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Evolution and viruses
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How we identify novel variants of SARS-CoV-2
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Evolution in viruses

Viruses can evolve (and “improve”) just like cell-based living
organisms,

Evolution is a trial and error process: most of the times
changes have a little impact and/or are deleterious

However, sometimes viruses might be lucky and get better
features

In the case of pathogens getting better might mean:

o evade the immune system of the host

o become more infective
o0 become more virulent
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Genomic surveillance of pathogens

® Since we can not observe viruses directly, to TTHSLEHTT
understand what they are up to our best option is ||“TQT§§
to sequence their genome IR TR
e Advantageous changes become very frequent
and very rapidly

e During the pandemic we have sequenced more

than 10M different isolates of SARS-CoV-2 — _
e To make of these data we use GENOMICS |ﬁj
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SARS-CoV-2 "genomic surveillance”

Diameter: =100 nm
Volume: ~10° nm®= 1073 fL

® Understand SARS-CoV-2 evolution

Spike trimer

Length: =10 nm

Copies per virion: =100
(300 monomers,

measure d for SARS-CoV-1)
Affinity to ACE2

receptor K : =1-30 nM
primed by TMPRSS2

e Compare genomes at different times/in different
countries to identify “novel” strains

e Find differences (genetic variants) and define viral variants

protein Nucleopt lope protein
=2000 copies =1000 copies =20 copies
(measure d for (measured for (100 monomers, measure d
SARS-CoV-1) SARS-CoV-1) for TGEV coronavirus) )

® Are novel variants associated with novel/advantageous
<<traits>>?

e From Jan 2020 more than 10M genomic sequences!
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USE Case: tracking dangerous variants

0 K417 1452 T478  E4848  NSOL
c 0 0 O C m%
o R = = T / Clinical Impacts
‘r % ‘: A Transmissibility
QN T mQuQn M)
MACE2 | Risk of immune escape
® o ) ° ° affinity T
S Potential therapeutic targets
= @ m l aﬁ* BlockingVOC entry
Soluble human recombinant ACE2, Anti-RBD nanobedies,
TMPRSS2 & Adam17 inhibitors, & etc.
SPM (Sepine ngdomi S ) Interrupting VOC replication
() Pamatal . mdesivic & metabolites, CRISP em
' residues

International health authorities (WHO,ECDC,CDC) compile a list of

[
dangerous variants (see ECDC for example)

e Genomic surveillance= sequence at least 5% of naso-pharingeal swabs
from SARS-CoV-2 positive individuals

e Tracking: analyse and share the data, annotate and follow the variants
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https://www.ecdc.europa.eu/en/covid-19/variants-concern

Dangerous variants: WHO

Increase in transmissibility or detrimental change in COVID-19 epidemiology; OR
Increase in virulence or change in clinical disease presentation; OR
Decrease in effectiveness of public health and social measures or available diagnostics, vaccines, therapeutics.

e VOC: variant of Concern

Currently circulating variants of concern (VOCs): Previously circulating VOCs:

United Kingdom, vOC: 18-Dec-2020

Sep-2020
Previous VOC: 09-Mar-
2022

+S:R346K _
Multiple VUM: 24-Nov-2021
Omicron* B.1.1.529 GR/484A 21K, 21L,21M  +S:L452R/Q countries,
Nov-2021  VOC: 26-Nov-2021 VOC: 11-Jan-2021
+S:F486V

Brazil,
Nov-2020 Previous VOC: 09-Mar-
2022

GR/501Y.V3 20J (V3)
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How do WE Identify "dangerous” variants?

K417 1452 T478 E484  N501
= = = < Mutation and case prevalence over time in Italy show confidence intervals
— — 7 day rolling average of percent sequences with mutation(s)
L T E e
= < 5 . s 95% confidence interval /7 missing recent dat a
/ Clinical Impacts T e W R it RS O

4 G 4 Transmissibility { >
UNN(T wﬁ, f e &
m = . 2 <I 4 Pathogenicity 80% ™M
2 ) - 'FffAFEz — 1 Risk of immune escape 60% Vi
@ (@@ [T T Vo

Mutations

40%
Potential therapeutic targets A/
= = Detto 20% ! \ oh
o K m R I Jﬂ" Blocking VOC entry - \ / Qdmpms
& w Soluble human recombinant ACE2, Antl-RBD nanobedies, ° April  July October 2021 April July October

Major mutations of SARS-Cov-2 42> W ymerss2 & Adam17 inhibitors, & atc. o o
VOCs in Spike receptor binding domain (RBD) Intarrupting VOCreplication } {

() pareatal . Metation Remdesivir & metabolites, CRISPR/Cas13d system & etc.

