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Flavivirus Genome

ss (+) RNA genome  —| mRNA
Approximately 11 kb

5’-m’GpppAmp cap
Lacks 3’-polyA tail
Codes for

— 3 structural proteins
e Capsid (C), membrane (prM/M), envelope (E)

— 7 non-structural proteins
* NSI, NS2A, NS2B, NS3, NS4A, NS4B, NS5
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Phylogenetic studies of North American WN viruses

e Anderson et al., PNAS 2001 and Ebel et al., EID 2001

— Partial nucleotide sequences (921 and 1,503 respectively) with 3 nucleotide
mutations and 2 amino acid substitutions

e Lanciotti et al., Virology 2002

— Complete genomes of 1999 and 2000 isolates >99.8% identical by
nucleotides and >99.9% amino acids to WN-NY99

 Huang et al., EID 2002

— Complete genome of human isolate from 2001: > 99.7% nucleotide
homology and >99.8% amino acid homology

— No sequence analyses of WNV isolates from 2002 had been reported and
none wer e reported outside of the northeastern seaboard.



WN virus in Texas, 2002
(Beasley et al., 2003)

 First 1solated by Bob Tesh (UTMB), Ray Parsons
(Harris County) and Pushker Raj (TDH) 1n
Houston, June 2002.

* Two “genetic variants”; one in Harris County and
one on Bolivar Peninsula

: 0.18% nucleotide divergence from
New York 1999 strain 382-99.

» Bolivar Peninsula: 0.35% nucleotide divergence
from New York 1999 strain 382-99.

and Bolivar Peninsula 1solates
differ by 0.5%.
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Alabama-1 (AY428523)

Cladogram based on maximum
parsimony analysis comparing a
2004-nt sequence of WN virus
isolates collected during 2001-2003
to a homologous region of WN
virusisolates collected in 1999,
2000, and 2001 from the
northeastern U.S.

(Daviset al., 2003)
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Genetic distribution of WNV 1solates, 1999-2003




SE coastal Texas strain

(Granwehr et al., 2004)
Residue SE coastal |Lineagel |Lineage II
Texas
E-76 Ala Thr Thr
NS1-94 €1\ Glu Asn
NS2A-90 | Met Met Lys
NS2A-138 |lle Val Val
NS4B-173 |lle Val Val
NS5-526 Ile Thr Thr




Overview of sequence studies

Multiple introductions into TX during summer of 2002 and
geographical clustering of variants (coastal vs. state-wide variants)

» Long-distance spread by birds with limited migration patterns
(1e. circum-Gulf route)

* Localized spread by birds/mosquitoes over shorter-distance
Identified nucleotide mutations at 31 positions (8 in prM, 23 in E) not
previously observed in North American WN virus strains (no changes
shared with NE United States strains)

7 amino acid substitutions (2 in prM, 5 in E)

Revealed emergence of two distinct variants: 2001-2002 North
America variant and coastal SE Texas variant

Most divergent strains to date: individual 1solates with 7 nucleotide
mutations and 3 amino acid substitutions.

Maximum nucleotide divergence from WN-NY99 was 0.35% (average
of 0.18%)



Evolution of WN virus in the United States

Evidence suggests limited evolution between 1999
and 2002.

Majority of nucleotide changes are transitions (U

> Q).

Strain 1solated in 1999 and 2000 in NY, NJ, CT
and MD differ < 0.35% from prototype New York
strain 382-99.

SE coastal Texas 1solates are the most divergent to
date (0.55%).

Distinct populations of virus evolving?
No strong selection = genetic drift?
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Phylogram comparing a 2004-nt sequence of WN-NY99 with 35 WN virus isolates collected during 2001,
2002, and 2003.
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W N-NY99 946 (Uto C) [Montgomery Co., 2003-1
1137 (Cto U) |HarriSCo., TX-2
807 (Cto U) |Louisiana 1065 (Cto U) Harris Co., 2003-]

1851 (GtoA) | 931(GtoA) | 2410(Gtou) |HarrisCo. 2003-4
1473 (C to U) |Florida, 2001 (Val to ITe)
Jefferson Co., 2003-2

2227 (C'to U) |Florida, 2002 478 (At0G) | 1521 (G to A) [2419 (TtoC)  [Jefferson Co., 2003-1

(Asn to Asp) 606 (UtoC) |HarrisCo., 2003-3

1636 (Uto C) | 1878 (C to U) |Jefferson Co., 2003-3
510 (Uto C) | 680 (CtoT) | 1195 (A to G) 2295 (Uto C) |Montgomery Co., 2003-2

