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ABSTRACT	
  
	
  
The	
  human	
  popula,on	
  is	
  constantly	
  exposed	
  to	
  mul,ple	
  influenza	
  A	
  subtypes	
  due	
  to	
  zoono,c	
  
spillover	
  and	
  rapid	
  viral	
  evolu,on	
  driven	
  by	
  intrinsic	
  error-­‐prone	
  replica,on	
  and	
  immunological	
  
pressure.	
   In	
   this	
   context,	
   an,body	
   responses	
   directed	
   against	
   the	
   HA	
   protein	
   are	
   of	
  
importance	
   since	
   they	
   have	
   been	
   shown	
   to	
   correlate	
   with	
   protec,ve	
   immunity.	
   Serological	
  
techniques,	
   detec,ng	
   these	
   responses,	
   play	
   a	
   cri,cal	
   role	
   for	
   influenza	
   surveillance,	
   vaccine	
  
development,	
  and	
  assessment.	
  As	
  the	
  recent	
  human	
  pandemics	
  and	
  avian	
  influenza	
  outbreaks	
  
have	
  demonstrated,	
  there	
  is	
  an	
  urgent	
  need	
  to	
  be	
  beEer	
  prepared	
  to	
  assess	
  the	
  contribu,on	
  
of	
   the	
   an,body	
   response	
   to	
   protec,on	
   against	
   newly	
   emerged	
   viruses	
   and	
   to	
   evaluate	
   the	
  
extent	
  of	
  pre-­‐exis,ng	
  heterosubtypic	
  immunity	
  in	
  popula,ons.	
  In	
  this	
  study,	
  68	
  serum	
  samples	
  
collected	
   from	
   the	
   Italian	
  popula,on	
  between	
  1992	
  and	
  2007	
  were	
   found	
   to	
  be	
  posi,ve	
   for	
  
an,bodies	
   against	
   H5N1	
   as	
   determined	
   by	
   single	
   radial	
   hemolysis	
   (SRH),	
   but	
   most	
   were	
  
nega,ve	
  when	
  evaluated	
  using	
  haemagglu,na,on	
  inhibi,on	
  (HI)	
  and	
  microneutralisa,on	
  (MN)	
  
assays.	
  As	
  a	
  result	
  of	
  these	
  discordant	
  serological	
  findings,	
  the	
  increased	
  sensi,vity	
  of	
  len,viral	
  
pseudotypes	
  was	
  exploited	
  in	
  pseudotype-­‐based	
  neutralisa,on	
  (pp-­‐NT)	
  assays	
  and	
  the	
  results	
  
obtained	
   provide	
   further	
   insight	
   into	
   the	
   complex	
   nature	
   of	
   humoral	
   immunity	
   against	
  
influenza	
  A	
  viruses.	
  

	
  

MATERIALS	
  AND	
  METHODS	
  
	
  
Serum	
  Samples:	
   A	
   panel	
   of	
   human	
   sera	
  was	
   provided	
   by	
   the	
  Department	
   of	
  Molecular	
   and	
  
Developmental	
   Medicine,	
   University	
   of	
   Siena.	
   It	
   consisted	
   of	
   68	
   sera	
   collected	
   from	
   Italian	
  
subjects	
   (age	
   between	
   6m	
   and	
   92yr)	
   from	
   1992	
   to	
   2007	
   that	
   were	
   previously	
   found	
   to	
   be	
  
posi,ve	
  against	
  HPAI	
  H5N1	
  A/Vietnam/1194/2004	
  as	
  determined	
  by	
  the	
  SRH	
  assay.	
  The	
  sero-­‐
posi,vity	
   of	
   these	
   sera	
   was	
   also	
   confirmed	
   by	
   removing	
   nonspecific	
   an,bodies	
   by	
   their	
  
adsorp,on	
  with	
   a	
   1:1	
   volume	
  mixture	
   of	
   A/New	
  Caledonia/20/1999	
  H1N1	
   and	
  A/California/
7/2004	
  H3N2	
  viruses.	
   The	
  posi,ve	
   controls	
  used	
   in	
  pp-­‐NT	
  assays	
  were	
   reference	
   sheep	
   sera	
  
against	
  A/England/427/1988	
  (H3N2)	
  and	
  NIBRG-­‐14	
  (H5N1)	
  provided	
  by	
  the	
  Na,onal	
   Ins,tute	
  
for	
   Biological	
   Standards	
   and	
   Control	
   (NIBSC,	
   United	
   Kingdom),	
   avian	
   sera	
   against	
   A/African	
  
starling/England/983/1979	
  (H7N1)	
  provided	
  by	
  the	
  Animal	
  Health	
  and	
  Veterinary	
  Laboratories	
  
Agency	
  (AHVLA),	
  and	
  monoclonal	
  an,human	
   influenza	
  A	
  (H1N1,	
  H2N2)	
  an,body	
  (mAb	
  C179)	
  
(Takara,	
  Clonotech).	
  
