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The evolution of life and viruses

Sulfolobus virus




The evolution of viruses

Self-replicating RNA

v
Transposable Elements
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Viruses impose significant selective pressure
on their host
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As students head back to school this
September, swine flu could infect millions

How Bad Will It Get?
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The continual threat of emerging pathogens
demands the capacity to study them
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There is a growing concern and mistrust of the

public concerning this type of research

Chilling new details on cold-storage smallpox

Hoai-Tran Bui and Alison Young, USA TODAY

Inside America's secretive biolalbs

INVESTIGATION REVEALS HUNDREDS OF ACCIDENTS, SAFETY VIOLATIONS AND NEAR MISSES PUT
PEOPLE AT RISK

How secure are labs handling world's
deadliest pathogens?

ANNALS OF MEDICINE MARCH 12, 2012 ISSUE

THE DEADLIEST VIRUS

Did a scientist put millions r::'f lives at risk—and was be ri gﬁf‘»f to do it?

By Michael Specter
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The evolution of viruses

Self-replicating RNA

Transposable Elements



Antiviral defenses of prokaryotes — DNA targeting
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The evolution of viruses

Self-replicating RNA

v
Transposable Elements
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DNA Phage



Antiviral defenses of prokaryotes — DNA targeting

Transposable Element Foreign DNA
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Antiviral defenses of prokaryotes — DNA targeting

Transposable Element Foreign DNA Foreign DNA
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Antiviral defenses of prokaryotes — DNA targeting

Transposable Element Foreign DNA Foreign DNA Foreign DNA
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The evolution of viruses

Self-replicating RNA
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Transposable Elements
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Antiviral defense evolution:

new viruses = new defenses

Eukaryotes
Archaea piRNA _ RNAI Today
_RISPR-Cas
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DNA targeting 2
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Eukaryotes needed a defense for RNA pathogens

Bacteriophage
DdRp = RdRp

A A’ "

The RNAI Machinery



The evolution of small RNA-mediated defenses

emerged in all three domains of life

Bacteria
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Antiviral defenses of arthropods — RNA targeting

slicing
activity
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Prokaryote

Eukaryote

The evolution of viruses

Self-replicating RNA
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Virus expansion and defense modifications:

Beyond plants and insects

DNA virus
+/- sense RNA viruses

+sense RNA
viruses

RNAI

Amphibians

Reptiles

Mammals

DNA viruses
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Chordates invent a new defense for both DNA and

RNA viruses by repurposing TLRs

Phylum,/subphylum Representative species Characterized function
"Metazoans )
( Eumetazoans A
(Bilateria A
( Deuterostomes A
~
Chordates | Homo sapiens | Immunity
Vertebrates ]
| Mus musculus |  Immunity
Urochordates | Ciona savignyi | ?
Cephalochordates J | Branchiostoma floridae | ?
Echinoderms | Strongylocentrotus purpuratus| ?
. A
"Protostomes |
|| — Platyhelminthes 1 Schistosoma mansoni !
Annelids | Capitella sp. | | ?
— Molluscs | Euprymnalscolopes | ?
— Mematodes | Caenorhabditis elegans | Development
IE ] | Drosophila melanogaster | Development and immunity
L Arthropods | Tachypleus tridentatus | ? v
. A ' | Litopenaeus vannamei ? .
NS ]! | Effector Proteins
— |N€mamsreﬂa vectensis | ?
(= Cnidarians y | Acropora millepora | ?
| Hydra magnipapillata | ?
| Poriferans ) [ Suberites domuncula | 2
o
Fungi | Candida albicans ! _ _
""""""""""""" Adapted from Leulier and Lemaitre,
Plants :L Arabidopsis thaliana ! Nature Reviews Genetics 2008




TLRs and the emergence of the Interferon system

Eukaryotes
Archaea siRnA  RNAI_PRRs IFN/Ig
CRISPR-Cas |
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The mammalian response to virus infection
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Loss of RNAI did not mean the loss of small

RNA-mediated regulation

Antiviral RNAI

Small RNA-mediated
trancriptional control
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Small RNA usage in eukaryotes

Antiviral RNAI

microRNAS

Drosha

iNuclease (Ago)

RISC
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microRNA biology

Imperfect Complementarity
(stochiometric repression)

Perfect Complementarity
(enzymatic cleavage)
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Consequences of complementarity:

Potent silencing of a single target vs. fine-tuning of 1000s

Days post miIRNA depletion
Day One Day Two Day Four Day Nine

log2(Fold Change )
log2(Fold Change)

log2(Fold Change)
log2{Fold Change)

~50 DE genes ~ ~80DE genes J ~500 DE genes ~1000 DE genes



Part |I.

