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2009 pandemic response fastest ever but too slow

Vaccine only available in substantial quantities after the 2nd pandemic wave
peak
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Close to 40% of cases occurred in a time when no meaningful vaccine quantities were avaiable

Source: source is: http/Avww.cde gov/h 1n1fiufestimates 2009 hin1 htm and hito JAvww cdc govifiuiweekly/index hitm; As of Jan16, 2010 the CDC estimated that about 57 miliion people are infectedwith 2009
H1N1. weekly data on influenza postive tests reported to CDC by U.S. WHO/NREVSS collaborating laboratories appliedto CDC estimate to arrive at the weekly estimate for number of casesinthe US
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Early events in the NV&D response to HIN1v
Generated virus in 17 days, made GMP 3 wks later, never used

April June July

|

{ HA, NA gene synthesis Calibrated ‘
- - SRID reagents
US epidemic expected
announced

HA, NA cloning and
Viral RNA subcloning into rescue vectors
from CDC/
arrives

3 A/Cal HA and NA rescued on a PR8 (standard

vaccine) backbone by reverse genetics
P Rescue of RG seed accomplished
RG backbone and process optimization under GMP on MDCKs P
Virus

¢ CDC NV&D and Univ. Marburg culture of wild type
aer()riT/es virus on MDCKs, followed by transfer to TD

Manufacture Yield and purity too low.
with wild type seed| Switch to reassortant seed.

Reassortant seed from ‘ Manufacture with reassortant seed

WHO CC arrives in Marburg

Clinical trial start ’
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With SGVI and JCVI, established a process for rapid
generation of synthetic influenza viruses

Synthetic biology improves the speed of vaccine seed generation

Enzymatic error correction improves the accuracy of seed generation
Optimized backbones produce superior virus and HA yield

Process robustness shown by making >25 synthetic flu A and B virus strains

Step 1 Identify relevant new HA and NA sequences
Step 2 Design oligos
Currently Step 3 Chemically synthesize oligos
done by
JCVI/SGVI Assemble oligos into flu HA and NA gene segments —5d
Step 4 enzymatically
Rescue influenza viruses using synthetic HA and NA
gene segments and backbone plasmids in vaccine-
approved MDCK cells.

—_—

Amplify recovered viruses in MDCK cells —3-7d

Analyze viruses rapidly and select best for seeds @ — 3d
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Improved gene assembly Is the core advance
High fidelity enzymatic assembly and error correction

A.
Colony formation, Pool correct
Download E.coli growth in clones,assemble
HAand NA Synthesize broth, DNA into a vector, Sequence
sequences oligos preparation transform E. coli DNA
Day 1 Day 2 Day 3 Day 4 Day 5
Design Pool cligos, assemble, Sequence Colony formation, E. coli growth
oligos transform E. coli DNA in broth, DNA preparation
B.
Error  Amplify Enzymatic gene assembly without cloning
Download Synthesize correct linear . . .
HAandNA andpool and  gene Enzymatic error correction degrades mismatched DNA
li li t . . . . . .
ISl . REIR BN High fidelity allows virus rescue in manufacturing cell
|—| | |—‘ line while sequence being confirmed
Day 1 : Can be fully automated
_ | | | o Rescuing many strains in parallel allows generation of a
Eesl)/Smlslle gosesla JlHrsaEiEge high yielding strain with the first synthesis
oligos oligosand coding and clean
amplify  sequence up DNA Can accelerate any flu vaccine platform that requires
into vector ;
0 add strain changes
control
elements Dormitzer et al., Sci Trans Med 5:185ra68, 2013
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Alternative influenza vaccine backbones

A B
/PRSX backbone gene segments \ (Brisbane backbone gene segments \
PB2 PR8x PB2 Brisbane
PB1 PR8x PB1 Brisbane
PA  PR8x + HA — — PA  Brisbane N HA
NP PR8X e NA ——— NP  Brisbane  =— NA
M PREX e M Brisbane
\_ NS PR8X =—— J \UNs Brisbane J
/#19 backbone gene segments \ /834 backbone gene segments \
PB2 Hes PB2 Brisbane
PB1 Hes PB1 Brisbane
PA  PR8x + HA — PA  Brisbane + HA
NP Hes e NA  m— NP  Brisbane =——— NA
M PR8x e M Panama
\NS PR8x — / \NS Panama /
(#21 backbone gene segments \
PB2 PR8x
PB1 A/CA
PA  PR8x HA
NP PR8X — m—— T NA
M PR8x —
\_NS PR8X  —— -/

Can rescue directly on novel backbones for increased rescue efficiency and HA expression

All genome segments from low pathogenicity strains
Dormitzer et al., Sci Trans Med 5:185ra68, 2013
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A panel of new vaccine backbones increases HA yield
Comparable yield increases in MDCK cells and eggs

Synthetic H1N1 strain Reference strain HA ylel.d el L y|eld.by RP-HPLC Best backbone(s)
(fold-increase) (fold-increase)

