Il n sili1 co an-abgsi s
INt eracti ons at m C

by
Kl evia Di shni ca

A thesi s submitted f
Doctor of Phil oso

Uni versity of Ver
2024



oln science, knowledge and unc
Ti me, patience, trial and ebror are

Nobel Laureat e: Sat oshi b mu



UNI VERSI TY OF VERONA
DEPARTMENT OF
BI OTECHNOLOGI ES

PHD SCHOOL

Natural and Engineering S

With funding by

Uni versity of Verona

CYCLE [/ YEAR roofl menmit2 0X&0X V |

CoordiPmatf&d dvi a Guzzo
AdviBRroof:. Dr. Al ejandro Giorgett.i
Ph. D. Cankdiedvatae Di shni






A mie, pmda mamma e mi
A mi oFimareno.

A mio figlio Boike






Acknowl edgement

This thesis is a testament to the collective ef
contributed to thpsesseiabhe makidgeptynenrbahiyng.

First and foremost, I woul d | i kePrtoafl. exgpmesse m
Giorgetti for his guidance and support through
beenmt i vaantdi eilgaedph fy | beontchedmy pr of essi onail naedelpyr s
appreooibet eef tihrempner bypoeld havien pglhaysed rans.f or mati v
Thank you for bedwmgametarn usxamplmendaforhow to com
humahi wy |l | carry these | essons with me through:

Tany p aarnadm tsvéheonsec o ndliavieo naand s u p pboarstif shnayv ej cbuerenne yt.
Your sandi faceh in me have been my lgragatresti as cu
yowruppdurtdn@ fi cul tyour mgy anmy caecl ceobmpallthisnbgme nt s .
adlrevewewltd not have bepatpesséebpl|l wi ssdompuangohel

To my %ouehdse madentf loir glekampletfeemicieng my | i fe
and poRBarttiivaiudlyar thanks to Ruie naontdis 0Apg lsrat .f or t h

To my husba-hdwsantdtimmnkieploee monacdur agement . To
husbwmpati ence and ghndensmenditm@ngawne and comfo
hard time. Thank,ewocewun Iddre bingesde e@innge mahmeul f or
yoaonsptraegnstence by -imgwosuird ek.i nTdon ensys iannd support ha

smoother and more fulfilling.

To my son, Boiken, who came into this world du
my I[Thfamk you for being my I|little ray of sunshi
single day. This accomplishment is as much your

Finally, to | talghaibtoeyr tl hef epreosliith bk awearf sl wer e
challenging but wultimately rewarding. Thank yo
ful fill my dr eams.






Abst(flatcal 1 an)

Questo studio espl€o¥ a&s [HBe trtoin gg dcwdnicaelit s daie dOABR &

variazi oni strutturalii, scoperta di far maci |, S
esamina | "emergere di untienméenail eneadet il aogl é cto@
SARGo¥, evidenzplaindazil enisugern ml ' evol uzione vira
Un esame basato sull'"interazione per | a scoper:t

di SRS e i dentifica nuovi potenzi apder sfcuatfuroil d

sviluppi terapeutici. I noltre, | o studio affron
dell e infezioni d aC ovAa r d tatnrt @v éOrms «c rwom’' arn a ISIASRIS ap p
sottolineandaglliorme @e 3 s iBatsadhid omiii a ggruo sqtuiecsit .i ri s

i ntegra approcci multidisciplinari per affront e
L'inserzione ri-cermenakeenedé¢!| deSpooebimal spizlkée ac
[ suo ruolo nell"elusione del sistema i mmuni i
antivirali. 1l metodo di screening basato sull'’
Co¥2 e i potéenzifalrimacahdpgdai , di mostrando il p
nell'"accelerare | a scoperta di far maci . L' anal
i oni da variante Omicron evostheha &etwcal
linea |l a necessit?’ di un Nehticampo adat t
sitologi a, i profilo proteomico dettagl:.
oralis fronreaosscse peor pdezti iofsiacare nuovi be

me ¢ ni s mi adattativi del parassita. L'espl or

(%]
—
@
=
S5 9 O un O N

pot
di

solo avanza | a conoscenza scientifica, ma propc

ziale del riposizionamento dedi Baomaobi ] iof

~ D O

—

attament.i efficaci per | "infezione da Str

del l e mal attieeeti. risultati per i paz



AbstfthBrdl 1 sh)

This study explore€£o¥riatnidc adt rasnmegdtos des SARSEC
structur al variations, drug discovery, di agnos
examines the emer gence-teorfmian arle cduorma€ior osfp 6tkheet | SoAr
gl ycoprotein, highlighting its i mpl i cbaatsieodns f or
drug discovery screen el uciCo®&t aanhtithe t meshamids m

pot emwmtvieampoond scaffolds, providing a foundatio
Additionally, the study addresses the r-educed s
Co¥2 infections t-hrbaeghatetat amailweededlondeée mpa @i

di agnostBuai mdt hgden these finddingsi pltihreamyy semp rc
to tackle ongoing challenges in infecti-ous di se
Co¥2 spiketproiae@eahi doamaal yzed for its role in i
as a target for nobaebednscveenal ag Mmhehbdt br adyge
SARGo¥ inhibitors and prospective drug adandi dat
models in expediting drug discovery. The anal ys
variant infections highlights critical shortcor
the necessity for ©cogt pnlano apsaorhadsaipttcalto goyn, otfh et edse
profiling of Strongyloides stercoralis infecti\
mol ecul ar targets and understanding the parasi
recepttdmgt dridarstrates t hpei peoltoenBtdrailn g fp rda autgi o eel
accelerate the availability of effective trea
integrated approach not only advances scientifi
enhancing di sease control and improving patient

Vi



Contents

General introduction 1
About this thesis 11
PART | 13
Emergence of a recurrent insertion in thet&tminal domain of the SARS0V2 spike
glycoprotein 13
Introduction 13
Materials and methods 16
Sequence data analysis 16
Systensetup of coarsegrained models 17
Results and discussion 18
Presence of a recurrent insertion region (RIR1) in therhinal domain of SARSoV2
spike protein 18
RIR1 insertions independently emerged in multiple viral lineages 20
Mutational pattern of A.2.5 lineage 25
Impact of RIR1 insertions on the structure of the spike glycoprotein 29
Conclusions 32

An interactionbased drug discovery screen explains known S2R& inhibitors and predicts

new compound scaffolds 35
Introduction 35
Methods 39

Data extraction angrefiltering 39
Interaction basedcreening 39
Prediction evaluation andisualization 39
Results 40
Structurebased drug screening forfreveals 692 potential inhibitors 40
Predicted compounds ateeterogeneous 41
How do the predictions relate to knownhibitors? 42
The validation with publicly available data revealed a hit rate of 17% 44
Further evaluation supports prior findings on four F&pfproved drugs 45
The evaluation of recently released PDB°Mtructures reveals a common interaction
pattern 47
Discussion 49

Vil



Conclusions 51

Data availability 51
Wide Real.ife Data Support Reduced Sensitivity of Antigen Tests for OmicrorCRMRS
Infections 53

Introduction 53

Materials and methods 55

Study Population 55
Ethics 55
SARE0V2 Antigen Diagnostic Tests 56
SARE0V2 RTPCR Analysis 57
SARE0V2 Genome Sequencing 57
Bioinformatic Analysis of Genome Sequences 58
Nucleocapsid (N) Protein Mutation Analysis 58
Statistical Analysis 58
Results 59
Evaluation of ADT Performance in Delta versus Omicron VOCs Period 59

Evaluation of Nucleocapsid Protein Mutations in Delta and Omicron Variants 62

Mouth versus Nose Viral Load in Omicilafected Patients 63
Discussion 65
Conclusions 67

PART I 69

Novel insights into the somatic proteome $frongyloides stercoraliafective thirdstage

larvae 69
Introduction 69
Methods 71

Larvae isolation, protein extraction and digestion 71

Protein identification by L{BIS/MS 72

Bioinformatic Analyses 73
Results and discussion 74
Conclusions 83
Availability of data and materials 84

Targeting GIuCl Receptor: Drug Repurposing Strategies for Strongyloides stercoralis 8Fection

Introduction 85

viii



Methodology 86

Structural Modeling of the Glutamate Chloride Chann&tiongyloides 87
Ligand Screening 87
Molecular docking 87
Results and discussion 88
Structural characterization of GIuMM complex 88
Superimposition of screened drugs within active region of Glucl 89
Selection Criteria Based on Affinity Scores 89
Conclusions 90
General Conclusions 91
Bibliography 93
Abbreviations 111
Supplementary materials 113

Supplementary material Chapter 3: Emergence of a recurrent insertion in-taarihal
domain of the SARS0V2 spike glycoprotein 113

Supplementary material Chapter 4: An interactimased drug discovery screen explains
known SARE0V2 inhibitors and predicts new compound scaffolds 114

Supplementary material Chapter 5: Wide Rei#é¢ Data Support Reduced Sensitivity of
Antigen Tests for Omicron SAR8V2 Infections 115

Supplementary material Chapter 6: Novel insights into the somatic proteome of
Strongyloides stercoralis infective thistlage larvae 118






DSy SNINR RdzOs 2y

Emerging infectious diseases pose a sfifghifican
These conditions arise from newly recognized p
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As the global Hd1@ppandemitch-€EdEOviebsblyi §ARSght ed
need for rapid advancements in viral diagnosti
of wviral ™Hhhodsutsi ocnontri butes to this expanding

di mensi o#€o¥ofanllARS| ated pathogens through comp:
approaches.