Given the successful utilization of RNAI in insects and our expression of
similar small RNA machinery, can we artificially engineer viruses to
Intersect with this biology?



Engineering flu to engage with the miRNA

machinery
PB2  Polymerase

Segment 2 ., PB1 Polymerase
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Engineering flu to produce miRNAs
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Varble and Chua et al. PNAS (2010) 197, 11519-11524.



Engineering flu to produce miRNAS

Influenza A/PR/8/34
miR-124 scbl
mock 0 4 8 12 24 36 36 hpi
70
60 pre-miR-124
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! *
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NS vRNA (modified
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Can we design a self-inactivating virus?

Varble and Chua et al. PNAS (2010) 197, 11519-11524.



Re-wiring microRNAS

Typical miRNA

UAAU

cC A GA
CUCU ~ GUGUUCAC GCG  CCUUGAUU
RRRRRRR
GGAAUUAA

CUCUG
RERRNENN
GAGGCGAGA  CGUAAGUG CGC

v

5-UAAGGCACGCGGUGAAUGCC-3’

A G AU
GUU ~AC
[T 11

AA
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v

RNA destabliization

- A
CGUGCCUUA-3’

LTI
GCACGGAAU-5'

target
miRNA

AC G AC CAUA .

Artificial miRNA

AA G ce U
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v

5-UACUCUUAGAUCUUCAAAUG-3’

5'-UACUCUUAGAUCUUCAAAUG-3’

ERRRSRRARRRRRRNRAN
3'-GUAAACUUCUAGAUUCUCAU-5’

v

RNA cleavage

target
amiRNA

AU
G

U



MIRNA-mediated self-targeting of influenza

i NP siRNA
Segment 8 @ L )




Self targeting can be achieved using the host

small RNA machinery

Q —» Q ]

E]NP siRNA

Control Self-targeted

NP
Wild type
fibroblasts Actin

miR-124

mock 12 24 12 24



Self targeting can be achieved using the host

small RNA machinery

o —> @ -

E]NP siRNA

Control Self-targeted

miR-124

NP
Wild type
fibroblasts Actin
Dicer-deficient NP
fibroblasts -
Actin

mock 12 24 12 24

Benitez and Spanko et al.
Cell Reports (2015)



RNAI can replace the mammalian IFN-I response
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Part |I. Conclusion

We can successfully engineer viruses to engage with our small RNA
machinery.



Part Il.

Can the host small RNA machinery be co-opted? Can we re-create the
antiviral defenses of plants and arthropods in mammals?



MIRNA exploitation to control virus biology

MIRNA absent: NO attenuation

Viral mRNA
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Can we generate a species-specific IAV?
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ldentifying mammalian-specific miRNAS
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MIR-93: not expressed in chickens,

abundant In mammals

o) & A X
R SR

.. miR-93




Confining IAV to chickens

Influenza A Virus Segment

Segment 1

Segment 6

S
L4

~ "Courtesy of P.Palese

Protein Function
PB2 Polymerase
Seamem 2 , PBI Polymerase
PA Polymerase
HA Viral Attachment
NP Binds viral RNA__——
NA Viral Release
M1/M2 Membrane stability
NS1/NEP  Antagonist/RNA export



Codon changing to create miRNA targets

Site 1

Nucleoprotein miR-93 MFE:-16.3 kcal/mol

ntllS””“I””””””””

