two folds: ~he presence or viral receptor on neuronal cell membrane 

and replication machinery that serve viral replication in neuronal cells. 

Studies in the brains of mice infected by H5NI have demonstrated that neurotropic H5Nl 

viruses are predominantly localized in the basal ganglia after reaching the brainstem solitary nucleus, 

which receives primary afferent signals from the visceral organs (lang et aI., 2009). These authors 

also reported a significant loss of dopaminergic neurons in the substantia nigra of the infected mouse 

brains consistent with their neurological symptoms including ataxia, tremor, and bradykinesia. Thus, 

these findings suggest that mesencephalic neurons are the prime target of H5Nl. In the present study, 

we provided direct evidence that human mesecephalic neurons can be infected by H5Nl virus. We 

have demonstrated that H5NIINK165 virus is capable of replicating in human mesencephalic SH­

SY5Y cells, which is in line with the recent report that NKl65 and is in the same clade with 

neurotropic H5Nl ANietnaml1203/04 virus (Babakir-Mina et al., 2009). Thus, individuals infected 

by NK165, if survived long enough, could therefore succumb from subsequent neurological disorder 
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including post-encephalitic parkinsonism similar to the notorious Spanish flu (influenza A virus 

subtype HINl) that caused the great 1918 pandemic and gave rise to global outbreak of encephalitis 

and its neurological sequelae. 

Although there are several reports stating that H5N 1 virus can invade the brain and deliberate 

encephalopathy or acute encephalitis. (de long et aI., 2005; lang et aI., 2009), till date candidate 

neuronal proteins that may be involved in brain infection has not yet been determined. Therefore, 

knowledge at the molecular level as how to the neurotropic strain of H5Nl virus interacts with nerve 

cells is critical. Using a combination of ID-VOPBA and LC-MSIMS analysis, we have identified 

RACKI and prohibitin as neuronal receptors for H5Nl virus. 

It has been reported that Ml protein of the influenza A virus interacts with the cellular 

receptor of activated C kinase (RACK) 1 and can be phosphorylated by protein kinase C (PKC). The 

Mi-RACKI interaction is of general importance during avian, swine and human influenza A virus 

infections (Reinhardt and Wolff, 2000). Prohibitin has been reported to serve as a receptor that 

mediats DENV-2 entry into insect cells (Kuadkitkan et aI., 2010). Prohibitin is ubiquitously expressed 

in eukaryotic cells (Morrow and Parton, 2005). It is present in many cellular compartments, mainly 

mitochondria (Ikonen et aI., 1995; Merkwirth and Langer, 2009; Nijtmans et aI., 2000) but also in the 

cytoplasm, nucleus (Thompson et aI., 200 I; Wang et aI., 2002; Wang, Zhang, and Faller, 2002) and 

cell membrane (Kolonin et aI., 2004; Sharma and Qadri, 2004). Our results showed that the absence 

of prohibitin in H5Nl-infected SH-SY5Y cells suggesting that prohibitin could be down-regulated 

during virus internalization. This process may be implicated in modulating the intensity of cell 

surface protein receptors on infected cells. A similar strategy is also utilized by HIV-l in the CD4 

down-modulation during infection (Chen et aI., 1996). 
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Conclusion 

We have demonstrated that H5Nl AffhailandlNK16512005 INK165 is neuroinvasive to human. We 

also identified RACK I and prohibitin as potential viral receptors on neuronal cell menbrane. 

However, further studies are needed to explore whether both RACK 1 and prohibitin are actual 

receptors for H5N 1. This will ultimately lead to improved therapeutics and provide an insight into 

neuronal mechanism of H5N 1 infection. 
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