Mapping population & genotype/serotype diversity:
game changers in designing viral vaccines

Dr. Urmila Kulkarni-Kale, FMASc
Bioinformatics Centre

Savitribai Phule Pune University
Pune 411007. India

urmila@bioinfo.net.in

Urmila.kulkarni.kale@gmail.com



mailto:urmila@bioinfo.net.in
mailto:Urmila.kulkarni.kale@gmail.com

Reverse Vaccinology Approach

Vaccinology
Past Present
Conventional R G
vaccinology everse vaccinology

Structural
vaccinology

ey

/ ’-I/-'i ﬁ-\\\‘-
B o
"," ) Jib . .\\
l - %— v]
\,ﬂégﬁf* ; § /

TR ' N A

LY Cultivate enome-based an-genome @"“‘"Zﬁ"""’"
hicroorganism approaches approach antigens structure

5-15 years 1-2 years
Rational desi

Antigen selection and validation 1 'on?,f L

target epitopes

M 1
b N

V A C C | N E

Nov 3, 2015

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
Bioinformatics Centre, S.P. Pune University

Serruto & Rappuoli, FE BS Letters, 580 (2006) 2985-2992




Genome 2 Vaccinome:

Opportunities & Challenges

* Sequence analysis

» Molecular phylogeny
 Geno/serotyping

« Structural coverage

Bioinformatics &
Structural genomics

« Organisation
« Annotation

« Comparisons
« Data mining

Genomics &
Comparative genomics

« Epitope prediction algorithms
« Limited true positive datasets
« Validation of predictions

Study of variation/ * Need for true negative data

conservation across
taxonomic hierarchy

R Immunoinformatics

Kulkarni-Kale et al., CBIO, 2012. Volume 7 (4), 454-466.



Mumps Virus: antigenic diversity & strain specificity

* Mumps Virus:at a glance L-Zagreb Model: Dimer
Source: VirGen database

Genome View

C-terminal C-terminal

wirus (STRAIN JERYL-LYNN)

z ? N A /i ) a p : , & &
Genome Sizs - 15384kp { r‘
HST'E:E] y \ g’ 'Iy'
Order: Mononegavirales | | Genome: -ve sense ssRNA N-terminal
Family: ramyxeviridae | | Genotypes: 10: A>7J (SH gene) B-chain
Subfamily: ramyxoviringe | | Known antigenic proteins:
Genus: Rubulavims F & HN
Species: Mumps virus

LZAGREB: SAS
_ « Total mutations: 24
o — Sidel: 16
— Side2: 8
— On surface: 23
— Buried: 1
» Dimer interface free of
mutations

+ Sequentially apart but
spatially localised

* Region encompasses

predicted

conformational epitopes

potential site for
antibody recognition as
well as neutralisatjon

Kulkarni-Kale et al., 2007, Virology, 359(2):436-46.
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Study of variations at
different levels of Biocomplexity

* Strains/isolates of a virus S
How similar is

* Serotypes/genotypes of a virus T TN

e Viruses that belong to same genus £l WACIREI=l

is different?
* Viruses that belong to same family ”

Correlate: genotype with phe'neotype

Implications in:
Host-Virus interactions
Rational design of vaccines & drugs
Development of diagnostics
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Molecular Phylogeny Analysis (MPA):

permits study of similarities within the group and differences
between the groups

* Integral part of sequence analysis in bioinformatics

* Applications:
— Evolution of gene(s) in a group of species
— Evolution of species
— Assignment of genotype/serotype, strains
— Map emergence of drug resistance
— Prioritization of vaccine candidates

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
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MPA: steps

Types of models

— Distance based (UPGMA, NJ)
— Character based (Maximum parsimony)
— Probabilistic (Likelihood)

Define a question

A set of sequences

Multiple sequence alignments

Selection of a model

Use of clustering method(s)

Generate consensus tree

Statistical models to assess tree topology(ies)

Analysis of inferred tree(s) Assign geno-/serotypes



Limitations of MPA methods

Positions of IN-DELs in MSA impact model of evolution
— Errors in alignment increases as sequence similarity decreases

* Assumption of character-based MPA methods
— Sites evolve independently

Different methods result into different trees
— Becomes a matter of interpretation