A/Christchurch/16/2010 NIB74 4.3 ** 2.8 #21
A/Brisbane/10/2010 wild-type 6.9 *** 4.2 #21
A/Brisbane/59/2007 IVR-148 2.9 1.9 #21
A/Solomon/3/2006 IVR-145 6.4 1.8 #21
Synthetic H3N2 strain
A/Victoria/361/2011 IVR-165 1.8 1.8 PR8x
A/Victoria/210/2009 X187 1.8 * 3.4 PR8x
A/Wisconsin/15/2009 X183 9.9 Ref. undetectable #19
A/Uruguay/716/2007 X175C 1.4 * 1.4 #19
Synthetic H5N1 strain
A/turkey/Turkey/1/2005 NIBRG23 2.1%* 3.8 #19, #21b
Synthetic H3N2v strain
A/Indiana/8/2011 X213 n/a 2.4 *** #21
Synthetic B-Yamagata strain
B/Wisconsin/1/2010 wild-type 2.1 11 Brisbane
B/Brisbane/3/2007 wild-type 2.9 2.0 #B34
B/Florida/3/2006 wild-type 1.6 not tested #B34
Synthetic B-Victoria strain
B/Brisbane/60/2008 wild-type 1.0 1.5 ** Brisbane
B/Brisbane/32/2002 wild-type 2.3 1.8 Brisbane

Dormitzer et al., Sci Trans Med 5:185ra68, 2013
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The emerging system
More rapid and reliable protection of the public from flu

Sequence data are posted on the web Synthesized HA and NA genes are rescued directly
with open access and continuously monitored on high growth backbones and tested as potential
by algorthims to detect new antigenic variants vaccine seed viruses

Seed viruses are shipped to additional manufacturing sites.
When the technology matures, this shipment can also be
replaced with electronic transfer and local synthesis

National Inflenza Centers sequence flu
genes directly from respiratory secretions
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The Novartis H7N9 influenza vaccine response
Combining synthetic virus generation with flu cell culture platform

German authorities notify
NVE that RG-1D-1603 can be
manufactured at B5L2
Sequence confirmation of Tue 5/14/13
VACCine virus rescug

Sythesized genes received in

Virus PCR- for bovine,
Cambridge. 1st transfection

porcine adventitious agents,
vied 4/3/13 Mon 4/8/13 k \ chipped to NVD MBG GMP
l 1st evidence of rescue Df,» e y seed lab
vaccine virus Thu 5/16/13
China CDC reports human satae/ss : It round of limiting dilution Second Round of Passaging 2500L fermenter inoculated
infections w/ H7N inflenza, sjhifpped 0 Uni MBEG subcloning 'f:t:'lmplered | in seed lab complete, start to start production of Ph |
posts seaseqges on GISAID Thu 5/2/13 \

o Frl-'-l.-lz.'jj of seed lot manufacturing

Fri 5/24/13 Thyf6/13/13

%é@f@-ﬂé— _</ %‘@f@ —

Fimish
Thu 613,
Venter ’.ﬁ"thESEES HA & NA Virus released from customs 2nd rﬂund 'Df Ilmltlng Start of QC tE_'-Tl'iI'Ig orn seed
genes ta Uni MBG dilution subdoning | \ lot
Tue 4/2/13 Fri a/19/13 completed \ Mon 5/27/13
U5 CDC receives wild type Mon 5/13/13 Passaging of Virus in the
wvirus from China /
Thu 4/11/13 seed lab begins
| o / Fri 5/17/13
Sythesized genes provided Sequence of HA & NA genes
by NVE & Venter received after subcloning confirmed
at Us ChC wed 5/15/13
Thiu 4/4/13

Synthetic virus rescue in collaboration with
Synthetic Genomics Vaccines Inc.
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SAM® vaccines
A disruptive synthetic RNA gene vaccine platform suitable for flu immunization

1Geall et al. (2012) Non-viral delivery of self-amplifying RNA vaccines. PNAS 109:14604-14609

RNA is delivered to

RNA is cytoplasm of host RNA self-amplifies in the
enzymatically cells, using NV&D vaccinee and expresses
synthesized in proprietary vaccine antigen or

vitro from a delivery system therapeutic molecule
DNA template
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Combines the benefits of DNA immunization and viral vectors while eliminating the drawbacks of each
Could allow very rapid generation of strain-specific vaccines
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What is a self-amplifying mRNA (replicon)?
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Based on the genome of an alphavirus

Contains the genes encoding the non-structural proteins (nsp) that replicate
RNA and allow protein expression

Lacks the genes required to make infectious viral particles (structural
proteins)

We currently use RNAs derived from an alphavirus, but many other viral
sources are feasible (flaviviruses, picornaviruses etc.)

Gene of interest (GOI)

Structural proteins are replaced with gene encoding vaccine antigenic
protein

Any viral or some bacterial antigens
Multiple proteins can be expressed from the self-amplifying RNA
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Conclusions

Electronic data transmission combined with rapid and accurate gene
synthesis is transforming the flu vaccine virus generation system

The barriers to implementation are no longer primarily related to
technical, synthetic biology challenges

* Need transparency, accountability, and consistency in processes and decisions by
agencies such as USDA, CDC, and FDA that support rapid responses to novel threats

» Avoid unintended public health consequences of regulation intended to prevent misuse
* Modernize other components of the system, such as potency release assays

» Eliminate barriers to rapid, open virus gene sequence and antigenicity data sharing

» Create a sustainable business model for implementation of this technology

The current response to the H7N9 influenza outbreak is the first
example of this technology in action

Synthetic, self-amplifying mRNA vaccines and process automation are
in the next wave of synthetic vaccinology

12| Synthetic Vaccine Seeds | NAS Synthetic Biology Forum | Philip Dormitzer | October 2013 U NOVARTIS