— residues spots

e Dangerous variants have an advantage over other variants, hence they

spread more rapidly
e This happened repeatedly for the 5* current variants of concern (VOC)
e We identify dangerous variants retrospectively: i.e track the variant, see

what happens
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Tracking novel "dangerous” variants of SARS-COV-2

% DIFFUSION HEATMAP

® Novel variants= Novel

O

3 “mutations” in the genome

S e [f "growth advantage”, novel
£ mutations will eventually

replace the old ones!

i Derusion TaEND crRT : ® VOC=novel viral alleles

aaaaaaaaaaaaaaaaaaa

Pinoli et al, submitted. See:
https://virological.org/t/using-varianthunter-for
-detecting-emerging-sars-cov-2-variants/797

aaaaaa
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Variant “hunting” starts with classification

Different tools/methods to

name/track variants

e Normally a single mutation does not change the W
property of a virus significantly yi%
e To track novel variants of the virus we need to )
observe and track “co-occuring” of mutations
e i.e. Do virusesthat have specific combinationsin g o
. " @ N GXt Strain
their genome get better?

Pango. Rambaut et al

-

Nextstrain. Hadfield et al

'|t<p :ﬂfi TS TS

Again we need computational tools for this task: we [ﬁz b aaiiih A ——

currently have thousands of variants of SARS-CoV-2. =

Only a few are considered dangerous QR
“UsjiensstspistidiacenibMAceIRissaRRRRREE 0
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Classification. How?

» Tounderstand/study SARS-CoV-2 we need to develop systems that can identify
relevant “viral types” or “lineages”

» Nextstrain*: Only clades that reach a prevalence of 20% or higher. Based on

phylogeny. Currently: 26 “clades”. Each clade > 20.000 genomes

g ~ * Hadfield et al, Bioinformatics (2018)

» Pangolin: Rambault** et al 2020. Lineage: group of 5 or more genomes with 1
or more differences with their “ancestor”. 2210 lineages in total. Each lineage
has 80 genomes on average &4 * Rambault et al, Nat Microb (2020)

» HaploCov: Chiara et al 2021. Only mutations that reach a local frequency
above 1%. Each group has at least 2 characteristic mutations. 1670 groups.
Each group has 400 genomes on average

UNIVERSITA DEGLI STUDI DI MILANO

DIPARTIMENTO DI BIOSCIENZE



HaploCoV: a novel approach to classification

A simple method for tracking genome diversity in Prioritization?
SARS-CoV-2: e predict

e Variants with high prevalence (AF21%), for a long dangerous
q q i ?
interval of time (>30 days) variants’s
e Integrates with other systems
re - Log(N genomes) Comparative genomics reveals early emergence
ﬁgii :: —_ and biased spatio-temporal distribution of SARS-
e HHH%: CoV-2 3
2;5% + - Matteo Chiara, David S Horner, Carmela Gissi, Graziano Pesole = Author Notes
Eggé E a - /;/I:ﬁ::il‘z:;?follg;)i;;sfuif;/ozlszﬁlon, msab049, https://doi.org/10.1093/molbev/msab049
:égi 546 % ; I 6 + m t
sen o ¥ doi:10.1093/molbev/msabosg




Prioritization: how do we identify hints of adaptation?

» A specific variant can become “highly prevalent” for
different reasons, including drift, bottlenecks and
founder effects

» Functional annotation of Mutations:
» What is the “predicted” effect?
> |s the mutation recurrent (different lineages)?
> Isit associated with known functional elements?
» Experimental Validation: can we associate a real effect?
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How do we Identify “Interesting” Mutations?

e Computer algorithms can predict/evaluate the effect of mutations in silico

e Since we know the genetic code, we can predict the effect of a mutation
on the protein sequence

e We also know the biology of the virus, and we know which proteins are
more important

e CorGAT, additional annotations. Regulatory elements. Epitopes.
Prevalence worldwide (and regional)

Using this knowledge we can build computer systems that evaluate, flag and
identify “interesting” mutations
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Bioinformatics

How do we Identify “Interesting” Variants? E

CorGAT: a tool for the functional annotation of _
SARS-CoV-2 genomes @
Mat
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e Different lines of evidence/resources are integrated
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doi:10.1093/bioinformatics/b
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CorGAT+HaploCoV: how do dangerous variants differ?

