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FLUPIG aims

Aim	  1:	  Role	  of	  pigs	  in	  the	  genera4on	  of	  pandemic	  
influenza	  viruses	  for	  humans	  –	  What	  makes	  avian	  
influenza	  viruses	  adapted	  to	  pigs?	  

	  

Aim	  2:	  	  

Extent	  of	  cross-‐protec4on	  between	  different	  
influenza	  virus	  subtypes	  and	  lineages,	  underlying	  
immune	  mechanisms	  

Broadly	  protec4ve	  vaccines	  

	  

?



Aim 2: cross-immunity and protection



Aim 2: cross-immunity and protection



Heterologous prime-bost vaccination 
with inactivated H3N2 SIVs  

Van Reeth et al. unpublished

ü Homologous prime-boost fails to induce antibodies and protection 
against other lineage

ü Heterologous prime-boost induces high serum antibody titers (HI, 
VN, NI) against both lineages and protection against challenge	  

Sw/Gent/172/08 (Eu)	   Sw/Pennsylv/10 (US)	  

1st vaccination              – 4 wk interval –          2nd vaccination	  
	  

only 80.2% amino 
acid identity in HA1	  

Aim 2: cross-immunity and protection



Aim 1: Adaptation of avian (potentially pandemic) 
viruses to pigs - H3N2



Amino acid in HA

62 81 92 144 193 226 228

1968 pandemic virus I N K G S L S

Supposed avian precursor R D N A N Q G

rHK - - - - - - -

R5 R D N A N - -

1968 pandemic (H3N2) HA1 differs from avian 
precursor in 2 aa in RBS (226, 228) and 5 other aa	  



Nasal shedding of directly inoculated and contact pigs

At least some of the 5 aa mutations (62, 81, 92, 144 and 193 
of HA1) could have played a role in bird-to-human adaptation, 
next to Q226L and G228S	  

•  Inefficient transmission of 
R5 mutant

•  5 out of 6 contact pigs 
had one additional 
mutation in HA1

•  Lower R5 yields in 
human tracheobronchial 
epithelial cells	  

T206I
D60G



The pig as intermediate host for avian influenza 
viruses and “mixing vessel” for potentially 

pandemic reassortants?

Classical hypothesisChapter 1  General introduction 

14 
 

cage housing in Europe. The use of conventional battery cages is forbidden in the EU since 

January 2013 and all existing stables for laying hens need to have adopted several 

measurements for improvement of animal welfare (Duncan, 2001; European Commission, 

1999). Alternatively, enriched or furnished cages, in which more attention is given to the 

ethological needs of layer chickens, can be used. In these housing systems, group sizes vary 

from 5 birds per cage to 20 or more birds. European legislation imposes clear requirements on 

the sizes and design of these cages (the headroom for animals needs to be at least 45cm, there 

needs to be a perch in each cage and the area per hen needs to be at least 750cm , including 

150cm  nest and litter area and the total cage area needs to be at least 2000cm ). Some 

European countries like Germany and Austria will also ban these cages however, hereby 

imposing floor-based housing systems on poultry farmers (Tauson, 2005). 

 

 
Figure 1: Laying hens housed in enriched cages (left) and a multi-tier aviary system (photo 

courtesy of USA today and Potters equipment) 

 

In floor-based or alternative housing systems for layer chickens, birds are no longer housed in 

small groups. The animals are kept on litter and are offered plenty of space to satisfy their 

ethological needs. Most alternative systems are single-tiered with a partly slatted floor. 

