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Influenza A virus is 
remarkable for the 
frequency and breadth of 
zoonoses: many species 
of birds, humans, pigs, 
horses, dogs 



causing ‘‘chicken coryza’’ noted in 1580 is not known,
although the same term had been used at the time of the
1557 pandemic, possibly in referring to croup-like respira-
tory signs in children.49 Neither HPAI nor Newcastle dis-
ease was recognized until more than 300 years later. We
are unaware of other reports of similar avian illnesses in
the voluminous literature on the 1580 pandemic which,
however, has rarely been examined systematically, and
never to our knowledge for evidence of animal disease.

An association between human and
equine influenzas, 1648–1916

An H7N7 equine IAV was first isolated during a 1956 epi-
zootic50 but is now likely extinct;51 an H3N8 equine IAV,
detected in the early 1960s52 still circulates enzootically to
cause significant disease and economic burden.53 Equine
H3N8 viruses can infect humans experimentally,54, and it
has been noted by several groups that human birth cohorts
from the late 19th century, particularly those born before
about 1893, demonstrated serologic reactivity with equine
H3N8 viruses many decades later.55

Before the virologic era, equine epizootics highly sugges-
tive of influenza were documented repeatedly, beginning in

1299 with an equine epizootic43 coincident with a wide-
spread European influenza epidemic. In this epizootic: ‘‘the
horse carried his head drooping, would eat nothing, and
ran from the eyes’’.22 Twenty-nine years later, in 1328, an
equine epizootic in Yemen, later attributed to influenza,1,56

coincided with a major European epidemic of apparent
influenza. In 1404, yet another equine epizootic was associ-
ated with a major European influenza epidemic.34,38,45

Between 1581 and 1728, a 147- year period in which
pandemic influenza seemingly disappeared,5 countless local
and regional influenza outbreaks were documented in
Europe, the New World, and elsewhere. During this time,
a close temporal–geographic association between equine
and human influenza-like disease activity began to be
documented in hundreds of medical, epidemiologic, and
other publications. The first well-documented occurrence
in the Renaissance followed a modest 1647–1648 human
outbreak at the end of the Thirty Years’ War in Spain, in
French soldiers in Germany, and in their cavalry
horses.1,23,43 A decade later, in 1657–1658, one of the era’s
most significant European influenza epidemics caused high
human mortality [Oliver Cromwell (1599–1658) appar-
ently died of it] accompanied by cases of influenza-like
illnesses in horses.35

From 1658 until the early 20th century, outbreaks con-
sistent with equine influenza were associated with major
human outbreaks, epidemics, and pandemics more often
than not. Considering several hundred published reports of
major influenza occurrences between 1688 and 1888 that
we have examined (obviously subject to errors related to,
among other things, the possibility of not recognizing out-
breaks that occurred), and considering only those with
reasonably complete historical information, by our count
there were 112 (of 200) years in which either significant
epidemics ⁄pandemics or equine epizootics of apparent
influenza were documented in Europe. Of these 112 years,
combined equine epizootics ⁄ epidemics were documented
in 67; equine epizootics only in 25; and epidemics only in
20. The pattern in the western hemisphere during the same
interval was somewhat different: of 56 years in which
human or equine influenza was documented, both horses
and humans were involved in 21 years; humans only in
25 years, and horses only in 10 years.

Regardless of geographic locale, equine influenza typi-
cally appeared about 3 weeks before human influenza,42,57

a pattern first noted in 1688 in England and Ireland.43 But
in a few instances, this pattern was reversed, e.g., in 1776
and 1780 human outbreaks preceded equine out-
breaks.31,42,43,47,57 Commenting on a 1688 influenza epi-
demic, one chronicler wrote: ‘‘…an epidemic catarrh
followed all over Europe, beginning among horses and end-
ing with men as is frequently the case’’,57 then observed
the same pattern five and again 10 years later [1693 and

Figure 3. The first page of Chapter 17, ‘‘On the catarrh and coughing
epidemic’’, in Daniel Sennert’s account of the 1580 influenza
pandemic.48 Sennert refers obliquely to a ‘‘coryza of chickens’’, but it is
not known whether avian influenza occurred during the pandemic.
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combinations (e.g., ‘‘chicken epizootic’’, ‘‘chicken disease’’,
‘‘fowl disease’’, and others), we searched two web-based
newspaper archival sources (http://www.Newspaperarchives.
com; http://www.Proquest.com) with optical character
recognition (OCR) capability, visually scanned the OCR
summaries for each of over 3200 ‘‘hits’’, and then exam-
ined, printed, and read newspaper pages containing rele-
vant information.