Pseudotype	
  Construc?on	
  and	
  Firefly	
  Luciferase	
  pp-­‐NT	
  Assays:	
  Len,viral	
  pseudotypes	
  with	
  HA	
  
glycoproteins	
   derived	
   from	
   HPAI	
   virus	
   A/Vietnam/1194/2004	
   (H5N1),	
   A/Indonesia/5/2005	
  
(H5N1),	
  and	
  HPAI	
  virus	
  A/chicken/Italy/13474/1999	
  (H7N1)	
  were	
  produced	
  by	
  cotransfec,on	
  
of	
   293T/17	
   cells	
   with	
   the	
   respec,ve	
   HA	
   plasmid	
   (pI.18	
   backbone),	
   the	
   HIV	
   gag-­‐pol	
   plasmid	
  
p8.91,	
   and	
   the	
   reporter	
   plasmid	
   pCSFLW	
   (expressing	
   Firefly	
   luciferase)	
   using	
   the	
   Fugene-­‐6	
  
transfec,on	
  reagent.	
  Neuraminidase	
  ac,vity	
  was	
  provided	
  by	
  exogenous	
  bacterial	
  NA	
  addi,on	
  
for	
   the	
   release	
   of	
   pseudotypes	
   from	
   producer	
   cells.	
   Serum	
   samples	
   (2.5	
   𝜇L)	
   were	
   twofold	
  
serially	
   diluted	
   in	
   culture	
   medium	
   and	
   mixed	
   with	
   pseudotype	
   virus	
   (10e6	
   (RLU)	
   luciferase	
  
input)	
  at	
  a	
  1:1	
  v/v	
  ra,o.	
  Aeer	
  incuba,on	
  at	
  37∘C	
  for	
  1hr,	
  1e4	
  293T/17	
  cells	
  were	
  added	
  to	
  each	
  
well	
  of	
  a	
  white	
  96-­‐well	
  flat	
  boEomed	
  ,ssue	
  culture	
  plate.	
  RLU	
  were	
  evaluated	
  48hr	
   later	
  by	
  
luminometry	
  using	
  the	
  Bright-­‐Glo	
  assay	
  system	
  (Promega,	
  UK).	
  End-­‐point	
  neutralizing	
  an,body	
  
,tres	
   were	
   calculated	
   using	
   GraphPad	
   Prism	
   6.	
   IC50	
   pseudotype	
   neutraliza,on	
   ,tres	
   are	
  
expressed	
  as	
  the	
  reciprocal	
  of	
  the	
  serum	
  dilu,on	
  that	
  results	
  in	
  a	
  50%	
  inhibi,on	
  of	
  pseudotype	
  
virus	
  entry.	
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RESULTS	
  
	
  

	
  
	
  

CONCLUSIONS	
  
	
  
1.	
   It	
   is	
  postulated	
  that	
   this	
  highly	
  sensi,ve	
  pseudotype	
  neutraliza,on	
  assay	
   is	
  measuring	
  
broadly	
  specific	
  an,-­‐stalk	
  an,bodies	
  that	
  have	
  been	
  elicited	
  via	
  exposure	
  to	
  seasonal	
  H1	
  
and	
   H3	
   viruses	
   and/or	
   an,bodies	
   that	
   recognize	
   highly	
   conserved	
   sequences	
   located	
  
underneath	
  the	
  RBS	
  of	
  individual	
  subtypes.	
  
2.	
   The	
   HI	
   data	
   shows	
   that	
   the	
   an,body	
   responses	
   measured	
   in	
   these	
   individuals	
   are	
  
unlikely	
  to	
  be	
  directed	
  against	
  the	
  globular	
  head.	
  
4.	
  No	
  wild-­‐type	
  virus	
  culture	
  is	
  necessary	
  as	
  the	
  serological	
  assay	
  is	
  en,rely	
  synthe,c.	
  
5.	
   The	
   influenza	
   pseudotype	
   assay	
   is	
   useful	
   as	
   an	
   adjunct	
   to	
   the	
   EMA/FDA	
   approved	
  
serology	
  assays,	
  HI	
  and	
  SRH.	
   It	
   is	
   a	
   func,onal	
  assay	
  and	
  quan,fies	
  neutralizing	
  an,body	
  
responses	
  against	
  both	
  the	
  HA	
  head	
  (HA1)	
  and	
  stalk	
  (HA2).	
  
6.	
   Pseudotype	
   neutraliza,on	
   assays	
  may	
   prove	
   easier	
   to	
   standardize	
   as	
   do	
   not	
   rely	
   on	
  
erythrocytes	
  which	
  contribute	
  to	
  the	
  high	
  inter-­‐laboratory	
  variability	
  of	
  HI.	
  