I n | ate December 20109, an unexpected outbreak

Province, China. The sympt oms, including fever



resembled vi5hHowpeeemonganomi c analysis of res
causative agent as a nowmelo Vc o rSarbasweiqruwesn,t |iyni ttihae
Committee on Taxonomy of Vi-Cardedud tCAV)tsecl as:
relationshiCoVt ofjiflhee SIARRase caused by this vi
Coronavirus Did486aseOBOMArcGOVYLD 2020, the World
decl aredi9oC®OVpBndemic in |Iight of its rapid gl ol
resuldapgroxn mately 128 million confirmed cases
Coronaviruses bepongntioalal ywrfoatdalf adii d ¢gases suc
syndrome (ARDS) 74dnd organ failure

SARGS0oY¥ is c¢classified under the order Ni doviral e

genera: Al phacoronavirus, Betacorop&ViVi usse&am,
within the Nidovirales order share several st
organi zati on, replicaseUDRneahndcatedi doawnmecha
expression involving] $ebers ocnal odawimeshe s tameg Kkr

including 229E, NL-68Y, OBARS HHKIONSARKMERS hese, 22
NL 6 3, HKU1l, and OC43 typi aelslpyi rcaadwse midll ch etses e«
CoV, -CGARS anoXS ARSe more sever e, potentially <ca
infe¢Ol] S88E shares 88% of i t-SICpe/Z€Ca4i5c-Aanalq bance
CoVzZzXC21, 7 9@ Wv,i tahn &5 AaRrSo u n@o 6,0 % wd d ehs tMIERE it [
i bat 6], PhBgrstanding these genetic similariti
treatment strategi €9Vf owastherpandeminei f MERS i n
2012 and has since | ed to oveant2ldy 0i00[ Eaaldkis Aarca
SARGoV was identified in China in 2003 and is &

ani mal intermediary. The-29ABS tdautolurgha k swd satd comt
[ L2]However, a few cases since then have occu
exposur-€s¥ bBARS8 novel strain that has not previ

The SARIS genome is -@appkbximalteihnhgth6and i ncl ude:
frames (ORFs), sharing structural §ilRTreedd i es
viruses are enveloped and display surface proj e
an unsegmasntrad,desliep®lee RNAewi th a 5' cap and a ¢
as functional MRNA ifcars et rpaor splaitoit desi nasff. tThwe gempod
the 5'° end, encodes the replicase gene known a:
produces nonstructur al proteinshénswse)pohypedt
are cleaved by wvliirkael pprrootteeaassee s(kReLappripoa) p esarnmde a 33LA



generate 16 NSPs and to form the repticatuoal ar
protein corresponds tosWNERttuoaNSPidbtand ppinpb
NSP16. These nsgpespesdemt aRNAheod&RWNdhehalsiecd s plrRs
essenti al components4$r afsctrhe@tivomalcomelpé x c { tRITEC
synthesizing viral RNA and subgenomic RNAs r e
cleavage Mrplt&linci $SegrGofyAl)a i s unique to coronayv
overl ap with human proteases and making it a h
Mpro t he polyproteins remain unprocessed, preven
viral replicatiMmp.l alylse imi vetgaill arta lneg tvhatal repl i

it an attractive drug target, -@eXitsfenkbiybieia
prevent the sphpheademmndilndonnfagcstd oebgr t he 3 end,
proteins (S, E, M, and N) and nine accessory p

ORF7b, ORF8, ORF9b, OQRHKMIJ4, and ORF10 genes

+ssRNA Genome
=1 £

13468

T y
n UTR ORFla ORFlab

5
ORFla ORFIb

Z
18 % LY

B
Non-structural proteins (NSP) Structural & Accessory proteins

Fi gdZ®ARGoY¥ structure andldearsdmiad i @mg alreipz attison.r
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n this contex®n mpt-eesedrochyugtdtsedvery study
i nhi biMrepdscohtributes significantl-pasedtdetiwsg fi

di scovery approach that idé&neiBy edc rodQ&ndgpaorgdemnm o te
compl exes from the Protein Data Bank (PDB), t ht
i nhibitors, such as Dasatinib and Amodiaqui ne,
chemicalbfdipoeesnitti wl therapeutic candidates. Nof
validated using exi atpipmg veeat a,r vigrsg | wdidreg sfcouri nf
in drug repurposing. Additiopatdl yotMrhaicstniwbeh B r €
site involving Glyl43, Ser 144, and Cys145, whi c

This discovery provi dMer®s ai Wleepact iunnmdedypgpmamidc $ g

design of mbrbiedfect Wael e computational in na
for rigorous experimental validation to confir:i
a robust framework for accel eratitn@AdRlbel devel o
addition to epidemiological dat a, structur al é
managing infectious di seases.

Mapping mutations onto 3D structurefsunacfti pnot e
rel
add

ationg®hilmwhiimhdetsaiclri ti cal for managing infe
s
i mpact s. Recent progoesaertiinums rluadd ubabughlthomok
e
e

information regarding protein stability an
mol ecul ar dynami cs ( MD) Simul ati on-i ttoentshevefo
experi ment al techniques. Computational MD ane
macromol ecul e, nhmoell epcsu luasr umodteirosnt aanndd el uci dat es
variations. Therefore, describing a molecul e a
potentially bypassing experimental di fgicultie

affinity of a macromolecule upon mutation and

epi demi ol ogi cal data enhances the devel opment
ultimately | eading to mwofrei reffd@tcito we diondand @u
I n this perspective, the combined insights froi

thet eNminal dom@o¥ sespi kbeglSARGpr-bi eenbavwadSoppd
Reduced Sensitivity of-ChdAzt ilgiefino Mesdtls perf Ommed
Co¥ highlight t-@Qe¥2 rNIlenoc¢l ebeaSARS) protein an:i

di agnostic efficacy and viral behavior.



The oBmedygence of a Rectuerrrneinntall noenr@oi@o n6 piink bBteh eS A
Gl ycoproveshigates a unique recurrent -insertio
ter mi nal domain (NTD) 21@®,catlkeserbwadveiem a@atbdbras
i nstances acr@oss Imundadgpdsx. SARESse iemserctviodmug i om
do not directly overlap with major antibody epi
spi ke proteibnbnawdtht shenA€Edctreceptor, i mpact.i
Found in Variants of Concern (VOCs) such as Al
mut ations to enhance transmissibility and i mmt
S:ins214EPE), which is accompanied by numerous
escape and altered tropism. Mol ecul ar dynamics
structur al and functionalg coaaragaendc enndefl st hes
their impact on the spike proteinds stability,
RI'R1 insertions, l' i kely arising from recombina
structurats candtreavol utionary advantages. Thi s
genomic surveillance and si{o¥ctadraglt aan alny aingd iin
vaccine and therapeutic strategies.

On the ot herWihae-tRd &lhPawar Bupport Reduced Sensi
Omi cr onCoXARISn féeecxtplomrses t he diagnost-Ca¥ chall en
variant s, focusing on antigen diagnostic tests
Omi cronThkhar Naprotein, a coreCo¥ructeurnvaels @asmmo Inc
target ADolrs Fawegver, it is prone to mutations,
Omi cron. These mutations may alter the protein
rapid antigen tests and contribute poot enmune
specifically shows that Omi cron has developed
performance due to potenti al changes in antigeil
D343G in Omicronds N protrioat weale amdeéndyfhamidc ad
|l eading to a decrease in ADT sensitivity due 't
sensitivity from Delta to Omicron (63% to 33%)
di agnosatciyc @acscumrewer variants present i ncrease:
altered N protein structures.

By i ntegrating computational and structural b
mut ations in both the spike and N proteins can
detectability, with comput acfi oenaaclh mmoudteal tsi oenl .u cTi hc
of intrinsically disordered regions (I DRs) i n
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ese areas could impact the proteinds stabild]i

derscores the need for diagnostic tools that

detection acr-0ec¥ emerghhg. SARS

BeyondC&®®RRSthis thesis also expands to the ne
detailing novel Sprongy nisc dis)egrwowmioi st bar vae.

