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Influenza A virus (IAV)
* Family: Orthomyxoviridae

*Negative sense, segmented, single-stranded RNA genome
8 segments, 12-13 ORF's
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| Nomenclature:
—~ SAa2-6Gal e.g., H5N1, H3N2

HA - saa2-3Gal
(17 HA subtypes)

Modified from: Horimoto & Kawaoka (2005) Nat Rev Micro 3:591-600

R “Shift and Drift”




Influenza A virus host range Is quite diverse




Avian
influenza:

N\

Equine

influenza:
N\

Swine
influenza:

Influenza A viruses In animals

. Many species of wild birds and domestic birds

« LPAIl: H1-H16, N1-N9

« HPAI. HS & H7 subtypes only
« Polybasic amino acid insertion at the cleavage site
« 25 outbreaks since 1959, 15 outbreaks since 1990

B Recognized for hundreds of years

* Historical linkages to human influenza outbreaks
* H/N7 and H3N8 subtypes

+ H3N8 has adapted to dogs

* Recognized since 1918
* Different subtypes circulate:
* H1N1, H1N2, H3N2




Influenza A viruses in humans

Annual epidemics
with >200,000
hospitalizations;
& up to 49,000
deaths/yr. in U.S.

Occasional and
unpredictable
pandemic strains
with increase in
Illness and death

Pandemics are
derived
zoonotically:
1918, 1957,
1968, 2009

Mortality Associated with Influenza Pandemics and Selected Seasonal Epidemic Events,

Years

1918-1919
1928-1929
1934-1936
1947-1948
1951-1953
1957-1958
1968-1969

1972-1973
1975-1976
1977-1978
1997-1999

2003-2004

2009

1918-2009.%
Excess Deaths
Circulating Virus (Genetic Mechanism) from Any Cause
no. per 100,000
persons/yr

HINL1 (viral introduction), pandemic 598.0
HIN1 (drift) 96.7
HIN1 (drift) 52.0
HIN1 A’ (intrasubtypic reassortment) 8.9
H1IN1 (intrasubtypic reassortment) 341
H2N2 (antigenic shift), pandemic 40.6
H3N2 (antigenic shift), pandemic 16.9
H3N2 A Port Chalmers (drift) 11.8
H3N2 (drift) and HIN1 (“swine flu” outbreak) 12.4
H3N2 (drift) and HIN1 (viral return) 21.0
H3N2 A Sydney (intrasubtypic reassortment) 49.5

and HIN1 (drift)
H3N2 A Fujian (intrasubtypic reassortment) and 17.1

HIN1 (drift)
H3N2 and HIN1 (drift) and swine-origin HIN1 ?

(viral introduction), pandemic

Morens, et al. 2009 NEJM. 361:225-229



The influenza problem:

Influenza A viruses
are extremely
diverse and evolve

Influenza
pandemics emerge
unpredictably and
have variable

characteristics

New strains
continually emerge;
host range is very
extensive

Influenza causes
disease in
domestic animals
like poultry,
horses, and swine

Influenza
epidemics major
cause of morbidity
and mortality
annually




Human influenza A timeline

HI1N1
H3N2
H3N? H2N2-
T HIN1 s HIN1
) I
1889 1918 1957 ‘ 1977 2009
1968
Newsday N=4

The Worst
Bioterrorist May Be
Nature Itself
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Mortality impacts of past influenza pandemics

1918 “Spanish” & .
flu (HIN1): 675,000 deaths in the U. S.

AL « 70,000 deaths in the U. S.

(H2N2):

1968 “Hong | .
Kong” flu (H3N2) 30,000 deaths in the U. S.

* 12,000 deaths in the U. S.
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Global Population Estimates, in Billions

Influenza pandemics throughout history
g
o Atleast 14 pandemics in last 500 years (since 1510)
6/« Average inter-pandemic interval = 36 years
e Severity variable

=== Widespread in Europe
- Trans-regional/inter-regional Pandemic
= Glcbal Pandemic

Unknown Severily
Mild
Sewvers

|1

1800 1900 2000

800 800 1000 1100 1200 1300 1400 1500 1600 1700

Years
Morens & Taubenberger 2011. Rev Med Virol 21:262



1918 ‘Spanish’ influenza mortality

» Total deaths in the 9 months of the pandemic in 1918-1919
estimated to be 50 million

e U.S. Deaths = 675,000

 U.S. Military deaths to flu = 43,000 (out of ~100,000 U.S. Troop
casualties in W.W.1.)