Results

Lethal outbreaks in domestic chicken flocks associated with
the equine panzootic were first reported in Poughkeepsie,
New York, on November 15, 1872.6 Newspapers generally
referred to the epizootic as ‘‘the chicken disease’’, but many
different names, some of them fanciful or humorous, were
used in different parts of the country, including chicken epi-
demic [sic], chicken epihippic [sic; epihippic being a less
common term for epizootic equine influenza], chickizooty,
epiornithosis, henfluenza, ornicephalzymosis, and many oth-
ers (Figure 27). In some Pennsylvania locales with large
German-speaking populations, the avian epizootic disease
became known as Pferdhühnkrankheit (‘‘horse-chicken-dis-
ease’’8).

Whole flocks were usually struck simultaneously, with
fatality at or near 100%. Prominent features included upper
respiratory signs of ‘‘a cold or influenza’’, slimy discharge
emitted from the beak, dark streaks in the neck, ‘‘dizziness’’
or ‘‘staggering fits’’, crawling away from the flock into
holes or corners, and death within 12–18 hours.9–12 In
many cases, the head swelled markedly before death,
prompting poultry vendors to decapitate ill birds and rush
them into city markets for sale.10,11 Suspicious buyers

Figure 1. Adonirum B. Judson’s map of the
equine panzootic as it occurred in Canada
and the United States, 1872–1873,1 showing
progressive dates of outward expansion from
the point of origin near Markham, Canada, in
late September 1872, to its detection in
Washington State in May 1873.

Figure 2. New York Herald headline (Monday, November 18, 1872,
page 3, column 6), reporting outbreaks of fatal avian disease in birds
brought from surrounding areas into New York City and elsewhere.30

It was universally believed that the avian disease, often referred to as
‘‘henfluenza’’, as it is here, was being transmitted to poultry from
horses ill with equine influenza. The term ‘‘fatal epizootic’’ refers to
equine influenza, which during the 1872–1873 panzootic was more
often called ‘‘the epizootic’’ or ‘‘the epizooty’’ when seen in horses,
mules, or humans. The reference to ‘‘mansard [Mansart] roofs’’ appears
to be a pun related to the ‘‘great’’ Boston fire 10 days earlier, in which
a large part of the city burned to the ground.7 The press blamed not
only horse-less fire department wagons, pulled by teams of human
volunteers, for responding too slowly, but also alleged poor fire
repellant properties of new mansard roofs on storehouses that first
caught fire.
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Pandemics	
  since	
  1700	
  

The 1918 pandemic was totally out of  scale and has been called 
`the greatest medical holocaust in history.’ 40-50 million deaths 
but that was only a few percent of the infected (20% of the world’s 
population). 
 



Policemen in Seattle during the 1918 pandemic 

The 1918 “Spanish flu” pandemic 
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The 1918 “Spanish flu” pandemic 



Table from Simonsen et al, The Journal of Infectious Diseases, 178:53 (1998) 



1957	
  “Asian	
  flu”	
  H2N2	
  pandemic	
  

Thought to have originated 
in Southeast Asia. Less 
lethal than the 1918 
pandemic. H2N2 replaced 
the circulating H1N1. 

Table from Simonsen et al, The Journal of Infectious Diseases, 178:53 (1998) 



The	
  1968	
  “Hong	
  Kong	
  flu”	
  H3N2	
  pandemic	
  



Table from Simonsen et al, The Journal of Infectious Diseases, 178:53 (1998) 

H3N2 pandemic was even less lethal than the H2N2 pandemic 



1977	
  “Russian	
  Flu”	
  
H1N1	
  pandemic	
  

dos Reis et al. Journal of Molecular Evolution, 69:333 (2009) 

Emerged on the Soviet / 
Chinese border in 1977, was 
identical to H1N1 from the 
1950’s.  
 