Site 2

miR-93 MFE:-23.8 kcal/mol
ntg1@ TITITTITTITTITTTITITTTT

ACA AUA GAG AGA AUG GUG CUC UCU
Te2 |62 E64 R65 M6e6 V67 LS8 569

¥
T62 L63 E64 R65 M66 V67 L68 S69
PRNTL1: 5 ACC UUA GAG AGG AUG GUC CUA UCU 3

LE T FErrerr (ol
miR-93: 3’ GAUGGA CGU GCUUGU CGU GAAAC &
MFE:-19.1 kcal/mol

*
Te2z 163 E64 Res Mes Vo7 LeE 569
93 NP1: 5" ACA CUU GAA CGA AUG GuA CUD UCU 37

miR-93; 3 GAUGGA CGU GCU UGU CGU GAAAC 5
MFE:-28 kcal/mol

UUU CUA GCA CGG UCU GCA CUC AUA =
F258 L259 A260 R261 5262 A263 L264 265

* *
F258 L259 A260 R261 T262 A263 L264 L265
PRNTL2: 5" UUUCUA GCC AGG ACU GCA CUC CUA 3

LU 0F e teerr |
miR-93: 3 GAUGGA CGUGCUUGUCGU GAAAC &
MFE: -20.3 kcal/mol

- *

F258 L259 A260 R261 T262 A263 L264 L7265
93 NP2: 5 UUUCUU GCA CGG ACA GCACUU UUA 3

miR-93; 3 GAUGGA CGUGCU UGU CGU GAAM AC 5
MFE:-37.1 kcal/mol



MIR-93 targeting has no impact on virus

replication in ovo

I

miRNA-targeted .

0% 102 109 107 108
Allantoic Titer (pfu/mL)

INn OVO

Perez et al. Nat Biotechnol (2009).



MIR-93 targeting suppress virus replication in

mammals In vitro

WT Fibroblasts
PRNTL 93NP2 93NP1/2

0 12 24 48 12 24 48 12 24 48 hpi
P O HA

-'_———-\-— Actin

Perez et al. Nat Biotechnol (2009) 27, 572-5



MIR-93 targeting suppress virus replication in

mammals In vitro

WT Fibroblasts
PRNTL 93NP2 93NP1/2

0 12 24 48 12 24 48 12 24 48 hpi
P O HA

W Actin

_/_
Dicer Fibroblasts
PRNTL 93NP2 93NP1/2

0 12 24 48 12 24 48 12 24 48 hpi

R AR R TR | ||

Perez et al. Nat Biotechnol (2009) 27, 572-5



MIRNA-mediated, species-specific attenuation

Percent Survival

100 EPRNTL
B93NP1/2
80
60
40
20 l I

10e2 10e3 10e4 10e5 10e6
Viral Titers (pfu/mL)




The humoral response to miR-93 targeted

virus is indistinguishable from wt infection

10° [H5NT

4 A .
% = | B PRNTL

A\ 93NP1/2

Serum Dilution
W

Neutralizing
Serum IgM

lgG1 lgG2a  I1gG2b

Perez et al. Nat Biotechnol (2009) 27, 572-5



Part Il. Conclusion

We can successfully co-opt the expression of host miRNASs to generate
species-specific restrictions.



Part lll.

How versatile is this idea? What about other viruses? Especially those
that have evolved alongside RNAi-based defenses.



Viruses that transmit between RNAI and IFN
systems: Dengue Virus

RNAi-based defenses Interferon-based defenses



Discerning mosquito and mammalian systems

Human Mosquito

- + + +

Hematopoietic

miR-142

U6



Dengue virus genomic organization

5'UTR
structural nonstructural
| ' |
. 3'UTR ,
5 ClprM E NS1 NS2A [NS2B NS3 NS4A|NS4B NS5 OH 3
NS2B NS4B
capsid envelope - protease cofactor IFN antagonist
RNA packadi receptor binding | IFN antgonist NS4A NS5
Y packaging NS2A membrane RdRp, methyltransferase,
virion assembly anchoring of RC STAT degradation