660 (C to U) 491 (A to G) | 2190 (U to C) |NuecesCo.,TX-1
1377 (Cto U) (Lysto Arg)

1118(Ct0U)| 1293 (Cto U) |NueceSCO.,TX—2

1442 (U to C) [ 2466 (C to U) (Alato Val)
(Val to Ala) 507 (AtoG) | 1557 (CtoU) | 1581 (Uto ) | 1830 (Uto ) |illinois-2

1118 (Cto U) | 1179 (Ato C) |Randall Co., TX
(Alato Val) (Lysto Arg)

2094 (A to G) |Colorado

Gregg Co., TX
Wichita Co., TX

B Paso Co., TX

Saskatchewan, 2002
Ontario, 2002

Manitoba, 2002

549 (Uto A)| 690 (CtoU) [illinois-1 621 (Ato G) |Galveston Co., TX-1

1038 (U to C)| Tarrant Co.,TX
1728 (A to U)|Alabama, 2001-2 679 (Uto A)
Alabama, 2001-1 (Ser to Thr) |Galveston Co., TX-2

969 (Cto U) [ 1192 (A to G)]1356 (Cto U)| 2154 (Uto ©) | 2400 (Uto ©) | 1554 (Uto ) |Galveston co., Tx-3
(Thr to Ala)

903 (GtoA) | 1071(Uto ©) |orange co., Tx
|Jefferson Co., TX-2

Jefferson Co., TX -1
Jefferson Co., TX-3




03AZMP1623
b * HumanMexico
Bird 9481
Bird 9477
Bayesian analysis of
Bird 9460
03AZMP1799
03AZMP1681
(0] Mosq9488
TWNG640
LACO3068
. Cquing4095
115 North American Cineisos
. Cquing4369
Mosqv4369
1Sol1ates. c Bird 2419
| F———— Bird 9241
I Bird 9239
f 11 . . : Bird 2541
ollowing criterion 0
{ CO3258
. . TWN639
. I Bird 9172
WETC USCd 1In analysSiS: ! RandallCoTX
Nueces CoTX2
Bird 1175
—| 82220A
Bird 1576
Bird 1153
N Cn: 150 OOO — 1 Bird 1171
) HarrisCoTX2
v [ R80022Texas
80025TX
100 68955GA
. 68960GA
. Bird 3218
rlnt re - b—————————— Bird 3588
| O3CAMPGRLA
MosqGRLA1131
03002086NY
TWNG637
. TWN638
—_ WichitaCoTX
ampling freq= ST
OntarioCanada
NuecesCoTX1
MosqIMPR 1143
MexNLO3
° ManitobaCanada
N chains= 4 A
HarrisCoTX1
GreggCoTX
ElPasoCoTX
Colorado
. Bird 9472
_ Bird 9185
urnin— Bird 9173
Bird 9114
Bird 9045
Bird 2073
Bird 1461
Bird 1240
03CA1075
03CAMPIMPR
03CAS0334814
03CAS0331532
100 L ————————03002758NY
| ——— 0200301INY
8193 1Indiana
03001986NY
TarrantCoTX
Illinois1
Bird 9483
Bird 9473
Bird 9461
Bird 2409
Alabama?2
Alabamal
34020055NY
03002018NY
100 MexicoTabasco
02003557NY
—| MD2000
03002094NY
NY2000crow
1 NY2000grouse
Eastern U.S
NY 2001 human .
03000360NY
819480hio .
WNNY99
NY 1999human ISO a eS -
NY 1999equine ’
————— NJ2000
Louisiana
Florida2002
Florida2001
L 32010157NY th t t I
GalvestonCoTX1
GalvestonCoTX2
1 JeffersonCoTX2
1 OrangeCoTX
GalvestonCoTX3 eXaS
JeffersonCoTX3 y
JeffersonCoTX1