This H1N1 did not replace the 
H3N2 virus. Instead, they co-
circulated in the human 
population.  





The	
  2009	
  swine-­‐origin	
  H1N1	
  strain	
  

Garten et al, Science, 2009 



highly	
  pathogenic	
  H5N1	
  avian	
  influenza:	
  deadly	
  but	
  
not	
  (at	
  least	
  yet)	
  transmissible	
  in	
  humans	
  



Cumulative number of confirmed human cases for avian influenza 
A(H5N1) reported to WHO, 2003-2012

Country
cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths cases deaths

Azerbaijan 0 0 0 0 0 0 8 5 0 0 0 0 0 0 0 0 0 0 0 0 8 5
Bangladesh 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2 0 3 0 6 0
Cambodia 0 0 0 0 4 4 2 2 1 1 1 0 1 0 1 1 8 8 2 2 20 18
China 1 1 0 0 8 5 13 8 5 3 4 4 7 4 2 1 1 1 1 1 42 28
Djibouti 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Egypt 0 0 0 0 0 0 18 10 25 9 8 4 39 4 29 13 39 15 9 5 167 60
Indonesia 0 0 0 0 20 13 55 45 42 37 24 20 21 19 9 7 12 10 6 6 189 157
Iraq 0 0 0 0 0 0 3 2 0 0 0 0 0 0 0 0 0 0 0 0 3 2

Lao People's 
Democratic Republic 0 0 0 0 0 0 0 0 2 2 0 0 0 0 0 0 0 0 0 0 2 2
Myanmar 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0
Nigeria 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 1
Pakistan 0 0 0 0 0 0 0 0 3 1 0 0 0 0 0 0 0 0 0 0 3 1
Thailand 0 0 17 12 5 2 3 3 0 0 0 0 0 0 0 0 0 0 0 0 25 17
Turkey 0 0 0 0 0 0 12 4 0 0 0 0 0 0 0 0 0 0 0 0 12 4
Viet Nam 3 3 29 20 61 19 0 0 8 5 6 5 5 5 7 2 0 0 4 2 123 61
Total 4 4 46 32 98 43 115 79 88 59 44 33 73 32 48 24 62 34 25 16 603 356

2011 Total2007 2008 2009 2010 20122003 2004 2005 2006

Total number of cases includes number of deaths 
WHO reports only laboratory cases
All dates refer to onset of illness

Source: WHO/GIP, data in HQ as of 02 May 2012

356 / 603 = 59% case fatality rate 
 
May be an overestimate due to under-
reporting of non-lethal infections. 



Could	
  H5N1	
  become	
  transmissible	
  in	
  humans?	
  



Ferrets	
  as	
  a	
  model	
  for	
  airborne	
  transmissibility.	
  Example:	
  the	
  2009	
  
swine-­‐origin	
  pandemic	
  transmits	
  by	
  respiratory	
  droplets	
  in	
  ferrets,	
  but	
  

its	
  immediate	
  swine	
  precursor	
  viruses	
  do	
  not.	
  	
  

Yen et al, PNAS, 108:14264-14269 (2011) 





LETTER
doi:10.1038/nature10831

Experimental adaptation of an influenza H5 HA
confers respiratory droplet transmission to a
reassortant H5 HA/H1N1 virus in ferrets
Masaki Imai1, Tokiko Watanabe1,2, Masato Hatta1, Subash C. Das1, Makoto Ozawa1,3, Kyoko Shinya4, Gongxun Zhong1,
Anthony Hanson1, Hiroaki Katsura5, Shinji Watanabe1,2, Chengjun Li1, Eiryo Kawakami2, Shinya Yamada5, Maki Kiso5,
Yasuo Suzuki6, Eileen A. Maher1, Gabriele Neumann1 & Yoshihiro Kawaoka1,2,3,5