IFN antagonist NS3
helicase, NTPase,
serine protease,

fusion NS1 5’triphosphatase
signal transduction,

(-) strand synthesis

prM
prevents premature



Controlling tropism with tissue-specific miRNAS

142t virus
miR-142 target sites

[142t[142t[142t | 142t

5UTR ?}
—TL C priv E NS1 |[NS2A|NS2B| NS3 |NS4A| NS4B NS5 SUTR

S ESY S SN

miR-142 reverse sites
ctrl virus

Pham et al. PLoS Path. (2012) e1002465



MIiR-142 targeting of Dengue had no impact on virus

replication in mosquito cultures

C6/36

== Wi wt ctrl 142t

il f‘;‘m 0 24 48 72 84 24 48 72 84 24 48 72 84 hpi

—_

—— — e — = | NS5

e S T Tnm— ol NI

1 2 3 4 5 6 7 8 9 10 11 12 13

100kD

Fold NS5 over actin (log)
O NNV WALrOo~NWOO

36kD

_I'. L] L] L] L] L]
0 12 24 48 72 84

Hours postinfection



MiR-142 targeting of Dengue confines replication to

non-hematopoietic cells

hematopoietic

non-hematopoietic

B-cells macrophages fibroblasts
mock  wt ctrl 142t mock  wt ctrl 142t mock  wt ctrl 142t virus
100kD . R — Y w— — | NS5
WP NN | | e | | e e e e | Actin

36kD



Part Ill. Conclusion

MiRNA targeting is a versatile tool that can be used to attenuate diverse
viruses. **Has now also been demonstrated on ZIKV.



Part V.

How versatile is targeting specificity? Can you design viruses that
discern between mammals? If so, could this be used as a ‘molecular

biocontainment’ system for gain-of-function studies?



Transmissible H5N1 sparks concerns

and aresearch moratorium

LETTER

Experimental adaptation of an influenza H5 HA
confers respiratory droplet transmission to a
reassortant H5 HA/HINI virus in ferrets

doi:10.1038/nature 10831

Masaki Imai’, Tokiko Watanabe?, Masato Hatta', Subash C. Das', Makoto Czawa', Kyoko Shinya"’. Gongxun 2hung1_,
Anthony Hanson', Hircaki Katsura®, Shinji Watanabe'*, Chengjun Li', Eiryo Ka}arakamj", Shinya Yamada®, Maki Kise™,
Yasuo Suzuki®, Fileen A, Maher!, Gabriele Neumann' & Yoshihiro Kawaoka®®*5

REPORT

Airborne Transmission of Influenza
A/H5N1 Virus Between Ferrets

Sander Herfst," Eefje ). A. Schrauwen,” Martin Linster,” Salin Chutinimitkul,’ Emmie de Wit,**
Vincent ). Munster,** Erin M. Sorrell, Theo M. Bestebroer,’ David F. Burke,” Derek ]. Smith,*
Guus F. Rimmelzwaan,’ Albert D. M. E. Osterhaus,” Ron A. M. Fouchier't



Restricting IAV replication to ferrets
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MIR-192 targeting of IAV HA

Repiratory epithelium

Primate Carnivora MDCK A549

| - « & <
~ | miR-192 ~ N X oV
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1 2 3 4 5 6 7 8
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MIR-192 targets attenuate flu replication by

four logs in mice

100 AV targeted by miR-192
90+
80+
L |
70+ :
_ 60+ :
2 I
% 50+ I
I
F 409 I —— Wt
304 | = W ctrl
| "— —- 192t
20+ :
I
" AV wt I AV scbl
0 T T T T T T L T T T 1
0o 1 2 3 4 5 6 7 8 9 10 11 12
dpi

Langloiss et al. Nat. Bio (2012)



MIR-192 targets do not impact flu replication

and transmission in ferrets

Direct Contact Aerosol

10 -
10° ctrl ctrl
.5 R, 5
Q 10 1 Q104
| |9
4 4
£ 10 Z 10
£ g 5
Z 10" <107
2 2
10 7 10 7
10'7 10'-
0- o
012345678910012345678910 01 2 3 456 7 8 91011121314
dpi, direct infection dpi, direct contract dpi, respiratory contact
E 7
10 - 10 4
192t 192t
6
10° 10’
2.5 2,5
a 10 4 010 -
O o
4
10 10
~N N
< 10 2 10°
10 7 1
% 2 E 2
10 7
10'7
012345678910012345678910 01 2 3 456 7 8 91011121314
dpi, direct infection dpi, direct contract dpi, respiratory contact

Langloiss et al. Nat. Bio (2012)



Part IV. Conclusion

MiRNA targeting appears to have no limits and can be used as a
molecular biocontainment system.