9185TI)I

—o0.06

Bird 1574

V MON

odA10ud3 eorrow



03AZMP1623
. . HumanMexico
Bird 9481
Bird 9477
Bayesian analysis of
Bird 9460
03AZMP1799
03AZMP1681
(0] Mosq9488
TWN640
LACO3068
. Cquing4095
115 North American Cineisos
. Cquing4369
Mosqv4369
1Sol1ates. C Bird 2419
| F———— Bird 9241
1 Bird 9239
f 11 : . . Bird 2541
ollowing criterion | Moa 2071
CO3258
. . TWN639
. I Bird 9172
WETC USCd 1In analysSiS: ! RandallCoTx
Nueces CoTX2
Bird 1175
—l 82220A
Bird 1576
Bird 1153
N Cn: 150 OOO — 1 Bird 1171
) HarrisCoTX2
v [ R80022Texas
80025TX
100 68955GA
. 68960G A
Prlnt fre - 1000 b—————— Bird 3588
| 03CAMPGRLA
MosqGRLA1131
03002086NY
TWN637
. TWN638
—_ WichitaCoTX
ampling freq= T
OntarioCanada
NuecesCoTX1
MosqIMPR1143
MexNLO3
° ManitobaCanada
N chains= 4 -
HarrisCoTX1
GreggCoTX
ElPasoCoTX
Colorado
. Bird 9472
_ Bird 9185
urnin— Bird 9173
Bird 9114
Bird 9045
Bird 2073
Bird 1461
Bird 1240
03CA1075
03CAMPIMPR
03CAS0334814
03CAS0331532
100 L 03002758NY
| —— 0200301INY
8193 1Indiana
03001986NY
TarrantCoTX
Illinois1
Bird 9483
Bird 9473
Bird 9461
Bird 2409
Alabama?2
Alabamal
34020055NY
03002018NY
1 00 MexicoTabasco
02003557NY
—| MD2000
03002094NY
NY2000crow
1 NY2000grouse
Eastern U.S
NY 2001 human .
03000360NY
819480hio .
WNNY99
NY 1999human ISO a eS -
NY 1999equine )
————— NJ2000
Louisiana
Florida2002
Florida2001
L 32010157NY th t t I
GalvestonCoTX1
GalvestonCoTX2
1 JeffersonCoTX2
1 OrangeCoTX
GalvestonCoTX3 eXaS
JeffersonCoTX3 y
JeffersonCoTX1

9185TI)I

0.00

Bird 1574

V MON

odA10ud3 eorrow



Maximum likelihood analysis of
the of 48 WNV
isolates. Bootstrap values
represent 500 replicates
performed with neighbor-joining
analysis.
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Maximum likelihood analysis of
the of 48 WNV
isolates. Bootstrap values
represent 500 replicates
performed with neighbor-joining
analysis.
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West Nile 1n the Americas

United States
Canada

Mexico

Dominican Republic
El Salvador

Jamaica



Genomic sequence of TM-171 Mex03 isolate

B,
CCCCC

e WSS [solate from dead raven at wildlife
1 reserve in Villahermosa, Tabasco.

RNA and, subsequently, Vero cell
passaged virus sent to UTMB.

SAN |.U|'F

GGGGGGGG ity ™

dia Britann

46 nucleoe differences (0.42%;f0m NY99; 4 amino acid differences:
prM/M-141 Ile - Thr
E-156 Ser —» Pro* (loss of glycosylation motif)
NS4B-245 [le - Val*
NS5-898 Thr - Ile*



Mixed seguence at the E glycosylation site of M ex03
Isolate.

Forward

muwmmwm

(Zonsensussequences

AV W NY99 AAC TAC TCC ACA (NYST)
MEX AAC TAC CCC ACA (NYPT)

430 449

Reverse Cloned Mex03 PCR product and

mmw mmm‘mm sequenced 5 clones:

A

e three clones  “CCC” — Pro
* two clones “TCC” — Ser

490




Plague purification of E glycosylation variants of
M ex03.

 Variants selected by two rounds of plaque purification in
Vero cells.

» Screened by Western blot (diff. in apparent mol. wt.)

* Selection of variants confirmed by nucleotide sequencing.

* gly+ variants grew faster (~24hrs earlier to harvest) and to
~10-fold higher titer, and had slightly larger plaque size.



Mouse virulence of M ex03 glycosylation variants.

: i.p. LD A.S.T. +s.d. PD
Virus E154-156 p(p . days) of)
Mex03 mixed 0.5 82 +1.8 n.d.
Mex03-ppl NYP >1000 - 5.0
Mex03-pp2 NYP 794 10.3 £0.6 0.8
Mex03-ppS NYS 3.2 8.5+0.8 0.5
Mex03-pp6 NYS 2.0 92+1.0 2.0

n.d. — not determined

All strains contained prM-141 I - T; NS4B-245 1 V; NS5-898 T - 1



Neighbor-joining phylogenetic tree based
on complete genome sequences of
West Nile virus strains. The isolate
from Tabasco, MX is designated

TM171-03.
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Conclusions

Evidence suggests limited, but continuing, divergence from isolates collected in
1999 and 2000

Emergence of genetically distinct variants
e Dominant North America variant since at least 2002
 (Coastal SE Texas variant in 2002 only = become extinct?