Highly pathogenic avian H5N1 influenza A viruses occasionally
infect humans, but currently do not transmit efficiently among
humans. The viral haemagglutinin (HA) protein is a known
host-range determinant as it mediates virus binding to host-
specific cellular receptors1–3. Here we assess the molecular changes
in HA that would allow a virus possessing subtype H5 HA to be
transmissible among mammals. We identified a reassortant H5
HA/H1N1 virus—comprising H5 HA (from an H5N1 virus) with
four mutations and the remaining seven gene segments from a
2009 pandemic H1N1 virus—that was capable of droplet transmis-
sion in a ferret model. The transmissible H5 reassortant virus
preferentially recognized human-type receptors, replicated effi-
ciently in ferrets, caused lung lesions and weight loss, but was
not highly pathogenic and did not cause mortality. These results
indicate that H5 HA can convert to an HA that supports efficient
viral transmission in mammals; however, we do not know whether
the four mutations in the H5 HA identified here would render a
wholly avian H5N1 virus transmissible. The genetic origin of the
remaining seven viral gene segments may also critically contribute
to transmissibility in mammals. Nevertheless, as H5N1 viruses
continue to evolve and infect humans, receptor-binding variants
of H5N1 viruses with pandemic potential, including avian–human
reassortant viruses as tested here, may emerge. Our findings
emphasize the need to prepare for potential pandemics caused by
influenza viruses possessing H5HA, and will help individuals con-
ducting surveillance in regions with circulating H5N1 viruses to
recognize key residues that predict the pandemic potential of iso-
lates, which will inform the development, production and distri-
bution of effective countermeasures.
Although H5N1 viruses continue to cause outbreaks in poultry and

there are cases of human infection in Indonesia, Vietnam, Egypt and
elsewhere (http://www.who.int/influenza/human_animal_interface/H5N1_
cumulative_table_archives/en/index.html), they have not acquired the
ability to cause human-to-human transmission. Investment in H5N1
vaccines has therefore been questioned. However, because humans
lack immunity to influenzaviruses possessing anH5HA, the emergence
of a transmissible H5-HA-possessing virus would probably cause a
pandemic. To prepare better for such a scenario, it is critical that we
understand themolecular changes thatmay renderH5-HA-possessing
viruses transmissible in mammals. Such knowledge would allow us to
monitor circulating or newly emerging variants for their pandemic
potential, focus eradication efforts on viruses that already have
acquired subsets of molecular changes critical for transmission in
mammals, stockpile antiviral compounds in regionswhere suchviruses
circulate, and initiate vaccine generation and large-scale production

before a pandemic. Therefore, we studied the molecular features that
would render H5-HA-possessing viruses transmissible in mammals.
Previous studies suggested that HA has a major role in host-range

restriction of influenzaA viruses1–3. TheHAof human isolates preferen-
tially recognizes sialic acid linked to galactose by a2,6-linkages
(Siaa2,6Gal), whereas the HA of avian isolates preferentially recognizes
sialic acid linked to galactose by a2,3-linkages (Siaa2,3Gal)3. A small
number of avian H5N1 viruses isolated from humans show limited
binding tohuman-type receptors, a property conferred by several amino
acid changes in HA4–9. None of the H5N1 viruses tested transmitted
efficiently in a ferret model10–13, although, while our paper was under
review, one study14 reported that a virus with a mutant H5 HA and a
neuraminidase (NA) of a human virus in the H5N1 virus background
caused respiratory droplet transmission in one of two contact ferrets.
To identify novel mutations in avian H5 HAs that confer human-

type receptor-binding preference, we introduced random mutations
into the globular head (amino acids 120–259 (H3 numbering), which
includes the receptor-binding pocket) of A/Vietnam/1203/2004
(H5N1; VN1203) HA (Supplementary Fig. 1). Although this virus
was isolated froma human, itsHA retains avian-type receptor-binding
properties6,15. We also replaced the multibasic HA cleavage sequence
with a non-virulent-type cleavage sequence, allowing us to per-
form studies in biosafety level 2 containment (http://www.who.int/
csr/resources/publications/influenza/influenzaRMD2003_5.pdf). The
mutated polymerase chain reaction (PCR) products were cloned into
RNA polymerase I plasmids16 containing the VN1203 HA comple-
mentary DNA, which resulted in Escherichia coli libraries representing
the randomly generated HA variants. Sequence analysis of 48
randomly selected clones indicated an average of 1.0 amino acid
changes per HA globular head (data not shown). To generate an
H5N1 virus library, plasmids for the synthesis of themutated HA gene
and the unmodified NA gene of VN1203 were transfected into human
embryonic kidney (293T) cells together with plasmids for the synthesis
of the six remaining viral genes of A/Puerto Rico/8/34 (H1N1; PR8), a
laboratory-adapted human influenza A virus.
Turkey red blood cells (TRBCs; which possess both Siaa2,6Gal and