» Case fatality rate ~1-2%; >98% had self-limited ILI in absence of
antivirals, antibiotics, vaccines, supportive care
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Rationale for 1918
archaevirology project

« Naturally occurring pandemic but no direct
iInformation on pandemic virus available (no
viral isolates in 1918)

e Data from virus would have important
niomedical and epidemiological implications to
orevent or mitigate a future pandemic, e.g.:

— How did the pandemic strain evolve and adapt to

humans? Could identified mutations be used for
surveillance?

— Why was it pathogenic, especially in young adults?
Could data be used to develop novel therapeutics
and vaccines?

IN,
i)
= =
<
zé &
o
RS



1918 archaevirology project

Initiated at AFIP in 1996

First sequences published in 1997; genome
completely published in 2005 along with
reconstruction of virus

Funding:

— Intramural funds of AFIP (1996-2006)

— Grants from NIH, Department of Veterans Affairs, American
Registry of Pathology (1996-2006)

— Intramural funds of NIAID/NIH (2006-pres.)

Approvals and Oversight:
— AFIP & DoD

— NIH, CDC, and USDA

— NSABB

— Reconstructed 1918 virus regulated by CDC as Select Agent
since 2005, requiring oversight and enhanced BSL3
containment



Enhanced BSL3

Physical Security — 24hr access
control and video surveillance
Bio-surety with FBI/DoJ
background checks and routine
follow-up
CDC SAP approval and
oversight, IBC safety oversight
Physical Containment:

» Multiple levels of access control

* Negative pressure labs

» Class Il BSCs

 Double-sided autoclaves
Personal protective equipment:

 PAPRs (powered air-purifying

respirators)

o Sealed tyvek body suit

» Quter tie-back gown

» Double gloves & shoe covers

 Chemical decon of PPE
Shower-out requirement



Source of 1918 cases:

 Formalin-fixed, paraffin-embedded autopsy tissues from
National Tissue Repository, AFIP

« Formalin-fixed, paraffin-embedded autopsy tissues from
Royal London Hospital, UK

* Frozen, unfixed autopsy tissue from exhumation and
lung biopsy in Brevig Mission, AK

Taubenberger et al. 1997 Science
275:1793

Reid et al. 1999 PNAS 96:1651
Sheng et al. 2011 PNAS 108:16416




‘Resurrecting’ the 1918
Influenza virus

Armed Forces

pathology
laboratory museum ntds £ L
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gé):@ Lamb & Jackson 2005. Nature Med 11:1154
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Scientific outcomes of
1918 project (1)

New insights into influenza evolution in
humans and animals

Springboard for rapid expansion of
sequenced Influenza genomes

Understanding pathology of lethal
Influenza infections and importance of
bacterial co-infections in mortality

|dentification of viral virulence and host
adaptation factors
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Scientific outcomes of
1918 project (2)

Crucial importance of host inflammatory
response Iin disease progression

Utility of 1918 HA for understanding
receptor binding

Use of 1918 HA for development of
broadly cross-reactive influenza vaccine
approaches

Discovery of novel influenza protein
encoded by all influenza A viruses



One ‘pandemic era’ since 1918:

1918 1957 1968 1976 1977 1979 1998 2009

North American
classical swine HIN1
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230 human cases, H1 HA, NP, M, E
Fort Dix 1979 and NS donated 3
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pandemic and
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1918 human
HINL

W | the 1918 virus

X etinction PB1 and N2 NA
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N2 NA donated

Human HZN2

PB1 and H3 HA

donated
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Morens, et al. 2009 NEJM. 361:225-229



Number of sequences

Influenza genome sequences

INn GenBank

Flu sequences in GenBank
m- T 'd_‘__.-"'
150000] 1918 i 4 -
: genome A
! completed -
50000 | l F_____,__-—f‘_#f
o ?111.:3102 1.I'1.I'.':EI]'I]5 ?.I'1.I'.':HJD? 1.I'1.I'.'IZD1I}
I Dates
1918 o
project Effort to place 1918 virus in context:
started