Dominant variant has emerged throughout the majority of North America with
>90% of isolates collected in 2002 and after belonging to the dominant clade

— Emergence of novel genotype corresponds with displacement or extinction
of earlier genotypes

Subclades are readily illustrated depending on year of isolation and collection
location

— Higher degree of nucleotide identity within individual states and during the
same transmission season

Mexico 2003 isolate is most divergent from the Americas with 9 nt and 2 aa
differences from New York 1999 isolates and has lost E protein glycosylation
site.

Genetic mutations could eventually lead to phenotypic changes in viral
antigenicity or associated virulence (mouse model shows no attenuation in either
variant)?



Phenotypic variants— Texas 2003

(Davis et al., 2004)

Nucleotide sequencing and phenotypic comparisons of 29 WNV
isolates collected by Harris Co. Mosquito Control Division in
and around Houston, TX between 9 May — 8 Sept. 2003:

e 17 from dead birds
» 12 from mosquito pools (Culex spp.)

Viruses 1solated in Vero cells, amplified by one additional
passage and plaque titrated on Vero cells.

6 strains (5 bird, 1 mosq.) with small plaque (SP) morphology



Plague mor phology of WNV isolates

WN-NY 99 (382-99) WNV 2002 WNYV 2003 sp

Mean plaque size = 1.5mm Mean plaque size < 1.0mm

In Vero cells, 72 hours post-infection.

Stained with crystal violet.



Phenotypic comparisons of L P/SP WNYV strains

Small plaque phenotype often a marker of attenuation of
flaviviruses.

Other phenotypic comparisons:
e temperature sensitivity at 39.5°C
* mouse neuroinvasion

- 1.p. 1inoculation of 3-4 week old Swiss Webster mice



Phenotypic comparisons of L P/SP WNYV strains

(cont.)

Strain Source  Plagque in-cll_;* i‘zpl}l?)m AST + ic(l;g)m

382-99 Flamingo L -0.5 0.8 7.2+0.6 0.1
TWN93 (02) Bird L 0.3 0.5 8.0+1.0 0.1
TWN301 (03) Bird L -0.2 0.6 7.0+1.0 0.2
TWN305 (03) Bird S 0.3 51,000  9.0+4.0 0.1
TWN274 (03) Bird S 27 23,000  95+1.0 0.3
TWN382(03) Mosq. S 1.8 645000 8.3%+3.0 0.1
TWN269 (03) Bird S 2.7 2000  9.7+3.3 nd

*TS index 1s log,, difference in virus titer at 39.5°C compared with 37°C; negative values
indicate decreased titers.

nd — not determined; L = large, S = small.



Viral growth curve in Vero cells of 2003 WNYV 1solates in comparison to
1solates from 1999 and 2002

—o- WN NY-99 (382-99)

— Bird 113 (2002)
—&— Bird 1171
—— Bird 1175 spandts

-8-Bird 1153

—6— Bird 1519 } sp
—~>—Mosq. V4369




VVINV Isolate Nucleotide position Gene/region Nucleotide change AMmMINO acid change

Harris Co., TX 2002 1442 = Uto C AVAESISTAN
Ip, non-ts, non-att 7699 NS5 A to C T6P
10408 3' UTR CtoU n/a
10851 3' UTR A to G n/a
Bolivar P., TX 2002* 1192 = A to G T76A
Ip, non-ts, non-att 2749 NS1 A to G E94G
“AY 289214 3937 NS2A G to A V138l
7432 NS4B G to A V173l
9256 NS5 CtoU T5261
10494 3' UTR Uto C n/a
10768 3' UTR Uto A n/a
10851 3' UTR A to G n/a
Bird 1461* 1442 = Uto C AVAESISTAN
Ip, non-ts, non-att 5151 NS3 AtoU E180D
2 2OOKK 5593 NS3 G to A E327K
6871 NS4A G to A V134M
9535 NS5 GtoU AGRESES
10408 3' UTR CtoT n/a
10851 3' UTR A to G n/a
Bird 1153* 931 prM G to A V1561
sp, ts, att 1442 E UtoC V159A
A2OXX 7661 NS4B A to G E249G
10091 NS5 CtoU A804V
10596 3' UTR A to G n/a
10774 3' UTR CtoU n/a
10799 3' UTR A to G n/a
10851 3' UTR A to G n/a
Bird 1171* 931 prM G to A V1561
sp, ts, att 1442 E UtoC AVAESISTAN
000% %% %% 7661 NS4B A to G E249G
8279 NS5 GtoU R199L
9743 NS5 Cto A ABG87D
10091 NS5 CtoU A804V
10596 3' UTR A to G n/a
10774 3' UTR CtoU n/a
10799 3' UTR A to G n/a
10851 3' UTR A to G n/a
11000 3' UTR GtoU n/a
Bird 1175 1442 = Uto C AVAESISTAN
sp, ts, att 7661 NS4B A to G E249G
10408 3'UTR CtoU n/a
10851 3' UTR A to G n/a
Bird 1519 478 prM A to G N4D
sp, att 1442 E Uto C V159A
10851 3' UTR A to G n/a
Mosqg. V4369* 478 prM Ato G N4D
sp, att 1442 = Uto C AVAESISTAN
A2OXXK 7636 NS4B A to G T240A