Siaa2,3Gal on their surface (data not shown)) were treated with
Salmonella enterica serovar Typhimurium LT2 sialidase, which pref-
erentially removes a2,3-linked sialic acid (that is, avian-type receptors),
creating TRBCs that predominantly possess Siaa2,6Gal on the cell
surface (Siaa2,6-TRBCs; Supplementary Fig. 2). The virus library
was then adsorbed to Siaa2,6-TRBCs at 4 uC and extensively washed
to removenonspecifically orweakly boundviruses. Boundviruseswere
eluted by incubation at 37 uC for 30min, and then diluted to approxi-
mately ,0.5 viruses per well (on the basis of a pilot experiment that

1Department of Pathobiological Sciences, University of Wisconsin-Madison, Madison, Wisconsin 53711, USA. 2ERATO Infection-Induced Host Responses Project, Saitama 332-0012, Japan. 3Department
of Special Pathogens, International ResearchCenter for InfectiousDiseases, Institute ofMedical Science, University of Tokyo, Tokyo 108-8639, Japan. 4Department ofMicrobiology and InfectiousDiseases,
Kobe University, Hyogo 650-0017, Japan. 5Division of Virology, Department of Microbiology and Immunology, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan. 6Health Science
Hills, College of Life and Health Sciences, Chubu University, Kasugai, Aichi 487-8501, Japan.
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Airborne Transmission of Influenza
A/H5N1 Virus Between Ferrets
Sander Herfst,1 Eefje J. A. Schrauwen,1 Martin Linster,1 Salin Chutinimitkul,1 Emmie de Wit,1*
Vincent J. Munster,1* Erin M. Sorrell,1 Theo M. Bestebroer,1 David F. Burke,2 Derek J. Smith,1,2,3

Guus F. Rimmelzwaan,1 Albert D. M. E. Osterhaus,1 Ron A. M. Fouchier1†

Highly pathogenic avian influenza A/H5N1 virus can cause morbidity and mortality in humans but thus far
has not acquired the ability to be transmitted by aerosol or respiratory droplet (“airborne transmission”)
between humans. To address the concern that the virus could acquire this ability under natural conditions,
we genetically modified A/H5N1 virus by site-directed mutagenesis and subsequent serial passage in
ferrets. The genetically modified A/H5N1 virus acquired mutations during passage in ferrets, ultimately
becoming airborne transmissible in ferrets. None of the recipient ferrets died after airborne infection with
the mutant A/H5N1 viruses. Four amino acid substitutions in the host receptor-binding protein
hemagglutinin, and one in the polymerase complex protein basic polymerase 2, were consistently present
in airborne-transmitted viruses. The transmissible viruses were sensitive to the antiviral drug oseltamivir
and reacted well with antisera raised against H5 influenza vaccine strains. Thus, avian A/H5N1 influenza
viruses can acquire the capacity for airborne transmission between mammals without recombination in an
intermediate host and therefore constitute a risk for human pandemic influenza.

Influenza A viruses have been isolated from
many host species, including humans, pigs,
horses, dogs, marine mammals, and a wide

range of domestic birds, yet wild birds in the orders
Anseriformes (ducks, geese, and swans) andCharad-

riiformes (gulls, terns, and waders) are thought to
form the virus reservoir in nature (1). Influenza A
viruses belong to the family Orthomyxoviridae;
these viruses have an RNA genome consisting of
eight gene segments (2, 3). Segments 1 to 3 en-
code the polymerase proteins: basic polymerase
2 (PB2), basic polymerase 1 (PB1), and acidic
polymerase (PA), respectively. These proteins
form the RNA-dependent RNA polymerase com-
plex responsible for transcription and replication
of the viral genome. Segment 2 also encodes a