There are about fifty species of parasitic net
everything from humans to frogs. The majority
host species. Human i nf earidgyylnoibd/i aSs i ss,t eirsc oa fatl @1
0di sease of disadvant-agsoudoe apeastswpilBybhadee
Current estimates suggest that over 600 millio
and subtropleéelaHowreegirgnst he actual preval ence i
diagnostic difficulties, including low | arval

ltscydlfe i s compl ex, al-tievinrag i aargd bpepd rwesint ico cd teas
the infection through the penetration of the i1
contaminated soil guhatcd,t ommawegh nditfhfeerhermstt ,ormjar
|l arvae moult until they become adult worms, whi
the parthenogenetic females deposit eggs that
egreted in stoollisviamgl dywdlte .athHowddenffreecetoimee Ldy all
i . e. mature into invasive filariform | arvae, ir
the perianal skinfepclepretciunitsact Rd dfed pavsi tSi. ¢ slt ie
perpetuate the infection, in t[hlet]Jabsence of tr e
Di agnosing and tntattngnSremaiemsochbhl benging d
di agnostict merntapast iacnasedt e gicdhni qBeeol incl udi
culture methods, lack sensitivity in chronic in
ELI SA abhldP3NI &r e more sensebicit&Moy exrud me tda agm
such as PCR, of fer i mproved detection but stil
composite diagnostic approach combining fecal,
I vermecti-hi ne ntthedufenetsat it s high efficacy and
alternative administration routes may be necess
[ L9]Al bendazole is a secondary option, and mox
advantages | i ke resndépeaged¢miof@dratiicrawme/ da nrde sdenasrec
advanced proteomic characterization to identif



mar kers.is critical to refine diagnostics, op:

vulnerable popul ations, ensuring effective man:

The understanding of protein functions is fund:
and methodol ogies playing af 20hRrretassiimgg | §r e r @
components of biological systems, involved in
targets for most therapeutic drugs, underscorir
in drug di sadowertyh.odAsnalhyatti accur ately deter mine
therefore, critical for devel ophasge dn epnr ott reedanti
provides detailed data on protein dywaadmanal geds
s what truly amplifi es20t]hki posegneigy bét wheéems

omputational analysis is exemp$i fs ©erfceortd llvies st
histédge | arvaeo, whi ch combines these methodol

—hl—FO

unctions, addressing challenges in diagnosi s

The study |l ever alpese dnaprotsepoencitocso mand ycomput at i
advance the 68ndetmEtratoaianh gfswricti ons, cruci al fo

di agnosis and treat ment .

The integration of mol ecul ar insights with <co
under sfanédrlmigaladgys and facilitates the develop
strategi etshr ddsg mpguthitgshnd e m-MB8d MS) s p ¢ dhiter srmeaitdryy g(el
comprehensi ve datS.s esttieorfceawrhaelvipsr baervme O6Ff L3), ic
187 of whi ch were previously wuncharacterized.
computational taol ool nsg swedree mempmulady eadhnot ati on, wh i
refining and validating the automated anal yses.
and InterPro databases enabled the <classificat
bi ol ogical processes, and cellul ar component s,
involved in parasite survival, host i nteracti or

| mmunoi nformatics-2t OoWwsr suuc & e dcse |8 e pa pPidtiecdpt e 4 ,i nieda
i mmunogenic proteins capable of eliciting an 1in
in verifying these pr erddlcaviaomts ,t aerngeutrs .n gHa moel osc
pri orSi.t iszteepreccoirfailci sproteins by comparing them t
reducing the -teaetihobdg anhdceonbBancing the spe
Addi t ibgtnrad d tyyr aMa smoadbd peh et copr edi ct ed epi topes ont



validating their accessibility for aandibdbadtyedi r

or diagnostic markers.

By integrating experimental proteomics with co:
the study provided aS.dyantparodccroarieies stmmphdeshngi oy ¢
functions such as oxidoreductase and peptidase
survival and infectivity. This comprehensive &
therapeutiad spadegentonnshotated the value of combin
wi th manualr aacootrmaienafd meani ngf ul data int
i mportance of such integrative methods in adva
more precise diagnostics and effectiviengtreat m
emerging infectious diseases and pandemics, whe
treat ment options, i's essential. Additionally,
di fferent stages of ymdmicd i ouderdstsemdiersg ®fr olvo w
and how the bodyds [ &4dplomise icrhainglets iosv-ecr udimeel
specific diagnosrtiircg tainme Ity earn dnetnarsgeteends ui nt er v

This need for rapid drug devel opIn® npgamwhemisd.ar kH
emergence-18f i 60Viabe 2019 and its rapid global
effective trephf2mEInhtes tanadd ivtaicocniannesdr ug di scovery

and extensive | aboratory testing, was i nsuf fi
underscored the <critical role of virtual SCr ec
efforts. Similarly, strong$8lostdéepeeseghicauaedr bygs

for new therapies due to the growing risk of r
t he pri mary treatmentctionrs spobegyial diresiis,t ai
identification of alternative compounds.

The drug devel opment process extensively uses
optimizationfi aatdi déeadoi deeosttn ga lat egrurhactkiuvgdm gtu @l ohwi

screening for novel pharmaceutical s.

Virtual screening approachkeasddal (e.iq.t,o Itiwgpamnmdii :
strulrdsuede (e.g., |- ggaddddok k ihdgi pmeunBsei sot neanle stthrruece
the target protein tfad ngrtea deisctofbilndgiamngd smo dnwehsi | an ¢
capitalize on the Iikelihood that similar | igar
computational bi ol ogy and experimentaledprotein
novel dr ug[ 2 d]erhti isf ipa aotciesrs saves time and money
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my study o0Targeting GIl ucCl Receptor: Drug Re
fectiondé, virtual screening was employed to I
S tGLrUcCa.r elriog ei n, a crwucial receptor +n the p:
sed approachéegasndchoaki mygo-dievie@rexipd maleds ttrhwec tt u

UCL protein to predict blndandsmod@bhssamdt hodd

i bernvteir fay promi sing compounds that demonstr a
eir viability as candidates for alternative
reening effort, these findhnge® rceqb@ire theor
fety, and stability. This step is essenti al

eatments for strongyloidiasis and to address

comput abidenahdmexqper pmewt alesf al rowust fr ame
erapeutic solutions for this neglected tropi
gether, these studies provide a comprehensi v
agnostic precision, with applications spann
nagement . My t hesi s -CoZmsr etssomal rcahalmgter igbauptse itno ¢
rology and bioinformatics fields, supporting
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This thesis is dividedommnehaeamo/ vra i InfCPMAg it tss. 7l mt
Mut atfrbesapeutic Targets, ,anld Ppragewtsii bor €dadi

that together build a coherent picture of the o
COVI1D9 .

The ongoing e uposasosi &WRSIi cant chall enges ¢
for understanding and combating the virus. Rec
virus's behavior, incluyjngndgedieagnoomuitataoasts ¢
provide valuable insights into the emergence o
met hods for identifying effective inhibitors,

l' i ke OmiColt bectively, they highlight the necessi
in the global effort to malh%fh.ge and mitigate t he

Fir,snl Yhd&ameregence of a Recurrenmi nalsebDomainni af
SARGO¥ Spi ke Gtysetopdytexami nes the emergence of
N-t er mi nal domai n -CoNTDs)piokfe tghey cBARDt ei n. The i

vari ouGoXS ARS®Sr i ant s, suggests potenti al i mpact s
trasasimbi |l ity, i mmune evasion, and vaccine effe
these variants, the study provides insights in

trajectory and underscor eweitlhleameed for conti nt

Theinn Chhanp tlerrt eBraascetdi oDr ug Di scovery ScCe¥n Expl a
2 I nhibitors and Predidat sprhasvie h@d namgobwomd t hea fufnale

of wviral mut ati ons, this research f oededuwssesd on a
screening to identtife fcwiepmiuonded it hian timehi dbénn o me
Co¥The study validates known inhibitors and di ¢

interactions bedt veaman |v imodle cpurl cetse i nfshiasn met hod e

how these compounds interfere with the virus's

for developing effectiv-eg9antiviral therapies af

Finally, Wi de CRiafpd eDat Re Suppepdr Sensi tivity of An
Omi cronC&®WRS | ight of the evolving virus and ef
evaluates the performance of anti gConZ tuessitnsg i n
ext ensliiviee rdeatl a . The findings indhentéedantiedyic

Omi cron infections compared to previous variant
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health strategies, emphasizing the necessity f«

accurate and timely diagnosis in the context of
These interconnected studi esCodshdaend ctome minlet idfye
approach required to address its challenges. I

therapeutic agents and r efdtniiwnwgl Wi adwaeorsdae s dwro|
manage and mitigatd®.the i mpact of COVI D

Il n PaPrtotlelomi ¢ Anal ysi s and DBugoRgylopdesngt St |
Novel [Insights and ,Thlerdaewlewe iicntAppiElva omggt ©®d mie
ster@orafttescomadvesr new information about the
stage | arvae. This part of the thesis explores
aiming to enhance our understandimagdofpotbkbeitiri ab
vulnerabilities. Such insights ar e |oriuwdiasali sf ora
parasitic disease with significant gl obal healt

By characterizing the proteomic landscaf® sfercoratifective thireéstage larvae, this research
identifies key proteins that may play essential roles in the parasite's survival, infectivity, and adaptation
to host environments. This proteomic profiling not only broadens our knowl&igetastoralis

biology but also opens up new avenues for targeted therapeutic interventions and diagnostic tool

development to improve the management and treatment of strongyloidiasis

The chapterTargeting GIuCl Receptor: Drug Repurposing Strategies foStrongyloides
stercoralisinfection focuses on identifying new therapeutic strategies by repurposing existing drugs
that target the glutamagated chloride channel (GIuCl) receptor, a critical component in the
neurobiology o8. stercoraliiis research explores how known drugs can be repurposed to inhibit
the GluCl receptor, offering a ceffiective and expedited pathway to new treatments. By leveraging
existing pharmacological knedde and drugs, this approach aims to accelerate the development of
effective therapies for strongyloidiasis, thereby improving patient outcomes and addressing a
significant public health concern.