Need to repeat analysis with every New sequence
— Time consuming and tedious

 Size of data in post-genomic era

 Computational complexity and memory requirements
* Time requirements (as length & number of sequences increase)

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
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Alternate Alignment-free Methods for MPA

Composition vector based CVTree Method

(Qi et al., 2004)

Feature Frequency Profile (FFP)

(Sims et al., 2008)
Advantages

— Simple, faster

— Applications demonstrated for clustering & phylogeny
Disadvantages

— Takes only frequency in account (not the context)

— Misclassification and alternate tree topology



Proposed RTD-based approach

* Based on the concept of Return Time
Distribution in stochastic modeling

e Return Time (RT): Time required for the
reappearance of particular state without its
appearance in between

e Alignment free



Computing RTD for ‘A’

Return Time (RT): Time required for the reappearance of
particular state without its appearance in between.
CTACACAACTTTGCGGGTAGCCGGAAACATTGTGAATGCGGTGAACA

N

0 10 5 O 1 5 0 7 0 Return times for ‘A

RTD for ‘A’ in above sample sequence

Return time for A Frequency (F) Parameters of RTD for ‘A’
(X)
0 5 L(A) = 2.38 and c(A) = 3.27
1 4
: |
7 1
10 1

Similarly, compute nu and o of RTDs of T, G and C, for k=1.
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RT—=RTD =2 Distance matrix

The frequency distribution of all such observed RT is termed as RTD of that nucleotide

Numeric vector of size 2*4k
comprising of u and o of 4% possible RTDs

1.

Derive RT Derive
Read & RTD at parameters
sequence(s) | given value

View tree &
analyse tree
topology

Compute
of RTD: dista n.ce
matrix

Derive NJ

tree

D; = (X (G, - G2 + X [Girg - Gyro]D) Y2
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Clustering of Mumps Viruses using
sequences of SH & RTD at K=4

e
11669005
£76690NTIN

$£20608
¢510608

Reference data: Mumps Virus: Known genotypes (A-L)

19/12/2012 © Dr. Urmila Kulkarni-Kale, Vaccines 2015
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RTD = MPA - Genotyping

Datasets—
Reference
Test

Optimise k
Numeric vector of size 2*4k using

comprising p and o of 4% possible RTDs reference
? dataset

Compute
min-max &
Derive NJ distance Predict
tree range using genotype
Reference
data

Derive
Read RTD at

Derive

parameters Compute

. dist
sequence(s) chosen of RTD: e

value of k

. matrix
L& o

* Compute -

- _ _ sensitivity,
Dij = (22 [Giru Gjru]z t 2 Girs GJ'rG]Z)l/2 specificity
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Mumps: Datasets used

Data source: GenBank

Reference dataset:
28 sequences of known genotypes

Test dataset 1:
96 entries with known genotypes

Test dataset 2:
380 entries

True negative dataset:

Non-SH Mumps sequences
Non-Mumps SH sequences
Non-Mumps, Non-SH sequences

19/12/2012

Genotype

Reference dataset

Test dataset 1

Test dataset 2

22

63

9

32

1

49

8

20

158

11

26

15

13

44

Total

28

96

380
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Clustering of SH using RTD at K=4

Reference data Test dataset 2

K
)

£76690N TN

H
lB
C

16

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
Bioinformatics Centre, S.P. Pune University

19/12/2012



Genotyping of Mumps viruses

* Known genotypes: 15
* |nput: SH gene
* Optimum k=4
Description of the server: e e e
s e e e ® - SENSILIVITY 1 98.95%
e Specificity : 100%

MuV Genotyping Server

- |
Home Blast Search Ph;logenv RTD based genotyping Combined analysis Datasets Validation References Examples Contact
Us

Time Distribution (RTD). which is developed in-house.

Go to Combined analysis based genotyping (by BLAST, Phylogeny and RTD)
Go to BLAST-based genotyping

Go to Phylogeny-based genotyping

Go to RTD-based genotyping

Citation information:

Kolekar PS. Kale M. Kulkarni-Kale U: Genotyping of Mumps viruses based on SH gene: Development of a server using alignment-frex
and alignment-based methods. Immunome Res. 2011. 7(3):1-7. [PMID: 22126822]
Also Visit:

CEP : Conformational Epitope Prediction Server
AgAbDb : Antigen Antibodyv Interaction Database

T — * Kolekar et al (2011) Immunome Res,
L 7(3):1-7

5 Mumps virus genotyping server has been developed at Bioinformatics Centre, University of Pune,
i funded by Department of Biotechnology, Government of India under Centre of Excellence (CoE) grant.