second small protein, PB1-F2, which has been
implicated in the induction of cell death (4, 5).
Segments 4 and 6 encode the viral surface glyco-
proteins hemagglutinin (HA) and neuraminidase
(NA), respectively. HA is responsible for binding
to sialic acids (SAs), the viral receptors on host
cells, and for fusion of the viral and host cell
membranes upon endocytosis. NA is a sialidase,
responsible for cleaving SAs from host cells and
virus particles. Segment 5 codes for the nucleo-
capsid protein (NP) that binds to viral RNA and,
together with the polymerase proteins, forms the
ribonucleoprotein complexes (RNPs). Segment 7
codes for the viral matrix structural protein M1
and the ion-channel protein M2 that is incorpo-
rated in the viral membrane. Segment 8 encodes
the nonstructural protein NS1 and the nucleic-
export protein (NEP) previously known as NS2.
NS1 is an antagonist of host innate immune re-
sponses and interferes with host gene expression,
whereas NEP is involved in the nuclear export
of RNPs into the cytoplasm before virus assem-
bly (2, 3).

Influenza Aviruses show pronounced genetic
variation of the surface glycoproteins HA and
NA (1). Consequently, the viruses are classified
based on the antigenic variation of the HA and
NA proteins. To date, 16 major antigenic variants
of HA and 9 of NA have been recognized in wild
birds and are found in numerous combinations
designated as virus subtypes (for instance, H1N1,
H5N1, H7N7, and H16N3), which are used in
influenza Avirus classification and nomenclature
(1, 6). This classification system is biologically
relevant, as natural host antibodies that recognize
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Fig. 1. In experiment 1, we inoculated groups of six ferrets intranasally with
1 × 106 TCID50 of (A) influenza A/H5N1wildtype virus and the three mutants (B)
A/H5N1HA N182K, (C) A/H5N1HA Q222L,G224S, and (D) A/H5N1HA N182K,Q222L,G224S.
Three animals were euthanized at day 3 for tissue sampling and at day 7, when
this experiment was stopped. Virus titers were measured daily in nose swabs
(top) and throat swabs (middle) and also on 3 and 7 dpi in respiratory tract
tissues (bottom) of individual ferrets. Virus titers in swabs and nasal turbinates
(NT), trachea (T), and lungs (L) were determined by end-point titration in MDCK
cells. [One animal inoculated with A/H5N1HA N182K,Q222L,G224S died at 1 dpi due
to circumstances not related to the experiment (D).] (Top two rows) Virus

shedding from the URT as determined by virus titers in nasal and throat swabs
was highest in A/H5N1wildtype-inoculated animals. The mutant that yielded the
highest virus titers during the 7-day period was A/H5N1HA Q222L,G224S, but titers
were ~1 log lower than for the A/H5N1wildtype-inoculated animals. In the first
3 days, when six animals per group were present, no significant differences
were observed between A/H5N1HA N182K- and A/H5N1HA Q222L,G224S-inoculated
animals, as calculated by comparing the viral titer (Mann-Whitney test, P =
0.589 and 0.818 for nose and throat titers, respectively). (Bottom row) No
marked differences in virus titers in respiratory tissues were observed between
the four groups. Each bar color denotes a single animal.
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Benefits 
 
1. Now we know that H5N1 has the potential to become 

airborne transmissible in mammals. 

2. Now we know some of the specific mutations that might 
enable this to happen. 

3. This information might aid in surveillance of the viruses 
ongoing evolution. 

4. This information might aid in vaccine development against 
specific H5N1 strain lineages. 

5. This information increases our mechanistic understanding of 
the basis for influenza transmissibility. 



Risks 
 
1. Someone could recreate the virus using reverse genetics, 

and then release it intentionally or accidentally. 

2. There is the potential for accidental release of the virus 
(currently all authorized work is restricted to BSL3). 

3. Controversy about this research could impede other 
important types of inquiry into influenza and other diseases. 



Intra-species 
transmission 

Zoonosis 

Influenza A virus is 
remarkable for the 
frequency and breadth of 
zoonoses: many species 
of birds, humans, pigs, 
horses, dogs 