Housing systems, in which elevated slatted floors are mounted above the litter floor, i.e.: 

multi-tiered (aviary) systems, offer the possibility of increased stocking density. Daily 

inspection of animals is easier in these housing systems, but feed conversion ratios are higher 

and the average body weight of the hens is lower. Also, pecking or cannibalism may be 

increased, a poorer air quality may lead to health issues and problems with misplacing eggs or 

egg quality may occur (Proefbedrijf voor de veehouderij; Rodenburg et al., 2005; Tauson et 

al., 1999). In some poultry houses, the animals have access to a covered veranda 

•  Endemic in Eurasian land-based poultry since 
mid 90’s (Zhou et al. 2012)

•  Sporadic isolation from pigs and humans in 
Asia since late 90’s:  

ü  no sustained transmission 

ü G1-like and Y280 lineages possess human-like 
receptor specificity (Q226L mutation in HA)

(Guo et al. 1999; Peiris et al. 1999, 2001; Matrosovich et al. 2001; Xu et 
al. 2004; Butt et al. 2010; Cong et al. 2007; Wan et al. 2007; Shi et al. 
2008; Yu et al. 2008; Cheng et al. 2011)

Aim 1: Adaptation of avian (potentially pandemic) 
viruses to pigs – H9N2



• H9N2 isolates containing L226 replicated in 
pigs and ferrets but transmission was not 
efficient

(Wan et al. 2008; Qiao et al. 2012; SJCEIRS group 2013)

• Reassortant viruses containing H9N2 surface 
proteins and mammalian adapted internal 
genes showed higher replication and 
transmission in pigs and ferrets, 

   but transmission remains less efficient than
   with mammalian-adapted viruses

(Sorrell et al. 2009; Kimble et al. 2011; Quiao et al. 2012; Obadan 
et al. 2015)

H9N2 virus: transmission experiments in mammals 
Research&Issue&#1&–&Factors&that&make&influenza&

viruses&adapted&for&replica*on&in&pigs,&transmission&

between&pigs&and&from&pigs&to&humans&

•  Can&we&iden*fy&gene*c&markers&of&adapta*on&

(e.g.&muta*ons,&sets&of&genes)?&

•  Can&nonMH1&or&MH3&viruses&(e.g.&H5,&H9)&become&

adapted&to&swine&or&human&popula*ons?&

•  Are&pigs&preferred&“mixing&vessels”&as&compared&

to&humans&or&birds?&

•  Is&the&barrier&between&pigs&and&humans&weaker&

than&that&between&birds&and&humans?&



Adaptation of H9N2 to pigs: approach
 

1.  Serial passages in swine
•  Wholly avian H9N2 (A/quail/Hong Kong/G1/1997 G1-like)

(A/Qa/HK/P0)

•  Reassortant H9N2 x 2009 pH1N1 internal genes
A/quail/HK/G1/97 HA and NA
A/California/04/09 internal genes

2.  Comparative transmission studies
Parental viruses versus pig-passaged virus with highest 
replication efficiency

3.  Genetic analysis

(H9N2/CA09/P0)



Intranasal inoculation with homogenate 
of nasal mucosa

Serial passages: experimental design

0 1 2 3 4 DPI

√ √ √ √ √Nasal swabs

... (until passage 10)

Passage 1

Pig 1 Pig 2

Respiratory 
tissues

√

Passage 2

0 1 2 3 4 DPI

√ √ √ √ √Nasal swabs

Pig 1 Pig 2

Respiratory 
tissues

√

Intranasal
Inoculation 



Serial passages: H9N2 replication efficiency
Upper	  respiratory	  tract	  	  
	  

•  Nasal	  mucosa	  
(respiratory	  part)	  

•  Nasal	  mucosa	  (olfactory	  
part)	  

Virus	   %	  of	  posi6ve	  
samples	  

A/Qa/HK/P0	   100
A/Qa/HK/P4	   100
H9N2/Ca09/P0	   100
H9N2/Ca09/P7	   100

Lower	  respiratory	  tract	  
	  

•  Distal	  and	  proximal	  trachea	  

•  Samples	  of	  all	  7	  lung	  lobes	  
(apical	  and	  cardiac	  lobes	  
were	  collected	  together)	  

Virus	   %	  of	  posi6ve	  
samples	  

A/Qa/HK/P0	   50

A/Qa/HK/P4	   100

H9N2/Ca09/P0	   0

H9N2/Ca09/P7	   93

Starting material and passages with consistent replication in the 
complete respiratory tract were selected for transmission experiments