Together, these studies in Part Il provide novel insights and practical strategies for understanding
and combatin§. stercoratifections, contributing to the broader effort to control parasitic diseases
globally
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Coronaviruses generally accumulate mutations at a much lower rate than other RNA viruses, thanks
to the efficient proofreading exonuclease activity exerted by nspl14, in complex the activator protein
nspld24][25] As a result, the rate of molecular evolution of R is currently estimated (as

of January 5th, 2022, based on GISAID [@8f to be close to 25 substitutions/year per genome,

i.e. 8.36x10*substitutions/site/year, which is slightly higher than previous estimates for human
endemic coronavirusg®7] Consistently with comparative genomics data obtained from other
members of th8arbecovisubgenus, such mutations are not evenly distributed across the genome,
but they are disproportionally located in the S gene, which encodes the spike glycoprotein. It is also
worth noting that the S gene undergoes frequent recombination events, ligsliitad aaturally

occurring canfections in the animal viral reservi@8 and that these events are also theoretically
possible among different SARSV-2 lineage29] The encoded transmembrane protein forms a
homotrimer and plays a fundamental role in the interaction between the virus and host cells,

promoting viral entry though the interaction with different membrane ref@pjdrsthe case of
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SARSCoV-2 and of the closely related SARY responsible of the 2@2P04 outbreak, such

receptor is represented by the angiotensin converting enzyme 3ACE2)

While most of these mutations have little or no phenotypic impact at all, some may significantly
influence viral transmissibility and the ability of the virus to escape host immune response. The causes
underpinning such phenotypic effects may eitherdieiitreased viral shedding, in the alteration

of the binding affinity between the spike receptor binding domain (RBD) and the host ACE2
receptor, or in the modification of key antibody epitopes. The most striking example-of a non
synonymous mutation whitad a dramatic impact on the dynamics of the pandemics is most
certainly represented by S:D614G. This mutation, which was not present in the ancestral lineage that
caused the Wuhan outbreak, emerged in the very early phases of the pandemics, mingkly beco
dominant worldwidg3] most likely due to an increased packing of functional spike protein into the
virion[34]

Even though the mutation rate of the SARS-2 genome remained relatively stable throughout
2020, growing evidence soon started to point out the presence of shared mutations across multiple
independent lineages, suggesting ongoing convergent evolutpmssiold signatures of host
adaptatior{35] While early investigations failed to identify evidence of increased transmissibility
associated with such recurrent mutaf{i®@@sthe nearly contemporary independent emergence of
three variants sharing the rgymonymous substitution N501Y in the spike protein started to raise
serious concerns about the possible involvement of this mutat@easing viral infectivity. While

the functional role of N501Y still remains to be fully elucidated, structural modeling points towards
a possible function in the stabilization of the spike protein in the open conformation, which may
increase ACE2 bindjnespecially in combination with other mutations targeting thiBRB[38],

[39]

B.1.1.7 (the alpha variant, according to WHO labeling), one of the emerging lineages carrying
S:N501Y, spread in southeastern England in early 2020 and quickly became dominant in Europe.
Despite being significantly more transmissible thatypeldenotygs[40] alpha was not associated

with significant immune escape from the neutralizing activity of convalescent or vacc[ddled sera

[42], [43], [44Dn the other hand, some point mutations present in the spike NTD, i.e. the deletion

of a codon in position 144, led to full escape from the activity of a fewdiNdT®@d monoclonal
antibodie$45]

Two other major lineages carrying N501Y, designhated as variants of concerns (VOCSs) in early 2021,

i.e. B.1.351 (beta) and P.1 (gamma), were linked with major outbreaks in geographical regions with
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very high estimated seroprevalence, i.e. in the Eastern Cape region (Soj46]Aficial) Manaus
(Amazonas, Braz{}7] respectively. Both variants were characterized by a constellation of non
synonymous mutations and accelerated rates of evolution, which suggested that their selection might
have occurred in immunocompromised patients with persistent viral ipd8tthomong the many

features shared by beta and gamma, the most remarkable one was the presence of two additional
RBD mutations, i.e. E484K and K417N/K417T. The former one has been identified as a key player

in antibody escape, due to its presence in a epgiope recognized by class Il Réiizcted
antibodie$49], [50], [51]0n the other hand, mutations of K417, located in an epitope recognized

by class | antibodies, are thought to provide a minor contribution to polyclonal antibody response
escap@d9]and to possibly stabilize, together with E484K and N501Y, the interaction between the
RBD and the ACE2 recepti®9] Due to the possible negative impacts of these emerging variants

on ongoing vaccination campail@3, [53]the focus placed on molecular surveillance significantly
increased throughout 2021.

In the spring of 2021, the lineage B.1.617.2 (delta) was internationally recognized as the fourth VOC.
Like the three previously mentioned variants, delta carried sevsyalomymous mutations in the

S gene, including L452R, which is located in a ciegerlll RBDdirected antibody epitofe3]

and allows to completely escape the neutralizing activity of several monoclonal antibodies (mAbs)
[51] Following its initial association with the surge of infections that occurred in India in early 2021
[54] this variant rapidly spread worldwide and replaced alpha, which strongly suggested a higher
intrinsic transmissibilifp5] possibly due to a more efficient cleavage site between the S1 and S2
subunitg56] At the same time, delta was also found to be endowed with significant immune escape
properties, which resulted in reduced sensitivity towards the sera of convalescent and vaccinated
individualg57]and in reduced vaccine effectiveness, in particular after the fifs8éddough

delta became dominant worldwide in the second half of 2021, a novel variant, designed as B.1.1.529,
started to quickly spread in the Gauteng province (South Africa) in November 2021, outcompeting
delta. This fithess advantage has been temtéitiked with a substantial ability to evade immunity

from previous infectiof59] which might be consistent with the high number osgoanymous

mutations and indels observed in the S gene compared with the refererCeVaARSome.

These include a number of previously described RBD mutations associated with the aforementioned
VOC, such as T478K and N501Y, plus E484A, which suggested significant immune evasion
properties, later confirmed by a number of in vitro st{&és[61], [62], [63Based on early
epidemiological data and on the growing number of imported cases reported abroad, on December
1st, 2021 WHO included B.1.1.529 in the |ist o f
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Several VOCs and VOlIs (including alpha, beta, delta and omicron) carry spike deletions in the NTD.
Such deletions were previously shown to often occur in distinct NTD sites, named Recurrent
Deletion Regions (RDR), arising in different geographical badsginundependent viral lineages.

Some RDR sites display a significant overlap with known immune epitopes, suggesting that they may
drive antibody escaf@]} Comparatively, prior to the emergence of omicron, which carries a three
amino aciddéong insertion (S:ins214EPE) in the NTD of the spike protein, very little attention had
been directed towards insertions. Nevertheless, such events are known tedhaviepiEymental

role in the past evolution of SARBV-2 spike protein by allowing, among the other things, the
acquisition of a furilike cleavage site, which is an uncommon feature in bat coronaviruses. This
short motif, which is thought to be a kethpgenicity determinaj@5] is indeed completely absent

in the closely relat&hrbecoviResT G13[66] and only partly present in the recently described
RmYNO02[67], [68nd RacCS2(89]

The present work reports the independent occurrence of at least 49 distinct insertion events at the

very same NTD site, located between Val213 and Leu216, which will be hereafter referred to as

Recurrent Insertion Region 1 (RIR1). The transient intealatjopread of the RIR1 insertion

carrying lineages A.2.5 and B.1.214.2, the presence of S:ins214EPE in omicron and the identification
of several insertions at this site in the alpha and delta lineages point out that more attention should

be put towards thienctional characterization of these codon acquisitions in the near future

al GSNAIFf A FYR YSUK2RA
{SljdzSydS RIGF FylFfaara

The global frequency of insertion and deletion mutations mapped on tHEO¥ARS gene was
retrieved, based on GISAID dd4#6] from https://mendel.bii.estar.edu.sg(last accessed on

January 5th, 2022; credit to Raphael Tze Chuen Lee). Disruptive insertion and deletion mutations
(i.e. those that interrupted the open reading frame of the S gene) and insertions carrying undetermined
amino acids were discarded. Genonregraginsertions at any position between codons 213 and

216 were grouped based on the inserted nucleotide sequence. Each group was assigned a code based
on progressive Roman numerals, following their chronological order of identification; variants of the
same insertion including SNPs, which were detected for insertion Ill, IV and XLI, were disregarded.

The nucleotide sequences of representative entries for each of the identified insertions were aligned
with the WuhatiHu-1 isolate SARSoV-2 reference sequee (GenBank ID: NC_045512.2) using
MUSCLE[70]in the MEGA X environmelfit 1] initially preserving codon boundaries. The multiple
sequence alignment was then manually refined to reflect the most probable location of the insertion
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within each codon. Each event was consequently classified as a phase 0, phase | or phase Il insertion,
annotating insertions with ambiguous placement.