8566 NS5 CtoU H295Y



VWNV isolate Nucleotide position Gene/region Nucleotide change AMmMIiNo acid change

Harris Co., TX 2002 1442 E Uto C AVAESISTAN
Ip, non-ts, non-att 7699 NS5 A to C T6P
10408 3' UTR CtoU n/a
Bolivar P., TX 2002* 1192 E A to G RATAN
Ip, non-ts, non-att 2749 NS1 A to G E94G
~“AY 289214 3937 NS2A Gto A V138l
7432 NS4B Gto A V173l
9256 NS5 CtoU T526lI
10494 3' UTR UtoC n/a
10768 3' UTR Uto A n/a
Bird 1461* 1442 = Uto C V159A
Ip, non-ts, non-att 5151 NS3 A to U E180D
AKX 5593 NS3 G to A E327K
6871 [NISY: VAN Gto A V134M
9535 NS5 GtoU AGRESES
10408 3' UTR CtoT n/a
Bird 1153 931 <————— privi Gto A V156l
sp, ts, att 1442 E Uto C AVAESISTAN
AKX 7661 €4¢——— NS4B A to G E249G
10596 3' UTR A to G n/a
10774 3' UTR CtoU n/a
10799 3' UTR A to G n/a
10851 3' UTR A to G n/a
Bird 1171* 931 <&————— prM Gto A V156l
sp, ts, att 1442 E Uto C AVAESISTAN
XXX 7661 ——— NS4B A to G E249G
8279 NS5 GtoU R199L
9743 NS5 Cto A AB87D
10091 NS5 CtoU A804V
10596 3' UTR A to G n/a
10774 3' UTR CtoU n/a
10799 3' UTR A to G n/a
10851 3' UTR A to G n/a
11000 3' UTR GtoU n/a
Bird 1175 1442 E UtoC AVAESISTAN
sp, ts, att 15 I S — NS4B A to G E249G
10408 3'UTR CtoU n/a
Bird 1519 478 - — prM A to G N4D
sp, att 1442 E Uto C AVAESISTAN
Mosqg. V4369* 478 T— oo — prM A to G N4D
sp, att 1442 E Uto C AVAESISTAN
AKX 7636 NS4B A to G T240A

8566 NS5 CtoU H295Y



Conclusions

First evidence of phenotypic variation in North American West Nile
virus

Attenuation of mouse neuroinvasiveness may not be indicative of
attenuation in birds, horses, humans

No indication that attenuated viruses persist in nature

- No more SP/mouse attenuated isolates identified = another
extinct lineage?

Sequencing and reverse genetics studies can be used to identify
molecular determinants of phenotypic variation



Genetic and phenotypic variation in New York, 2002
Ebel et al. 2004. AJTMH

New genotype emerged in New York in 2002 (55% of all isolates in 2002 and 85%
of all 1solates 1n 2003)

Genetically homogeneous to Texas isolates from 2002-2003 (prM and E)
In vitro growth studies (C6/36 and Vero) showed no significant differences

In vivo mosquito transmission studies (Culex pipiens)

— Significantly higher proportion of mosquitoes became infected (infectious virus in
bodies) and developed disseminated infections (infectious virus in legs) following
feeding with dominant genotype compared to WN-NY99

— Significantly higher proportion of mosquitoes were able to transmit (infectious virus in
salivary secretions) at days 5 and 7 post-feed with dominant genotype

Displacement of WN-NY99 genotype by dominant genotype may be due to
differences in mosquito transmission efficiency (reduction of EIP with dominant

genotype)
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