e Dimension-reduction analyses identify distinct clusters associate with
“dangerous” variants (VOC,VOI,VUM)

Pango Lineages

|
e S doi.org/10.1101/2021.06.23.449558
-{;"v.
%ﬁﬁ All the “dangerous”
k Vit nmis <2e-16

variants have

some features in
common.

and “cluster” 1n

the same group vocvor ——
Npos <2e-16

o —

=
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Prioritization of “dangerous” variants

e Features integrated into a linear score

e With a simple model we identify >93% of
dangerous variants (flagged by international
health authorities)

e Plus c.a 20 additional lineages, with similar
mutational profiles (not flagged by health
authorities)

e The score can also identify/pinpoint novel
sub-variants with increased “VOC-potential”
o currently we identify 5 within Omicron
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C.1.2

C.1.2 characteristic mutations

A

%75"3677 314

16856:2%2 84 13 204203 38

- o o

ORF1a

@ outbreak.info

1Q Ma~t 2ND1

Cumulative Prevalence

Est. C.1.2 prevalence since identification

o O 0 B E = =B B

O-1 1-5 5-10 10-20 20-35 35-50 50-75 75-100

95% confidence interval

0% 2% 4% 6% 8% 10%
L 1 1 1

Eswatini
South Africa
Mauritius
China
Botswana

e First observed in
May 2021

e VUM in Sept 2021
e Prioritized by

scoring system in
c.a 1 second
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Omicron Variant, Evolution

Italy
Italy (12418) B Delta [@ Omicron Omicron+ [l Other
Oct 2021 Nov 2021 Dec 2021 Jan 2022* 100
Delta 31 9 75
Omicron 0 2 36 16 50 . .
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Other 16 13 14 15 0 . .
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Omicron sub-variants

e 5 sub-variants of Omicron
predicted to be than parental
“more dangerous™:

BA.2.12 and BA.2.12.1

BA.2.16

BA.4

BA.5

O O O O

e 3 “validated” by recent reports

Publication

BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron infection

Yunlong Richard Cao, Ayijiang Yisimayi, Fanchong Jian, Weiliang Song, Tianhe Xiao, Lei Wang,

Shuo Du, Jing Wang, Qiangian Li, Xiaosu Chen, Peng Wang, Zhiying Zhang, Pulan Liu, Ran An,
Xiaohua Hao, Yao Wang, Jing Wang, Rui Feng, Haiyan Sun, Lijuan Zhao, Wen Zhang, Dong Zhao,
Jiang Zheng, Lingling Yu, Can Li, Na Zhang, Rui Wang, Xiao Niu, Sijie Yang, Xuetao Song, Linlin Zheng,
Zhiqiang Li, Qingqing Gu, Fei Shao, Weijin Huang, Ronghua Jin, Zhongyang Shen, Youchun Wang,
Xiangxi Wang, Junyu Xiao, and Xiaoliang Sunney Xie view afiliations ¥

bioRxiv

published 02 May 2022 * accessed 10 May 2022

Record provided by biorxiv DIORXIV  Learn more

The recently emerged SARS-CoV-2 Omicron sublineages BA.2.12.], BA.2.13, BA.4 and BA.5 all contain L452 mutations and show potential
higher transmissibility over BA.21. The new variants receptor binding and immune evasion capability require immediate investigation,
especially on the role of L452 substitutions. Herein, coupled with structural comparisons, we show that BA.2 sublineages, including BA.212.1
and BA.2.13, exhibit increased ACE2-binding affinities compared to BA; while BA.4/BA.5 displays the weakest receptor-binding activity
due to F486V and R493Q reversion. Importantly, compared to BA.2, BA.2.12.1 and BA.4/BA.5 exhibit stronger neutralization evasion against
the plasma of 3-dose vaccinees and, most strikingly, of vaccinated BA.1 convalescents. To delineate the underlying evasion mechanism, we
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Genomic surveillance: limitations

e WHO and other international health authorities recommended to
sequence between 5 and 10% of all positive samples

e Currently most countries do not follow these recommendations

e Data sharing is still an issue! Only c.a. 1 out of 4 genome sequences
are available from open access repositories

Missing data == Missing VOC/VOI/VUM?