All SARSCoV-2 genome data used for phylogenetic inference in this study were retrieved from
GISAID [26] In detail, all available sequenced genomes belonging to the lineage A.2.5, to the related
sublineages A.2.5.1, A.2.5.2 and A.2.5.3, and to the sister lineage A.2.4 were downloaded, along with
associated metadata. While all available GISAID entrieomgidered for reporting observation
frequenci es, onl vy high quality genomes (i . e.
associated with a sampling date were taken into account for further analysis. Genomes containing
long stretches of Ns (i.e. qmising more than 25 consecutive undetermined nucleotides) were
discarded. The reference isolate Wiathah was also included for tree rooting purposes. Note that
several genome sequences from Panama with sampling date anterior to November 2021 were
disregrded due to the unreliability of associated metadata (i.e. the sampling dates appeared to be
inconsistent with the very small genetic distances with recent isolates belonging to the same lineage).
Overall, the A.2:fbcused datasets included 1283 sewience

SARSCoV-2 genomes were analyzed with the nextatrgupipeline
(https://github.com/nextstrain/augyr Briefly, nucleotide sequences were aligned with MAHFT

and the resulting multiple sequence alignment was used as an input for a maximum likelihood
phylogenetic inference analysis, carried out with Fg3i3]r@eder a generalized time reversible
model of molecular evolution. The resulting tree was further refinedulguleavironment with

treetime v.0.8[¥4]Jusing sampling date metadata, generatingeatibrated tree. The phylogenetic

tree was rooted based on the oldest available genotype, which in this case wasAVahdn
graphically rendered using FigTree v.1.1.4.

A root-to-tip genetic distance analysis was performed by plotting the sampling dates against the total
number of nucleotide substitutions (excluding insertions and deletions) observed in genomes
belonging to the A.2.5 lineage and related sublineagesvéieesalculated with MEGA[X1]

compared with the reference genotype Whltah. The global average genawae mutation rate

of SARSCoV-2, roughly equivalent to 25 substitutions per year, was retrieved from GISAID (as of
January 5th, 2022).

{2a@SV¥dzL) 2BNIOISNE SY2 RS &

The simulations on the wilgbe spike protein were carried out considering the crystallographic
structure deposited in PDB (accession ID: 6 XKF3)A few missing portions were modeled with
Swiss Mod€]76]in order not to compromise the molecular dynamic properties of the protein.

Homology modeling was performed to obtain the 3D structure of the spike protein of A.2.5 with
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Swiss ModgFF6] using the EPI_ISL_1,502,836 GISAID entry as a reference. The protein structure
was converted to a coaggained Martini representation using the martinize.py [2@iipthe
coarsegrained protein coordinates were then positioned in the center of a simulation box of size
23%23%23 nri

The Martini coarsgrained force field with an Elastic Network {&8eDyn)[77]was used for

running the molecular dynamics simulations through the Gromacs 2019. 348 ckaganalyses

were run using isothermisbbaric NPT ensemble equilibrium simulations. The temperature for each
group (protein, water and ions) was kept constant Kt \BiBg VVrescale thermostpt9]with a

coupling constant of 1g3. The pressure was isotropically controlled by a PaRiefian
barostaff80] at a reference ofldar with a coupling constant of 1j@s0and compressibility of

3x 10 4 Non-bonded interactions were used in their shifted form with electrostatic interactions
shifted to zero in the range @1.0Lnm. A time step of 20 fs was used with neighbor lists updated
every 20 steps. Periodic boundary conditions were used indhd x,axe$4Q were collected

for the simulations of the wild type and mutant (i.e. A.2.5) spike proteins, respectively. The root mean
square deviatiofRMSD) of backbone beadthe root mean square fluctuations (RMSF) and the
radius of gyration (RGYR) were calculated using the gmx rms, rmsf and gyrate modules from the
Gromacs packad@&8] Principal component analysis (PCA), computed with MDAnalysis, was
restricted to backbone beads, as it is less perturbed by statistical noise and provides significant
characterization of the essential space m@ibhs

To visualize the direction and extent of the principal motions of the simulated systems, a porcupine
plot analysis was performed using the modevectors.py script if8B2ymol

wSadAg G4 FyR RAAOdzAAAZY

t NBASYyO0S 2F | NB OdzNNEB ybii S\NOVAASYNBE2 yR 2NSH I
{1 w{2Zm ALIAT1S LINRBGSAY

The analysis of the genomic data deposited in
omicron in November 2021, S gene insertions (¢
frame) were present in jus@Co¥ géenomesracteonrot
of the total. Overall, the frequency of observe
than spike insertions, even though this ratio

As previ ousdtyh erre paourttheodr sbby most del ettieaonsi namadcur
domai n, including the four previously identifi
associated with sever aHi gwdi)dfebsdpje@mad tVV@Cdedrmd i ¥
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characterizes the delta variant, occurring at g
of mutation observed for the S1 region (which i
compared with the more slowly evolving S2 subur

Despite their lower frequency of observation, insertions do not occur randomly in the S gene. In fact,
the overwhelming majority of the insertion mutations mapped so far HCB¥RS gene target

the NTD, being in most cases identified at a specifitoséied between codons 213 and 216
(Figure 3.1). However, this figure might be an underestimate due to the frequent use of-reference
based insertieanaware algorithms for SARBV-2 genome assembly, especially during the early
phases

of the pandemics. Due to the convergent finding of such insertions in independent viral lineages (see
below), this region will be hereafter named Recurrent Insertion Region 1 (RIR1).

Even though insertions were observed at several other spike sites, RIR1 was the only one where
multiple insertions have independently occurred in different lineages. The only other spike insertions
site with more than 1000 occurrences among the sequaR&D0Y-2 genomes (as of January

5th, 2022) is ins145T, found in the VOI [B®{(Figure 3.7).
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The most prominent viral vari ant carrying an
seleab3 plis undoubtedly the emerging VOC omicron
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carries an unprecedented number ofsymonymous mutations in the S1 subunit, some of which
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had been previously described in other VOCs and VOIs and linked either with antibody escape,
improved ACE2 binding or proteolytic cleavage. For example, these mutations include E484A,
N501Y and P681H: the first one involves a residue also mutatedgarbeta,and mu (E484K),

which plays a major role in polyclonal sera e@B&lp&he second one is shared by alpha, beta,
gamma and mu, and may increase ACE2 bif3ihd38], [39]The third one, shared with alpha

and mu, involves a residue mutated also in delta, where the substitution of proline with arginine
dramatically enhances spike cleavage and viral fusdgéhicity

This unusual pattern of mutations results in significant immune escape in vitro and in an enhanced
reinfection potential in vivi0], [61], [62], [63Moreover, omicron displays an altered cellular
tropism and cell entry mechanism, which depend on the acquisition of an enhanced ability to rely on
the TMPRSSRdependent endosomal ro[88], [87]It is presently unclear whether and to which
extent the XLI insertion provides a contribution to the unique biological properties of this variant.
Unlike omicron, most RIR1 insertions were associated with very small local clusters that did not lead
to further spread. However, the lineages A.2.5 (insertion Ill) and B.1.214.2 (insertion IV) were
associated with a significant community spreaae(3.7), reaching high prevalence in some
geographical regions during 20&hile A.2.5 will be discussed in detail as a case study in the
following section, it is worth briefly reporting here the transient spread of B.1.214.2. Following an
initial importation from central Africa to Europe in late 2020, this lineage accouatedrfor
negligible fraction of the covi® cases recorded in Belgium and Switzerland between March and
April 2021. The spread of B.1.214.2, which led to over 1000 documented infections worldwide, was
followed by a significant drop in its frequency of olseny which occurred in parallel with the rise

of alpha, and further declined when delta became dominant. This lineage has not been detected since
early July 2021 and can be thus provisionally considered as extinct. Insertion IV, which results in the
addtion of the TDR tripeptide between R214 and D215, was associated with the presence of two
other norsynonymous spike mutations located on the RBD (i.e. Q414K and N450K). These have
been previously linked with a moderate increase in RBD $&3jaity with immune escape both
towards a few mAbs and towards convalescer88graspectively. Due to the lack of functional

data, it is presently unknown whether insertion IV and the other aforementioned mutations endowed
this lineage with improved transmissibility or with increased potential for reinfection.

Sever al other insertion events at RIR1 occurre
CDhC, ECDC or PHE, i ncl udi nes csanlnmeet et dh att o htalhvee sbteeet!
under monitoring. I n detall gehomest behoWNgivag f
l i neage, sequenced in different Brazilian state
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indicating the presence of community transmiss
[ 90]Jt hese genomes belloinkge tco aad ema rhaap h yal pepteiacr sP .tlo
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32 . Al beit not directly | inkedhwirt RIWRdr i astes tda
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t hdeel et 6 @/nfBddun(d i n 'RIDMRADUNndnd n RDR2) , whi ch are
VOCs and VOI s. Curiously, |l i ke the omicron i nse
XL al so targeted vi-swahomemoume snssgiadkte yEvanG4A tbéod d
del edti oRBR1, suggesting a possible role of RIRI
del eterious mutations, l i k¢ 8pleviously hypot he:

Taking into account the limited efforts carried out by several countries in genomic surveillance
throughout 2020 and 2021, the insertions reporfeahiie 3.1andFigure 3.2 may just represent

a fraction of those that emerged at RIR1 during the course of the pandemics. Although it was possible
to unambiguously ascertain the exact placement of just 34 RIR1 inserfierisgse8, most of

them were iirame, occurring at phase 0 between codons 214 and 215 (17 out of 34 cases, i.e. 50%),
between codons 213 and 214 or between codons 215 and 216 (one case each) with no effect on
neighboring codons. However, others werefsiname occurring either at phase | (i.e. between the

first and the second nucleotide of a codon) or at phase Il (i.e. between the second and the third
nucleotide of codonirigure 3.2). In detail, three insertions were observed at phase Il within codon