© Bioinformatics Centre, University of Pune, India

Available at: http://bioinfo.net.in/muv/homepage.html

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
19/12/2012 Bioinformatics Centre, S.P. Pune University v



RTD for MPA, Serotyping, Genotyping,

19/12/2012

& Clustering

Whole
g Mumps A - 5ENOME
Genotyping e Dengue
server Subtyper
e WNV

J

SH gene _ Genotyping
sequence
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Subtyping of Dengue viruses

LSS DL L Input : Whole genome

Home RTD based genotyping Datasets Validation References Examples Contact Us

Optimum k=5

Description of the server:

L] L] L]
9%
Dengue Subtyper server assigns serotype/genotype to query sequence(s) of whole genome of Dengue virus. The S e n S I t I V I ty . 1 O O 0
server uses a novel method based on Return Time Distribution (RTD), which is developed in-house.
L] L] L]
Specificity : 100%
. (o)

RTD-based
genotyping

Also Visit:
Mumps virus genotyping Server
CEP : Conformational Epitope Prediction Server
AgAbDb : Antigen Antibody Interaction Database

YIRS Vica Broseln Stouctuce Resonecs Kolekar et al (2012) Mol Phyl Evol . Molecular
98¢ Phylogenetice & Evolution. 2012 Nov;65(2):510-22.

Dengue Subtyper has been developed at Bioinformatics Centre. University of Pune.
funded by Department of Biotechnology. Government of India under Centre of Excellence (CoE) grant.

© Bioinformatics Centre, University of Pune, India

Available at: http://bioinfo.net.in/dengue/homepage.html
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RTD-based clustering of urban and sylvatic DENV-2
using sequences of Envelope glycoprotein (egp)

Dengue-2 virus serotype is divided into 6
F genotypes viz. American, American-

Eggﬁﬁmiﬁgqg

T RBEEE IO . . . .

T n 27 F g o X - -

2%, %ﬁaﬁ%ﬁggﬁgﬁg‘?@g% . Asian, Asian-l, Asian-ll, Cosmopolitan and

Mgvf%;%%%% o= X ﬁgii’&@o ‘*%P sylvatic.
T, ¥ el o
“{t@;’%%%”? " s"?}*@'\»@g@o

il ° .
,{:T'“"%f}'{;% ﬁg‘;\,%; These genotypes are categorized into
G LB . . o .
%;’%“’"’ %@'f}}“@@ urban (endemic/epidemic) and sylvatic
A&ﬂ"ﬂ:"qﬁ 5—5 FEII" P&D?’ . . .
jﬁiw;;;i‘l _ ﬂf}ﬂh@ types based on their host transmission.
Sanyr ) E
imng‘fﬁ" “ﬂﬁgm
Sianl 774 b . . .
Beiad 17 - *fﬂ*ﬁﬁf Urban viruses infects humans while
Leianl LB - . . .
;:fmm% amsar - sylvatic viruses infects non-human hosts.
pianl B A e
“‘;@aﬁ"\;‘ 4o,y RTD-based informative residues viz. N, |
Oty 20 : i
?‘5;@% c;:%j‘;aw and R obtained by WEKA helps in
0 .
?;évéi{‘p\fég& %-:%eﬁ clustering of Dengue-2 wrt host
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Application of RTD to predict host-specificity
RT of R mapped on 3D structure of E protein

RTD of R residue in non-sylvatic genotypes

R2 » R9 » R57 p=——p | R73 » R89 t===p [ R99 | =—p R188 » R210 » R286 > R288 | =—p
6 a7 15 15 9 88 21 75 1
— R323 » R345 » R350 » R407 » R410 |—>| R471 _ _
34 21 4 56 ) 60 K247 in non-sylvatic DENV-2
genotypes is critical for infectivity
in humans; while Sylvatic strains
RTD of R residue in Sylvatic genotype shows K247R mutation
3 x| Ro3 5
R2 » R9 » R57 > | R73 » R89 R99 | =" R188 » R210 » R286 » R288 |=—>
6 47 15 15 88 21 75 1
R 3“ y 18
—> R323 R345 R350 R407 > R410 |—%| R471 R247
34 21 4 56 2 60

Figure shows mapping of
on the E protein structure [1TG8] of
American strain (Tonga/EKB194/1974)]

Known epitopes,
& ,
Evolutionary trace residues reported to
be binding site and novel are shown.