Sampling bias:

e >50% data UK or
USA

e |ess 5% data Africa

e >70% data EU

000000
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Genomic surveillance: limitations

e only c.a 1 out of 4 genome sequences are available from
open access repositories
e ~90% of the “open access sequences” are from the U.S.A

Missing data == Missing VOC/VOI/VUM?
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Getting data to Scientists: the COVID-19 data-portal

e Unprecedented amounts of data were
produced during the COVID-19 pandemic

e Making this data available and accessible is a
fundamental prerequisite to advance our

knowledge

® The EU has launched and international
initiative to pro promote best practices for
data sharing and curation: COVID-19 data
portal

® We currently run the Italian instance

European

Commission
I
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https://www.covid19dataportal.it/

A7 COVID-19 Data Portal - oo i
ITALY
Genomica & Trascrittomica Dati sulle Proteine Dati di lmaging Dati Sanitari Ricerca Eventi
, o

{
o
° o
L J ° o ° o
Il portale italiano COVID-19 Data Portal fornisce informazioni, linee guida, strumenti e servizi per supportare i . L & *
Tweet ai @eixic it - °® o? °
ricercatori nel processo di creazione e condivisione di dati di ricerca su COVID-19. M
@ Ritwitato s ELCA I 2
Il portale & sviluppato nell'ambito di un'iniziativa europea di tipo federativo promossa da EMBL-EBI basata sul it =) : w ® L ]
Portale Europeo dei Dati COVID-19 e portali nazionali, el Y %
o

Se stai producendo o lavorando con dati su COVID-19 in Italia e hai domande sulla condivisione e la gestione dei i on

dati, non esitare a metterti in contatto con noi
Questa risorsa & sviluppata da ELIXIR-IT in collaborazione con CNR, GARR e ISS.

Questo portale & un progetto collaborativo, la maggior parte dei contenuti & curato manualmente.

DI oo
rocomnet @RareEndoERN
@AbertoMPereirt @eurordis

Highlights iocopora Viualzza u Tuiter

i tutt gl highlights,

Contattaci a tal.it per o i, il tuo aiuto & importante!

Highlights degliultimi dati pubblicat

elixir
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Why do we need a data portal in Italy https://www.covid19dataportal.it/

Research coordination issues within the Country

» Clinical research coordinated within « Stimulate coordination between
region/institution institutions

» Lack of national research facilities * Increase best practice implementation

 Limited Open Science, DM/DS * Rise Open Science, DM/DS practices
practices awareness awareness

« Inefficient efforts duplications AJCoVID-19 DataPortal . |ncrease use of national available
e resources

» Lack of dedicated funding

A7 covID-19 Data Portal '
e &
Accelerating research thigughgatigli= er
£

» Support joint grant applications

Increase coordination
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https://www.covid19dataportal.it/

Data portal, training and dissemination

47 CoVID-19 Dato p"ﬁfﬂ’ * ® )
FAI UNA DOMANDA

Webinar
27 b
SU #COVID-19, C(E)LLABORARE
GLI ESPERTI RISPONDONO - PER CONTRASTARE €
L e e LA PANDEMIA

Apulia: hitpa: /ity 2Gnbhte COVID-19 Data Portal italiano

@ G UNIVERSITA B8 psecncoan M
D G @ & el Jomre

eliir  orenAoE )
. b ) \
@ e & uh(w o
acpller @ Mwse  ge— e
wosc-piller 2 Tw !

Open Science e Covid-19
Collaborare per contrastare la pandemia
WEBINAR

in calsborariens con 55t S d Santa 05)
Disponibilita e uso dei dati epidemiologici in pandemia:
difficoltd e opportunita

28 aprile 2021, dalle 15:00

@ A7 oo moller A D) 115

Open Science e Covid-19
Collaborare per contrastare la pandemia
WEBINAR:

Cavid-13 e condivisione dei dati; perché in Italia ‘ *t
si fa troppo poca? DI
ZI
IB novembre 2020 | ore 15:00 @ 28 settembre 2021 | ore 15:00 (CEST) | 2 ore
| P
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Conclusions

Genomics is a very powerful tool for studying/understanding evolution
By sequencing the genomes of SARS-CoV-2 we can identify and monitor
“dangerous” or more aggressive forms of the virus
This requires bioinformatics tools and methods
» Currently available methods are very good for tracking.
But Limited data
» Currently available methods are very good for tracking.
» But Biased Sampling
“Predictive” tools. Can identify relevant variants
» Sampling however remains an issue: we need to see variants!
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Credits (data portal)