213, wo at phase Il within codon 214, five and foyrhase | and Il, respectively, within codon

215, and a single one at phase | within codon 216. In such cases, the placement of the insertion often
determined a nesynonymous mutation of the residues flanking RIR1 either atdhatNhe €

terminal sidélable 3.J). It is also worth noting that the omicron insertion XLI was associated with

a three nucleotidésng, outof-frame proximal deletion, which affected codons 211 and 212,
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resulting in the deletion of a single amino acid. Similar deletions are uncommon in other lineages

carrying RIR1 insertions, as they have been previously observed in a single other case, i.e. insertion
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Designation Insertion Insertion type Lineage GISAID entries Other spike mutations Earliest detection Latest detection
i Z14:AKKN  ambiguous (codon 215 phase0/1) B 1 none Mar 5th, 2020 Mar 5th, 2020
I 214:KLGP in-frame (codon 215 phase 0) 8.1.177 1 E154K, A222V, D614G Nov 13th, 2020 Nov 13th, 2020
[ 214:AAG out-of-frame (codon 215 phase I} £25 1844 L141del, G1A2del, V13del, D215V, L452R, DELAG Nov 20th, 2020 Now 5th, 2021
W 214:TDR in-frame (codon 215 phase 0) 812142 1228 Q414K, N450K, D614G, 17161 Nov 22nd, 2020 Jun 28th, 2021
v 214:ANRN  ambiguous (codon 215 phase0/] (P 12 L18F, P26S, D138Y, K417T, E48AK, N501Y, D614G, D1139H, VI176F Dec23rd, 2020 Apr 5th, 2021
VI 214:KR in-frame (codon 215 phase 0) B 4 V367F, E990A Dec28th, 2020 Mar 15th, 2021
Vil 714:AQER  ambiguous (codon 215 phase0/1) <(B.1429) 2 5131, P265, S38F, W152C, LA52R, D614G, T10271 Jan15th, 2021 Jan 18th, 2021
il 214:0LA ambiguous (cadon 215 phase0y1/1, codon 216 phase 0/I/ll} B.1.2 B D614G Jan17th, 2021 Feb 2nd, 2021
X 714:0A8 in-frame (codon 215 phase 0) 51639 45 HE9del, V70del, Y144del, M153T, TA78K, E484K, D614G, T853N, DO36Y Jan 19th, 2021 Nov dth, 2021
X 216:ADL ambiguaus (cadan 216 phase I/11} 812 1 D614G Jan25th, 2021 Jan 25th, 2021
XI 214:DRS out-of-frame (codon 215 phasel/Il) 5.1 1 D215N, V3821, D614G, M1237| Feb1st, 2021 Feb Ist, 2021
X 214:KFH in-frame (codon 215 phase 0) w(B.11.7) 3 HB9del, V70del, Y144del, NSO1Y, AS70D, D614G, P6E1H, T7161, $982A, D1118H Feb 12th, 2021 Feb 22nd, 2021
X 214:KAFKQ in-frame (codon 215 phase 0) «(B.1.17) 2 HE9del, V70del, Y14ddel, A2625, N501Y, A570D, D614G, P681H, T7161, 5982A, D1118H Feb 25th, 2021 Feb 25th, 2021
XV 214:ER out-of-frame (codon 215 phase Il) w(B.1.17) 1 HE9del, V70del, YL44del, D215G, NSO1Y, AS70D, D614G, PEB1H, 712V, T7161, S982A, Mar 11th, 2021 Mar 11th, 2021
XV 214:NWAHW  in-frame (codon 215 phase 0) B.1.547 1 T191, 7951, H69del, V70del, D614G, E4844, A879T, T10271 Mar 22nd, 2021 Mar 22nd, 2021
i 214:APR ‘ambiguous (codon 215 phase0y|) w(8.1.17) 1 HE9del, V70del, YL44del, A2625, NSOLY, A570D, D614G, P681H, T7161, $982A, D1118H Mar 31st, 2021 Mar 31st, 2021
Xvii 213:KAR out-of-frame (codon 213 phase Il) B.1.177 1 A222V, A2625, P272L, D614G, P681H, M12291 Apr2nd, 2021 Apr 2nd, 2021
Xviil Z14:KLRS) ambiguous {codon 215 phase Il, codon 216 phase 0} .28 3 T761, D2155, NSO1T, F5925, HE55Y Apr23rd, 2021 Jun 22nd, 2021
XX 214:KGE in-frame (codon 215 phase 0) 8.1.1.519 1 T732A, T478K, D146, PG81H Apr 24th, 2021 Apr 24th, 2021
XX 214:W in-frame (codon 215 phase 0) 8.1 1 T191, F140del, P133del, L141del, G142del, V143del, Y14ddel, Y145del, 1210del, May 14th, 2021 May 1ath, 2021
1242del, A243del, L244del, T470N, S494P, D614G, HE55Y, TRSAN
XXI 216:QMR out-of-frame (codon 216 phase I} «lB.1.1.7) 1 L5F, 5131, H69del, V70del, Y144del, D215R, E484K, N501¥, AS70D, D614G, PGB1H, May 25th, 2021 May 25th, 2021
17161, $982A, D1118H
01 214:KLLIRGD  in-frame (codon 215 phase 0) B.1 2 Qédel, C15del, Vi6del, N17del, L18del, W64R, T951, C136Y, N137del, L141del, Jun4th, 2021 Jun dth, 2021
G142del, V143del, W152R, 1210del, G252V, T415A, N440T, E484K, D614G, H6S5Y,
PGA1H, TA5N, Q1011H, G1219C
Xl 713:KRIR out-of-frame (codon 213 phase Il) B11 1 R2140, D614G, E484D Jun6th, 2021 Jun 6th, 2021
XXV 214:EAR ‘ambiguous (codon 215 phase I/11/1Il) 5(B.1617.2) 1 TL9R, N137K, G142D, E156G, F157del, R158del, LAS2R, T478K, E484Q, D614G, P681R, Jun8th, 2021  Jun 8th, 2021
X 214:QCEE in-frame (codon 215 phase 0) 8.1.247 1 P209S, A222V, T5721 Jul15th, 2021 Jul 15th, 2021
XXV 214:ELCD ‘ambiguous (cadon 215 phase I/11/1Il) S(AY.12) 1 TLOR, 351, E156G, F157del, R158del, LAS2R, T478K, D614G, P6B1R, DISON Jul17th, 2021 Jul 17th, 2022
001 214:NFGGG  in-frame (codon 215 phase 0) S(AY.4) 2 TI9R, EL56G, F157del, R158del, L452R, TA78K, D614G, P681R, DISON Jul22nd, 2021 Jul 22nd, 2021
XXVl 214:NES in-frame (codon 215 phase 0) S(AY.16) 1 TL9R, 61420, E1566G, F157del, R158del, L452R, T478K, D614G, P681R, DISON Jul30th, 2021 Jul 30th, 2021
XXIX 214VPWI  ambiguous (codon 215 phase 0/1) S(AT.4) 5 TL9R, 951, G142D, E156G, F157del, R158del, LAS2R, TA78K, D614G, PGBIR W622F,  Augdth, 2020  Aug 2lst, 2021
XXX 214:HSG in-frame (codon 215 phase 0) S(AY.4) 7 TL9R, 951, D138H, G142D, E156G, F157del, R158del, LA52R, T478K, D614G, PESIR,  Aug4th, 2021  Aug 25st, 2021
XXXI 214:SVCTKSKC in-frame (codon 215 phase 0) {B.1.525) 1 AG7V, H6del, V70del, ¥144del, E484K, DE14G, AG53V, N679del, Q677H, F888L Aug 5th, 2021 Aug 5th, 2021
XXXl 214:E5H ‘ambiguous (codon 215 phase 0/1/1l) 8.1.240 1 C15F, L141del, G142del, V143del, Y144del, L242del, A243del, L244del, G446V, E424A, Aug6th,2021  Aug6th, 2021
D614G, A688Y, V1176F
XN 214:NFG in-frame (codon 215 phase ) S(AY.25) 3 TIOR, S112L, G142D, E156G, F157del, R158del, LA52R, T478K, D614G, P6BIR, DISON  Aug 20th, 2021 Sep 14th, 2021
XXV 714:D0AF  out-of-frame (codon 214 phase ll) 5(B.1617.2) 1 TIOR, G142D, F1566, F157del, R158del, A222V, ¥250), LA52R, TA78K, D614G, PEBIR, Aug Zist, 2021  Aug 21st, 2021
XHXV 214:EGAE ambiguous {codon 215 phase 0/1/1l} 5(AY.4) 2 TL9R, T951, G142D, E156G, F157del, R158del, LA52R, TA78K, D614G, PEBIR, DISON  Sep 2nd, 2021 Sep 2nd, 2021
XRXVI 714:RLR in-frame (codon 215 phase 0) B(AY.3) 2 TL9R, G142D, E1566, F157del, R158del, L452R, TA78K, D6 14G, P681R, DSSON Sep 20th, 2021 Sep 20th, 2021
XXXV 214:6LKG out-of-frame (codon 215 phase I} S(AY.101) i T19R, T951, G1420, E156G, F157del, R158del, L452R, T478K,0614G, PE81R, DISON Qct 1st, 2021 Oct 1st, 2021
VI 215:EAR out-of-frame (codon 215 phase Ii) B(ay 4} 1 T19R, T951, E156G, F157del, R158del, D215N, LA52R, T478K, D614G, P681R, DISON Oct 3rd, 2021 Oct 3rd, 2021
XRXIX 214:RGG out-of-frame (codon 214 phase Il) 5(AY.100) 2 TL9R, 951, G142D, E156G, F157del, R158del, N394S, D614G, PG81R, DISON Oct 19th, 2021 Nov 8th, 2021
[0 214:VRR out-of-frame (codon 215 phase I} S(AY.113) 1 TISR, G142D, E1566, F157del, R158del, D215H, LA52R, D614G, PGSR, DSSON Oct 26th, 2021 Oct 26th, 2021
Xu 214:EPE ambiguous (codon 215 phase 0/1/11) « (BA.1/BA.2/BA 3} >140000 A67V, H69del, V70del, T95I, G142, V143del, Y144del, Y145del, N211del, 1212], Nov 8th, 2021 Jan 2nd, 2022
G339D, S3711, S373P, S375F, GAA6S, SATTN, TAT8K, EAB4A, QAU3R, GADES, QA98R,
NS01Y, Y505H,T547K, D6146, HB55Y, PE81H, N679K, N764K, NG79K, D796V, NSSGK,
Q954H, NIE9K, LIBIF
XUl 214:ASPN. out-of-frame (codon 215 phase I} (B.1.1.7) 1 HE9del, V70del, Y144del, L242del, A243del, L244del, G446V, E484K, Q498K, NSOTY,  Nov 14th, 2021  Nov 14th, 2021
AS70D, D6146, PE&1H, T7161, WBA6L, 59824, D1118H
XUl 215:KGD ambiguos (codon 215 phase II, cadon 216 phase 0) S(AY.4.2) 1 T19R, T951,¥145H,E156G F157del RL58d el G142D,A222V, L452R, T478K D6 14G,P681R DI Nov 18th, 2021 Jan 3rd, 2021
XLV 213:RWR out-of-frame (codon 213 phase Il) 3(AY.4) 2 TIOR, T51, G142D, E156G, F157del, R158del, LA52R, TA78K, D614G, PABIR, D9SON  Now 19th, 2021 Nov 22nd, 2021
XLV 215:AGS out-of-frame (codon 215 phase Il) S(AY.122) 1 TI9R, G142D, E1566, F157del, R158del, L452R, T478K, DE146, P681R, DISON Nov 20th, 2021 Nov 29th, 2021
XLVI 215:66D in-frame (codon 216 phase 0) 3(Av.25) 5 TIOR, G142D, E1566, F157del, R158del, LAS2R, T478K, DE14G, PABIR, DISON Dec5th, 2021 Dec 7th, 2021
Xl 214:5RA in-frame (codon 215 phase 0) 3(AY.A4.2.1) 1 TLOR, V36F, T951, G142D, Y145H, ELS6G, F157del, R158de], A222V, L452R, T478K, Deckth, 2021 Dec 6th, 2021
PGELR, D614G, DISON
XLVl 214:AAVE out-of-frame {codon 215 phase I} B(AY.4) 1 T19R, T951, G142D, E156G, F157del, R158del, D215N, N2825, L452R, TA78K, DE14G, Dec5th, 2021 Dec 5th, 2021
PGS1R, DISON, A10205
XLX 713:56 in-frame (codon 214 phase 0) S(AY.4) 1 TI9R, 951, G142D, E156G, F157del, R158del, LAS2R, T478K, D614G, PGBIR, DISON  Dec 16th, 2021 Dec 16th, 2021