Part V.

What about viral escape?



Can we generate escape mutants?

PA-GFP/NS-siGFP
o i gy
PA GFP
Viral mRNA T
Targets
NS Segment o o
PA-GFP/NS-miR124
o PA GFP «D

Viral mRNA




Can we generate escape mutants?

WT NoDice

NS-miR124 MNS-siGFP NS-miR124 NS-siGFP

M 12 24 12 24 M 12 24 12 24

GFP

NP
Actin




Escape in the absence of selective pressure?

NoDice Cells




Escape in the absence of selective pressure?

NoDice Cells




Escape in the presence of selective pressure?

WT Cells




Escape in the presence of selective pressure?

WT Cells




Escape mutants ALL confined to hairpin mutations

PA-GFP/NS-siGFP

o—— - miiiifim_ g~y

Viral mRNA T

Targets

NS Segment o o




What about other viruses? Dengue?

WT Cells




What about other viruses? Dengue?

WT Cells




Escape demands target site excision

Mutations observed in miR-142 target sites of recombinant DENV viruses

ctrl 142T
UGUAGUGUUUCCUACUUUAUGGA UCCAUAAAGUAGGAAACACUACA

UGUAGUGCUUCCUACUUUAUGGA
GAGUCUCCUCUAGUUAAGUA

UGUAGUGUUUCCUACUU- AUGGA (insertion of WD67 repeat domain)
UGUAGUGUUUCCUAUUUUAUGGA -

complete excision of
AGUAGUGUUUCCUACUUUAUGGA miR-142 target sites

UGUAGUGUUUCCUACUUUAGGGA




Despite the emergence of escape mutants, miRNA-

targeted DENYV still induces no disease

Spleen
*p=0.0452 = e i
< 50- ; S 4 p=0.0328 p=0.0370
0 c
9] = e
5 | e S oy
o 0]
© 304 --=-=-=-=--- & @ - A
o
c L
2 20 = >
&) ) S 1+
T 5 v
L - o il Ty
E‘D’ 10 S 0 . vy
L Tp]
= 0 ' +— %} -1 T T T T
ctrl 142t ctrl 142t ctrl 142t

. e S—

CD11b/CD11c positive cells IP v



Conclusions

- == Small RNAs evolved to block both DNA and RNA
(- viruses for much of life’s history. Chordates largely
~~  replaced this system for interferon.

2\“@ . Mammals lost RNAI but retained microRNAs

] The capacity to “self-target” suggests no selective
qqqqqqqqqq i pressure imposed by small RNA machinery

& < ' An RNAiI-like response can be established in
- =) mammals artificially and can be used as a
molecular biocontainment system.
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Why did mammals abandon RNAI?

AVAAAS

Journal of
Virology

Cell Reports

Antiviral RNA Interference in Mammalian Cells
P. V. Malillard et al.

Science 342, 235 (2013);

DOI: 10.1126/science. 1241930

RNA Interference Functions as an Antiviral Immunity Mechanism in
Mammals

Yang Li et al.

Science 342, 231 (2013);

DOI: 10.1126/science.1241911
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to Inhibition by Endogenous Cellular MicroRNAs
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The Mammalian Response to Virus Infection
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and Benjamin R. tenOever!3*



RARp Incompatibility

Antiviral RNAI |
@PLOS ’ PATHOGENS

WT RdARP
Age 1 2 3 1 2 3 12 22

e vl e

Cerebellum Spinal Cord Cerebrum




Size and the need for amplification

RNAi
-no RdRp
-transport

-many RdRps -transport not possible



Cellular Tools for Virus Warefare

Larger size and more
diverse pathogens
demand new
defenses

DNA + RNA viruses
Interferon

RNA viruses

Amphibians

Mammals

. Archaea
C R I S P R BaCteria : = =
_— = = g RS o
e e Earth Birth \
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