II Team dell’ Italian COVID-19 Data Portal:

Head of Node ELIXIR-IT
Prof. Graziano Pesole - Universita di Bari e CNR-IBIOM

Coordinatore Tecnico ELIXIR-IT
Dott. Federico Zambelli - Universita di Milano e CNR-IBIOM

Coordinatore di Progetto
Dott. Marco Carraro - Universita di Padova

Genomic and Transcriptomic Data

Responsabile: Dott. Matteo Chiara - Universita di Milano e CNR-IBIOM
Dott. Federico Zambelli - Universita di Milano e CNR-IBIOM

Dott. Flavio Vito Licciulli - CNR-ITB

Dott. Marco Beccuti - Universita di Torino

Dott.sa Tiziana Castrignano - Universita della Tuscia

Protein Data

Responsabile: Dott. Marco Carraro - Universita di Padova
Dott.sa Luana Licata - Universita di Roma Tor Vergata
Dott.sa Letizia Bernardo - CNR-ITB

Imaging Data

Responsabile: Dott. Giuseppe D’Avenio - Istituto Superiore di Sanita
Dott. Evaristo Cisbani - Istituto Superiore di Sanita

Dott. Marco Beccuti - Universita di Torino

Health Data

Responsabile: Dott. Giuseppe D’Avenio - Istituto Superiore di Sanita
Dott. Evaristo Cisbani - Istituto Superiore di Sanita

Dott. Marco Beccuti - Universita di Torino

Implementazione Software
Responsabile: Dott. Flavio Vito Licciulli - CNR-ITB
Dott. Giorgio Grillo - CNR-ITB

Infrastruttura IT

Responsabile: Dott. Fulvio Galeazzi - Consortium GARR
Dott. Alberto Colla - Consortium GARR

Dott. Matteo Fazio - Consortium GARR

Content Manager
Erika Ferrandi - CNR-IBIOM

Comunicazione

Responsabile: Dott.sa Francesca de Leo - CNR-IBIOM
Dott.sa Diana Battistella - Universita di Padova
Dott.sa Federica Tanlongo - Consortium GARR

Dott.sa Sara Di Giorgio - Consortium GARR
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Any Questions?
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Pango system in depth

\4

Pango/pangolin is currently considered the standard
Each new lineage/group is identified by a letter (from A to Z)
Each time a novel group is formed within an existing group a number from 1

to N is appended to name of the group.
» i.eBisfathertoB.1

» B.lisfathertoB.1.1

» andsoon

Only 4 levels of hierarchy are supported. l.e up to 1 letter and 3 numbers.

When the 4th level is reached, the name gets “rebooted” and a new letter

is used

» B.1.617 is fatherto B.1.617.2

» B.1.616.2 has a child. Hierarchy saturated! New name is rebooted to AY
and so on

e 3%
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SARS-CoV-2 transcription

Read
1000 NgtB000

ONT RNA-seq data in Kim et al. (Cell, 2020) consisting of >250000 split reads (average L of
2794 nt) plotting read starts (x-axis) and lengths (y-axis)
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Alignment of sgRNA sequences identifies
highly conserved repetitive sequence
motifs (CS-B). CS-B has 9 occurrences in
the genome: one in TRS-L, 8 (TRS-B)
corresponding very well with the ATG of
sgRNAs genes

A negative correlation is observed
between the position of CS-B and the
length of the associated transcript: most
transcripts are a complete read-through
from CS-B to the end of the genome.
A pervasive transcription along
genome is clearly evident.
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SARS-Cov-2 transcription

expression levels (log2 TPM) are indicated in the barplot. Each gene has a different
color: the spike protein has the lowest “expression level” whereas geneN and
ORF7A are the most expressed genes (almost 70x more than spike)
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Current methods for the detection of
SARS-CoV-2 use PCR to detect the genome of
the virus

To <actively replicate> the virus need to use e
the genome to make proteins (transcription) IZ::?’;;“;EQ:Z_”JS?:;‘;Zii‘fjﬁil:':;2\:2:2‘.‘:,3::'!3;1“;";‘1?‘;‘A”‘“"“’”“‘
We recently implemented a lab procedure

than detect/quantify the transcripts of  promeroismaLpcrivTHRee sTers
SARS-CoV-2 = o (0
Potentially improving the diagnosis 0o
o i.e not just present/absent but aso

active/not active viruses

InReview | natureportfolio
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Assay based on transcripts. You know if virus
is “alive” and replicating
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