*Avian influenza genomes
Human influenza genomes




Avian influenza evolution and host switch

HA: H1-16 ‘Internal’ Genes

Very divergent Very conserved
i
- “‘“3:5?.::?;;111'::;;?["_? R L
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_,,/»j fitness threshold F%
inviable JE;
L _E
HA & NA I
=
! _L«f
" ‘Internal’
e genes

NAT

V\N— INs,,,
@ Dugan et al (2008) PLoS Path 4(5):e1000076.
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1918 autopsy pathology:
>949% cases with bacterial co-infection
TEEEECY o o REE
¢ o il N Features of

o | secondary

primary viral
pneumonia

3 @ Taubenberger & Morens. 2008. Ann Rev Path 3:499; Morens, et al. 2009 JID. 198:962.






1918 host adaptation & virulence factors

Table 1 | Amino acid residues distinguishing human and avian influenza polymerases

Gene Residue no. Avian 1918 Human HIN1 Human H2N2 Human H3N2 Classical swine Equine
PB2 199 A S S S S S A
PB2 475 L M M M M M L
PB2 567 D N N N N D D
PB2 627 E K K K K K E
PB2 702 K R R* R R R K
PB1 375 N/S/Tt S S S S S S
PA 55 D N N N N N N
PA 100 A A A A A \ A
PA 382 E D D D D D E
PA 552 I S S S S S T

* All human HIN1 PB2 sequences have an Arg residue at position 702, except that two out of three A/PR/8/34 sequences have a Lys residue.
1 The majority of avian sequences have an Asn residue at position 375 of PB1, 18% have a Ser residue, 13% a Thr residue.

Pol genes

% Repdicative ability in ferets

[22]
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Taubenberger, et al. 2005 Nature 437:889
Wimmer, et al. 2009 Nature Biotech 27:1163

Qi, et al. 2011 Virology 412:426

Watanabe & Kawaoka 2011 PLoS Path 7:€¢1001218

2009 HA




Up-regulated inflammatory responses
during 1918 infection

1918 sHIN1
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Novel anti-inflammatory drug protects
mice from lethal 1918 infection

Drug treatment 3 to 10 days post-infection
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1918 HA RBD helped define
sialic acid binding

‘Human-like’
cx2_6 D225
1918 H1
‘Avian-like’
a2-3 G225
2004 H5

ép\\_ INS, 2.
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@leuSAc (a2-3)D-Gal(B1-4)GIcNAC
Stevens, J et al. Science (2004) 303:1866 - 1870



Natural 1918 HA receptor binding
variation between cases

1918 HA partial sequences

Date of Death Strain Name Partial HA protein sequence (residues 172-237 of HA1 domain)? Source of Sequence
EVLVLWGVIIHPPTGTL ONADAYVSVGSSKYNRREFTFEIAAR B NYYWTLLEPG Consensus Seq uence

05/11/18 FVIT-VAVAT:HE: I B Y ) AT EEETTEIIS AR BN - This report
06/02/18 AfIAJ2/1918 | sereeiiiiciiiaal il eeesasstsatessaiaaesa e sl ceeiaanaan This report
06/24/18 A/DC/1/1918 | seceverainnntaaliei isnsennsssasnntnetassasinesai sasl i ferarnannnns This report
07/22/18 ISP EREEEEEER (EEERE B DETEIEEIEECEERREERRE: EEK I EEEEEEEREE This report
09/21/18 LYANZPT N I . GO B DOEEEERETEREETRRRNEEE OFE I DR This report
09/26/18 A/NY/1/1918 | ceceveregnnnraaggoparsnscnnsssasannstascasncsapsosBeeniorarncnnnns Reid, et al. 1999
09/26/18 LYSIOATAEIE N IR PR B CEEEEEREETRERTRRREEEG A I R Reid, et al. 1999
09/26/18 A/NY/3/1918 | seveesssimesssssiirssessnsssssasssnnssssssmessaiiosiainnssssssansas This report
09/27/18 YAV VARAE:IF: I B . 1) AT EEEEERERRIETES NP BN ARREE This report
09/30/18? AJAFIP/1/1918 | seveeent ientiaalie: eeenntataatetaatattes et tbiasiiiiiattrananann This report
10/01/18 A/VAJ2/1918 | teceeetamennraadiegassscansssasasnstatsasmactagaasaassgerersanntns This report
11/20/183 A/BM/1/1918 @ | seceeereinnnraaliioiionseansssasansnetassasincsaicnsiiiiiorasnannsns Reid, et al. 1999
11/13/18 A/London/1/1918 | +eceeeremeeesBag ittt ittt c i s e s et Reid, et al. 2003
02/13/19 A/London/1/1919 | +eceeerienniaaiieiienscnnnssasnnnernsneszeesei LB e, Reid, et al. 2003