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
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Genotyping of West nile viruses

[ v~y wer

Home RTD based genotyping Datasets Validation References Examples Contact Us

Description of the server: 1 d
WNV Typer server assigns genotype to West Nile virus (WNV) using complete coding sequences. The server uses Return
Time Distribution (RTD) based novel alignment-free method for the genotyping. WNV genotypes at glance

[ ]

:
West Nile virus
Genotyping

Also Visit:
Mumps virus Genotyping Server CEP : Conformational Epitope Prediction Server
Dengue virus Genotyping Server AgAbDb : Antigen Antibody Interaction Database

ViPS : Viral Protein Structure Resource HRV Typer

WNV Typer has been developed at Bioinformatics Centre. University of Pune,
funded by Department of Biotechnology. Government of India under the Centre of Excellence grant.

© Bioinformatics Centre, University of Pune, India

Input : Whole genome
Optimum k=7
Sensitivity : 100%
Specificity : 100%

Kolekar et. Al., Journal of Virological
Methods 2014. 198:41-55.

Available at: http://bioinfo.net.in/wnv/homepage.html

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
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RTD for MPA, Genotyping, Serotyping,
& Clustering

Whole
8 Mumps Genotyping A genome 4 A

server e HRV typer

e Dengue Subtyper ,
. e HRV drug resistance
e WNV Genotyping
e Dengue host-

specificity

\ SH gene _ ) \ Protein
sequence sequence

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
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Genotyping of Human rhinoviruses

* |Input: VP1 protein
e Optimum k=1
gp— sewe::M RTD based serotyping Datasets Validation References Examples Contact Us . Se n S it i V i ty : 1 OO%

HRYV Typer server assigns serotype to query sequence(s) of VP1 protein sequences of Human rhinoviruses A, B & C. The

server uses a novel alignment-free method based on Return Time Distribution (RTD), which is developed in-house. o o . 0
* S ficity : 100%
eCITICITY . 0

“'l HRY Ty per

RID®
S

Human rhinovirus
serotyping

Also Visit:

Mumps virus Genotyping Server
Dengue virus Genotyping Server

ViPS : Viral Protein Structure Resource

HRYV Typer has been developed at Bioinformatics Centre, University of Pune,
funded by Department of Biotechnology. Government of India under the Centre of Excellence grant.

Manuscript under revision

Available at: http://bioinfo.net.in/hrv/homepage.html

© Dr. Urmila Kulkarni-Kale, Vaccines 2015
Bioinformatics Centre, S.P. Pune University

19/12/2012

24



RTD-based clustering of HRV-B using VP1 (k=1)
Clustering of drug-resistant & sensitive serotypes

Bi8606)s)

BRSBSIS

gladerid
R{S2(80;s

[l 66l €6l
s

HRV-B serotypes are subdivided into
Pleconaril-sensitive and resistant
serotypes (B-4, -5, -42, -84,-93, -97
and -84) serotypes.

RTD-based informative residues viz.
FP,RES,L,I obtained by WEKA-
improves discrimination of
pleconaril-sensitive @ &  resistant
serotypes.



Computation of RTD for F residue and mapping on 3D structure of VP1

»=p|P03403 |[GEE—RB5R

GLGDELEEVIVEKTEQTVASISSGPKHTOKYPILTANETGATHPYLPSDSIETRTTYHHENGSETDYECHLGRAACYHYT
EIQHKDATGIDHHEEAELEHDHKIH SSLVOLREKLELETYVREDSEVTILATASOPDSANYSSHLYVOANYVEPPCAPHE
KEWDDY TUOSASHPSYFEEVGDTSRESYEYVGLASAYHCEYDGYSHDDAETOYG I TVIHHMGSMARRIVHEHDEHE TLVE