*as of January 5th, 2022
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These events would be most likely explained by poorly understoatiaiopyrecombination

processes occurring during viral genome replif28io[06]Nevertheless, we caution that the short
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may
geno

length of RIR1 insertions (usually nine nucleotides) is in most cases not sufficient to unequivocally

establish the origins of the inserted nucleotide sequence, since several randomly occurring identical
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sequence matches are expected to be found in a broad range of living organisms. On the other hand,
when RIRL1 insertions are relatively long, such as in the case of the S:ins214GLTSKRN insertion,
seemingly acquired in vitro though repeated passages éelMeutiures, the robustness of such
inferences might be significantly hi¢g&e}, [97]

adzil a2yt LIGgSNYy 2F ! dudp fAYSI3AS

As mentioned above, the only two lineages carrying insertions at RIR1 with solid evidence of
widespread community transmission before the global emergence of omicron were A.2.5 and
B.1.214.2. The inserted amino acid sequence found in A.2.5 is AA@satt thfethie phase | cut

of-frame insertion of the nucleotide sequence CGTCAGGCTA within codon 215, which determines
the nonsynonymous substitution of Asp215 to Tyr (as a result of @ GAITcodon replacement)

(Table 3.1, Figure 3.2.

Besides the insertion at RIR1, A.2.5 also displays the deletion of threg todi#3) in RDR2

(Table 3.7, sometimes extending to codon 144. This region has been previously implicated in
antibody escap@4]and shows deletions in some relevant VOCs and VOIs, including alpha, omicron
and et a. I n particul ar, 1144 appear giettedl | ar gel
mADbs displayed by alpha in vi#b] Moreover, the insertion at RIR1 is also combined with L452R,

a key mutation that confers resistance towards class HiiRid®d antibodi¢49] including LY

CoV555, the basis for the formulation of the commercial mAb bamlanivimab developed by Eli Lilly
[51] Among the lineages currently or previously designated as VOCs and VOlIs, L452R is also found
in delta, kappa and epsilon. Like the overwhelming majority of the variants circulating in 2021, A.2.5
is characterized by the presence of the prevalent miDétldie. Although no other spike
mutations are widespread in A.2.5, the A.2.5.3 sublineage acquired S477N, shared with omicron and
known to strengthen the binding with the ACE2 recg@8prOverall, this mutation is associated

with D2% of all A.2.5 genomesidure 3.3A). Other relevant spike negnonymous mutations,

known to significantly alter either ACE2 binding or antibody recognition, were only seldom detected:
K417T, N501Y and E484uvhich are the hallmark spike mutations of gamma) were simultaneously
found in a single genome (EPI_ISL_2,305,075]gee 3.3A) sequenced in Texas in May 2021.

E484K was found in three additional cases (two in the United States, one in Canada) in April 2021,
and N501Y was detected in nine additional cases (eight in the United States, one in Canada) between
March and May 2021. énéstingly, in one such cases N501Y was paired with E484Q, which is found

in kappa and determines reduced antibody sensaiaty though not synergistically with L452R

[99] The acquisition of the mutation P681H, known to increase the efficiency of 4lilke furin
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cleavage site was documented in 8 cases, 6 of which also displayed N501Y. Such insertions occurred
independently in different branches of the A.2.5 evolutionary tree, indicating convergent evolution
(see~igure 3.3a). Other lineagdefining norsynonymous mutations of A.2.5 are placed in other
genomic locations. These included K1657E, F3071Y, T32551 (shared with delta and mu) and
H3580Q in ORF1a; P1000L in ORF1b; S74F and G196V in ORF3a; S197L and M234I (shared with
iota) in N (se€igure 3.3b). The functinal consequences of these point mutations are presently

unknown.
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Figure 3.3: Panel A circular time tree exemplifying the phylogeny of the A.2.5 lineage related sublineage:
high quality, complete genomes have been inclddied. StreeiMdsansed to root the tree; the sister lineage
A.2.4 is also indicated. The acduisi@eara spike mutations placed in the receptor binding domain (i.e. S477N
K417T, E484K and N501Y) is marked with arrows. Please note that the monophyletic clade linked wi
acquisition of S477N corresponds to the A.2.5.Paublifckge .nmations associated with the A.2.

lineages. Genes associated with mutations (compared with the rédereheeestraliicatéohamly

mutations detected in > 50% of the genomes belonging to this lineage and associatedesublineages are s
from https://outbreak.inRane/ C roctotip genetic distance (hnumber of nucleotide substitutions) of the genon
belonging to the A.2.5 lineage and related sublineages, compared with theHefergheshdgriome Wuhan
dashed line repsethenaverage rate of mutation of-@b\G2AR& Uenced genomes, according to GISAID

(i.e. 25 substitutions per genome per year, as of January 5th, 2022). The red dashed line represent the ra
computed for A.2.5. Note that inserti@mi®asdveee excluded from this calculation.