IProtein sequences aligned to the HA1 domain sequence of A/SC/1/1918 [GenBank Acc. No. AAD17229.1]. Dots match consensus sequence.

2Case was accessioned at the AFIP in conjunction with other cases from late September through early October 1918; date of death was therefore likely in this
timeframe.

3Qutbreak in Teller Mission (now Brevig Mission, AK) occurred between November 15-20, 1918; date of death was arbitrarily set at 11/20/1918 [Ref:
http://www2.gi.alaska.edu/ScienceForum/ASF17/1772.html].

14 sequences: 4 from spring-summer; 10 from fall/winter:
- 3 of 4 spring-summer isolates with 222G (‘avian-like’ )
- 8 of 10 fall/winter isolates with 222D (‘*human-like’ )

- 3 novel RBD region polymorphisms
Sheng, et al. 2011 PNAS 108:16416.



1918 HA receptor binding
specificity and tropism

‘Avian-like’ (a2-3/a2-6 SA) ‘Human-like’ (a2-6 SA)
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1918 influenza virus antiviral sensitivity and
vaccine cross-Protection

A
100 o - 1918vaccine
. S
1918 virus fully sensitive to all R e
four approved antiviral drugs: =
’ Da?s post-inoc:lflation E
elon channel blockers:
) b
-  Amantadine 100
-  Rimantadine _ 801
.. . .y - & -=- Mock
Neuraminidase inhibitors: 5 60 <+ No Vaccinet
. . > \ -+ Bris/59/07 (H1N1)*
- Oseltamivir 3 407 :ggﬁgg,gg(HSNz)*
- Zanamivir 20 { |
YRR I T
Days Post Infection
Both 2009 pH1N1 and
Tumpey, et al. 2002 PNAS 99:13849 Seasonal H1N1 Vaccines
Tumpey, et al. 2004 PNAS 101:3166 ] .
ST Medi l. 2010 N C 1:28
5P Fosomooe s soti v b 25,201 PTOtECt Mice against 1918



Use of 1918 HA structure to develop
monoclonals & broadly reactive vaccines

- §1-1918 HA

A

[ I i i\ u:
W o .J: v Wi
HA1 %’ SR
“Head” * 0y 7%
S T s ;
{ 'CR6261
HA2 Epitope
nStemu -*{

1] 1] = H1-SC1918
Stem - O H1-CAO4
o4 ¢ H1-PR8
< o H2-Jap57
g + H3-HK68
CR6261 g, o H3-Bris07
H 8 H5-Viet04
Epitope = :\ H?-meOS
Log [.2D1 concentration (mg/mL)]
e Xu, et al. 2010 Sci 328:357
“Helix A” u, et al. cience . .

Fleishman, et al. 2011 Science 332:816.



1918 virus genome used to
identify a novel influenza protein

 Novel ORF encoded by
Influenza A viruses

 Encodes a non-structural
protein that alters the host
Inflammatory response,
Including down-regulation of
MHC class | genes

* Novel target for therapeutics
development and for vaccine
effectiveness EREs

MHC Class |
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&7 @ Jagger, et al. 2012 In review.
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Conclusions

e 1918 virus project has significantly
enhanced our understanding of
Influenza pathobiology

e 1918 virus sequence has been utilized
In hundreds of published studies

1918 genome continues to provide
useful data about influenza
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