IRVYHRAKHVEAWIPRAPRATPYTSIGRTHYPENTERPYIKERKGDIESY

RTD of F residue in pleconaril-sensitive serotype l
F60 —+ F70 » F99 |—>| F119 » F124 » F177 » F178 » F186 » F200 > F226
9 28 19 4 52 0 7 13 5
RTD of F residue in pleconaril-resistant serotype
F60 » F70 F99 |—> F119 » F124 F177 » F178 » F186 F200 > F226
9 28 19 4 0 7 5
3 9

24

F152 F190
Drug-binding site

Figure shows mapping of F
residues on the VP1 structure of
HRVB-14 serotype [INCQA].

are localized at
and near drug (pleconaril)- binding
site are shown.

[F186 IF178

© Dr. Urmila Kulkarni-Kale, Vaccines 2015 26
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Population genomics:
Rhinoviruses



Genome organization
Genome Characteristics:
* The genome contains a 5’-UTR, an open reading frame and a 3’-UTR.
* Genome encodes 4 structural and 7 non-structural proteins.

- IRES for initiation

of translation _P1- P P3. - Initiation of replication
_— T~ / K e T~
S UTR s . - —J UTR

CO——{vra[ vz [vp3 VP;"|2A|EB| 2C [3A]|3C] 3D f——oly(A)
VPg ‘ ‘ 3B=VPq \

- Protein primer
for RNA synthesis

Capsid proteins

RNA polymerase

Non structural proteins

Structural proteins:VP1-VP4
Non-structural proteins: 2A(proteinase: cleaves P1/P2 junction, shutoff of cap-
dependent translation), 2B, 2C & 3A (vesicle formation & negative strand
synthesis),3B VPg (primer for 3D polymerase), 3C (proteinase), 3D (RNA-
dependent RNA polymerase)

04/09/2015 © Dr. Urmila Kulkarni-Kale, Vaccines 2015 28
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Materials: Software(s)/program(s)/server(s) used

e MUSCLE program in MEGA 5.05

e GUIDANCE server: confidence scores for
alignments (Penn et al., 2010).

Multiple sequence
alignment

Inference of genetically e STRUCTURE 2.3.3
distinct clusters e LIAN 3.5

e Recombination: RDP4

e Selection pressure: Site methods: SLAC,FEL,
IFEL; Branch-site methods: MEME, BSR

Recombination & selection
JESIEERENSE

04/09/2015 © Dr. Urmila Kulkarni-Kale, Vaccines 2015 29
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Results: HRV clusters obtained at k=7

7 distinct lineages includes:

= HRV-B(Magenta)

= 4 sublevel subpopulations within HRV-A viz. pure A (blue), A1( ),A2
(red) ,A3 ( ):

= A3 represents newly proposed HRV-D (subpopulation A3).

= 2 sublevel subpopulations within HRV-C viz. HRV-C1 (Orange) & HRV-C2

(Cyan).

1.00

TN
0.80
0.60
0.40
0.20
0.00
A2 A3 A Al B C2 C1

Figure 2 - Seven clusters of Rhinoviruses obtained by Bayesian-based approach using
admixture model at K=7. The Al, A2, A3, C1 and C2 show the admixed individuals. They
are color coded based on the proportion of membership scores with respective sub-
populations. Waman et al., 2014

04/09/2015 © Dr. Urmila Kulkarni-Kale, Vaccines 2015 30
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Results: Key highlights

* Rhinovirus species is an ensemble of seven y

Genetic diversity using genetically distinct lineages
STRUCTURE program e HRV-A : four lineages, HRV-C: two lineages,
HRV-B is homogeneous )
e Intra-species recombination is prominent in »
Evidence of HRV-A and —-C and lead to diversification.
recombination e Inter-species recombination is limited to
HRV-C members _J)

e Episodic positive selection was detected )
Evidence of episodic and corroborates with the antigenicity.

positive selection It was found responsible for emergence of

new lineages in HRV-A J)

Waman et al., 2014

04/09/2015 © Dr. Urmila Kulkarni-Kale, Vaccines 2015 31
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Post-genomic Rational Vaccine Design

Perform genome-based comparisons
Genotype and/or Serotype populations

Study viral population for emergence of new
subtypes

Map epitopes & mutations on 3D structures
Prioritize candidate vaccine
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