Transmission studies: experimental design

0	   1	   2	   3	   4	   6	   7	   9	  8	  5	   10	   14	  13	  12	  11	   DPI	  23	  

√	   √	   √	   √	   √	   √	   √	   √	   √	   √	   √	  
√	   √	  

Nasal swabs
Serum

15	   16	   .…	  

0	   1	   2	   3	   4	   6	   7	   9	  8	  5	   10	   14	  13	  12	  11	   DPC	  21	  

√	   √	   √	   √	   √	   √	   √	   √	   √	   √	   √	  
√	   √	  

.…	  

Nasal swabs
Serum

√	  

√	  

√	  

√	  

30	  

28	  
√	  

√	  

1 Directly inoculated pig 2 Direct contact pigs (2dpi)

3x	  isolators	  

Viruses	  used	  in	  transmission	  experiments:	  
	  

•  A/quail/Hong	  Kong/G1/97	  (H9N2)	  parental:	  Original	  virus	  (A/Qa/HK/P0)	  
•  A/quail/Hong	  Kong/G1/97	  (H9N2)	  (P4):	  “pig-‐adapted”	  virus	  (A/Qa/HK/P4)	  
	  

•  Reassortant	  H9N2:2009	  pH1N1:	  Original	  virus	  (H9N2/Ca09/P0)	  
	  

•  Reassortant	  H9N2:2009	  pH1N1	  (P7):	  “pig	  adapted”virus	  (H9N2/Ca09/P7)	  

(n=9)	  



Transmissibilty of H9N2 viruses
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Transmissibility of H9N2 viruses

Virus
Mean AUC of Nr of pigs with VN antibodies at week 4 (titer 

range)
Directly 

inoculated pigs
Contact 

pigs
Directly

 inoculated pigs
Contact 

pigs
A/Cal/04/09 26,6 19,7 3/3 (512-768) 6/6 (512-1024)

A/Qa/HK/P0 18,4 3,0 3/3 (6-12) 2/6 (<2-24)

A/Qa/HK/P4 19,1 6,5 3/3 (48-128) 5/6 (<2-12)

H9N2/Ca09/P0 19,4 4,7 3/3 (32-192) 6/6 (48->256)

H9N2/Ca09/P7 24,0 16,1 3/3 (48-128) 6/6 (<2-192)

Reassortant H9N2 virus containing 2009 pH1N1 internal 
genes: replication and transmission efficiency close to that of 
2009 pH1N1



Next generation sequencing
 of parental H9N2 virus and P4 virus

Segment aa change
Frequency of aa change (%)

A/Qa/HK/P0 A/Qa/HK/P4
 (nasal mucosa)

A/Qa/HK/P4
(lung)

PB1 Glu172Gly - - 42,34

PA
Glu399Lys - 5,00 -
Lys488Glu 10,25 11,21 7,84
Cys489Ser 21,37 21,79 10,27

HA

His52Arg - - 23.37
Asp233Gly - 80.88 99.96
Phe303Leu - - 44.19

NP Ala428Thr - - 10.99
M Ala29Thr - 23.26 98.33

NS Thr49Ala - 7.29 -

Mutations with high frequency both in URT and LRT



•  HA D233G and M A29T mutations were associated with 
partial adaptation of H9N2 virus to pigs

•  HA D233G has been described to increase α 2,3 Sia 
binding activity (Matrosovich et al, 2000; Liu et al. 2010; Iovine et al. 2015)

•  HA G472E appeared after seven passages in pigs, it 
was associated with the decrease in viral replication 
and the final loss of the virus 

Next generation sequencing
 of parental H9N2 virus and P4 virus



Conclusions H9N2 adaptation to pigs

•  Full adaptation is certainly a complex multi-step 
process involving mutations in multiple proteins and 
interactions between them (reassortment!)

•  The internal gene cassette may have an essential role 
in the overcoming of host barrier

•  H9N2 reassortant viruses pose a threat to pigs and 
humans
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