7.	
   Compared	
   to	
   the	
   rou,nely	
   run	
   HI,	
   this	
   assay	
   is	
   both	
   “serum-­‐sparing”	
   and	
   “an,gen-­‐
sparing”	
  and	
  “bio-­‐safe”	
  (containment	
  level	
  1	
  or	
  2).	
  
8.	
   Assay	
   is	
   straighiorward	
   to	
   scale-­‐up	
   for	
   large	
   sample	
   sizes	
   making	
   it	
   ideal	
   for	
   sero-­‐
epidemiological	
  studies.	
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  Correla?on	
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  Serological	
  Assays	
  Observed	
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  Measuring	
  Heterosubtypic	
  Responses	
  against	
  Avian	
  
Influenza	
  H5	
  and	
  H7	
  Viruses	
  in	
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Production and neutralization of 
pseudotype viruses 
 
1. HIV gag-pol, envelope 
glycoprotein (HA) and reporter 
construct transfected into 
HEK293T/17 producer cells 
2. 48 hours post-transfection, 
supernatant is harvested prior to 
titration onto susceptible target 
cells 
3. Pseudotypes can be employed 
as surrogate viruses in virus 
neutralisation assays (pp-NT) 
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Single	
  Radial	
  Haemolysis	
   (SRH)	
  Assays:	
   For	
   the	
   SRH	
  assays,	
   agarose	
   immuno-­‐plates	
  were	
  
prepared	
   with	
   sheep	
   and	
   turkey	
   erythrocytes	
   10%	
   (v/v	
   of	
   assay	
   buffer)	
   sensi,zed	
   by	
  
inac,vated	
  whole	
  virus	
  (an,gens	
  used:	
  A/Vietnam/1194/2004	
  and	
  A/Indonesia/5/2005)	
  and	
  
with	
  the	
  addi,on	
  of	
  5%	
  guineapig	
  complement.	
  The	
  amount	
  of	
  an,gen	
  was	
  diluted	
  in	
  PBS	
  to	
  
reach	
  a	
  final	
  concentra,on	
  of	
  2000	
  HU/mL.	
  The	
  size	
  of	
  the	
  haemolysis	
  zone	
  around	
  the	
  well	
  
containing	
   the	
   serum	
   is	
   measured	
   in	
   mm	
   and	
   the	
   diameter	
   of	
   haemolysis	
   is	
   then	
  
transformed	
  in	
  area	
  (mm2)	
  by	
  using	
  a	
  Transidyne	
  Calibra,ng	
  Viewer.	
  
Inhibi?on	
   of	
   Haemagglu?na?on	
   (HI)	
   Assays:	
   The	
   haemagglu,na,on	
   inhibi,on	
   (HI)	
   assay	
  
was	
  performed	
  according	
  to	
  WHO	
  recommenda,ons	
  using	
  whole	
   inac,vated	
  virus	
   for	
   the	
  
H5N1	
  strains:	
  A/Vietnam/1194/2004	
  and	
  A/Indonesia/5/2005.	
  
Microneutraliza?on	
   (MN)	
  Assays:	
  Microneutraliza,on	
   (MN)	
   assays	
  were	
  performed	
  using	
  
wildtype	
  H5N1	
  A/Indonesia/5/2005	
   (homologous	
   strain	
   of	
   subclade	
   2.1	
   provided	
   by	
   CDC,	
  
Atlanta,	
  GA)	
  and	
  wildtype	
  H5N1	
  A/Vietnam/1194/2004	
  (homologous	
  strain	
  of	
  subclade	
  
1	
  provided	
  by	
  the	
  CDC).	
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(a) Comparison of SRH assay versus pp-NT assay for antibody responses against the A/Vietnam/
1194/2004 antigen. SRH titres expressed as diameter of haemolysis (in mm2) are plotted on the 𝑋-axis. 
SRH titres > 25mm2 are considered to be sero-protective and this cutoff is represented on the plot by a 
vertical dotted line. IC50 pseudotype neutralization titres expressed as the reciprocal of the serum 
dilution that results in a 50% inhibition of pseudotype virus entry are plotted on the 𝑌-axis; (b) comparison 
of HI assay versus pp-NT assay for antibody responses against the A/Vietnam/1194/2004 antigen. HI 
titres expressed as the reciprocal of the highest dilution causing complete inhibition of haemagglutination 
are plotted on the 𝑋-axis. IC50 pseudotype neutralization titres expressed as the reciprocal of the serum 
dilution that results in a 50% inhibition of pseudotype virus entry are plotted on the 𝑌-axis; (c) comparison 
of MN assay versus pseudotype based neutralization assay for antibody responses against the A/
Vietnam/1194/2004 antigen. The vertical dashed lines indicate the value of MN log 10 titre = 1.9 
(corresponding to a titre of 1:80) and the proposed threshold of protective antibodies; horizontal dashed 
line indicates the corresponding value of pp-NT log 10 titre = 2.55 (corresponding to a titre of 1:357 as 
calculated by Alberini et al, 2009). 