Rodtwip genetic distance analysis revealed that
the A. 2.5 lineage (and related sublineages) wa
comput ed-Co&r (DARRd onasl Sl Dedaed )by t he mar ke
of t he r egrFeisgstBBopn. |Tihnies (wsaese consi stent with a
4. 004su®stitutions/sitel/lyear, i . e. roughly 12

A.2.5-C62Rgenomes detected in the earliest pha

26



December 2020) were |inked with a number of su
number of substitutions f eCwnrZd liinn eldigees:® a(me. ep.er i
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A.2.5 belongs to one of the very few surviving children lineages of the ancestral lineage A, which,
after several months of limited global spread, has led to a few major clusters of infections in 2021,
such as the one which involved A.23.1 in Uda@apA.2.5 stems from A.2.4, the dominant lineage

in the Panama pandemics during the first half of POPOT he first documented cases can be traced

back to late November 2020, all within a 16@kea around the capital city Panama. However, the
precise timing of the emergence of A.2.5, along with the acquisition of insertion Il at RIR1 and of
the other associated mutations described in the previous section, is presently unclear due to the
insufiicient molecular surveillance carried out in Central America. To date, less than 1300 out of
nearly 50& covid-19 cases reported in Panama have been selectedl foharacterization by
sequencing, i.e. less than 0.3% of the total, far below of the threshold that would be sufficient to
track emerging varianfi2] The presence of a number of genomes sampled in El Salvador and
Guatemala, two countries where genomic surveillance has been virtazistingim 2020, in the
earliesbranching clade belonging to A.Zi§\(re 3.32), leaves the precise geographical origins of

this lineage unclear.

Nevertheless, A.2.5 undoubtedly underwent expansion in Panama between December 2020 and
February 2021, as revealed by the increase in estimated preval®@tetéDa5%. Interestingly,

A.2.5 has been linked with clinically documented reinfections in individuals previously infected by
the A.2.4 lineage, which is consistent with the presence of the constellatisgrafmonous spike
mutations reported in the previgestion, some of which may have immune escape pr¢pesiies

The A.2.5 lineage likely spread very early also in the neighboring countries: while investigations
carried out in August 2020 failed to identify A.2.5 in Costld @®4¢ahe prevalence of this lineage

in the country reached 30% between March and June 2021, with the establishment of large clusters
of community transmissioriure 34). A.2.5 may have undergone a similar spread in other
countries in central America, including Belize, Honduras, El Salvador, Guatemala and Mexico, where
multiple cases have been detected, starting from the spring 6f20213{).

The remarkable spread of SARS/2 in Central America was connected with a significant number

of exported cases, which have sometimes led to clusters of infection abroad. The first evidence of
the detection of A.2.5 in southern America dates to DeceshB8RQ, in Ecuador. In this country,

the acquisition of the spike mutation S477N, mentioned in the previous section, later led to the
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establishment of the A.2.5.3 sublindagei 3.3andFigure 3.4. Reports in other Latin American
countries remain sporadic, but it is worth noting that A.2.5 genomes have been so far sequenced in
Argentina, Suriname, Guyana, Grenada, Dominican Republic, Sint Marteen, Cayman Islands, Chile,
Colombia, Venezuela, Brazil and Paradgugyré 3.4). The earliest cases exported in other
continents were reported with similar timing in UAE (December 27th, 2020), Philippines (December
30th, 2020) and AustraliarUary 11th, 2021), which is consistent with the period with the highest
incidence of covid9 infections documented in Panama.
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Cases linked with A.2.5 in Europe were identified in Luxembourg, Portugal, Germany, Italy United
Kingdom, Czech Republic, France, Belgium, Ireland, Switzerland, Denmark, Nethe8aads and

In most cases these did not lead to significant community transmission, with the exception of the
cluster of cases linked with the A.2.5.2 sublineage recorded in Campania (central Italy) in February
March 2021 Higure 3.4). Similarlyjmported cases have most certainly led to local cluster of
infections in different areas of the United States and Canada, starting from laiteu20203.
Nevertheless, the prevalence of A.2.5 in Northern America never exceeded 0.5%)}¥0-3ARS

infections linked with A.2.5 have been identified to date in the African continent.

The global frequency of observation of A.2.5 and related sublineages underwent a rapid decline in
the second half of 2021, in parallel with the global spread of delta. Just four genomes belonging to
this lineage have been sequenced after October 1lsiwiB®2he most recent GISAID entry
(EPL_ISL_6960593) sampled in Brazil on November 8th, 2@21e(34). The lack of recent
sequencing data from Panama and other countries from Central and Southern America presently
does not allow ascertaining wheth@5Adisappeared in a similar fashion to what occurred for
B.1.214.2 during the summer of 2021
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Mo s t certainly, the spread of the A. 2.5 and B.
bet ween | ate 2020 and early 2021, as wel | as t |
RI'R1 insertions are unt i &rel tydhiénoetnhsia @oen ad dsettrruicneu
spi ke protein or to significantly reduee the i
defined I ength of the insertions (in the over wl
somed icrail structur al constraints, that may pr ey
l'imit their associated evolutionary benefits, 1

can affect the structuraltergangi 2&atei st adfi | i by
bet ween the RBD and the ACE2 receptor, or i ts
the N&D/ded et i on, whi ch, l' i ke RIR1, is found ir
det er mi nenta asntginbddyc4e&dHdawev arn, viitt rios t hought t
i mpact on the structure of the spike protein, b
[ 885]In Iight of these observations, some NTD i1
may act as permissive mutations, by compensat.i

RBD mutations (i .e. L452R i n NA4ADKS, GQ4B8H8K &Srd
T478K, E484A, Q493R, Q498R, N501Y and Y505H in

I nterestingly, t headinderdongognpept i eatbmRiah nion
passages in Vero cell cultures has been recent|
be Ilinked with an i ncr euarsf¢aXkienA o cheer doiorsg tti ov et hceh aa
insertion (whiTlébliegu@e.otto rietporiltaellornant ory ori gi n)
affinity of the spike NTD too olxeprartiyn wilri mgisn g c

favoring the interaction with ACE2. While RIRL1
both at the nucleoti degandalaltyer,thwee atmgd sntoe da cvihde tl
amino acids found in thepsdfEsBRhReEdi comptreds tw
(assuming no codonSusagembhaai,y thseg sbhaesswinc iammi n C
arginine and |lysine were the most abumglant one
foll owed by al anine, glycine and glutamic acid
the highest observed/expected ratio (i.e. cl osce

frequency compared teo cexmeelcu saitd msn sby sSuhpiploira e vn ga
benefits of acquiring basic residues at RI'R1 f

charged residues (i.e. glutamic acid, found in
abshad a positive observed/ expected ratio, rai
apply to alll charged residues. On the other ha
(e. g. |, M, T, V and Yr daeggeremdretdi.cul ar ) were str
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To preliminarily investigate the impact of RIR

applied molecul ar dymawmn cs echmuda¢e i abse &aowehi
dynamical properties ofmptatéons, addl[ebldanse as C
I n this case, -gweaihrdd eicdledeoa comprase t he struct

di fferences bet ween tthyep es pviikreu sp raontde ifnrsaQpi rtohne tAh. €

of simul ations, t he RMSD toof tthhee ebgaucikvbaol neen ta tionm st
represents a gl obal measure of protein fluctuat
the stability of MD simulations equilibrium in

was cdetde for any of the two protein models comp
RMSD values only displayed jflamcdiu@tliomisl aird ya

presence of a few spike mutatt lmensc dmp ac t2n é&s so nd
protein, as suggesteid fbyundei MittHerawnerageo RVYBGH
two médeppsementR®.y MKngurhe other hand, some fIl u
RMSF of the A. 2.i5n spodrktei puloareiinn nokdeg hrpengyinmoonuss wh
mut ati ons c¢omptayrpeed pmiotthe itrh.e wi I d
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perfor med @n otfhet hleassi nul ati ons, the time aft
equilibration state. The analdgsi aswadhetyhamer ¢ £t
by statistical noi s e, providing at the same ti
mot i[o8nlsjThe di agonalization of the covariance me
to the backbone resulted in a set of eigenvalu

corresponding eigenvector éespdonded Thecbdbncetrtt é
that quickly decreased in amplitude to reach sc
we present the principalFimaedeps whoolg tbeerfsrakb
of the moti on&onesfi stleat pyotweiths ynhnloeaymbasemeant@too
(Fi gB83), this analysis revealed that A.2.5 exhil
belonging to the NTD andFRBDibe whhich iamaei satoevan
presence of the mutations and of the insertion
changes on the spike protein, highlighting the

properties of einmmesregretnicoen siwu pveasrptraenetidr cwiirtchul at i on.
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The SARS0V-2 genome continues to accumulate mutations at a relatively constant rate,
occasionally originating new VOCs and VOIs as a result of continued high viral circulation and
natural selection. Prior to November 2021, the insertions at RIR1 dedumé#is work had only

led to the emergence of two viral lineages with widespread transient distribution, i.e. B.1.214.2 and
A.2.5, which now appear to be extinct. However, the presence of a RIR1 insertion in the emerging
VOC omicron, together with theaurrent independent occurrence of this phenomenon by
convergent evolution in multiple viral lineages (including alpha delta), suggests that RIR1 insertions

may be linked with an evolutionary advantage, whose magnitude is presently unclear.

In absence of functional data, the role of RIR1 insertions can be only speculated. Based on the lack
of overlap with known immune epitopes their involvement in immune escape phenomena appears
unlikely, even though their impact orell response remainstie investigated. Similarly, the
previously hypothesized role of NTD insertions in enhancing viral infectivity by promoting the
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interaction with host cell membranes is only partly supported by thepoesentation of lysine

and arginine residues in RIR1 inserts. On the other hand, we observe a correlation between the
presence of RIR1 insertions, RDR deletions and sevesiraoymous mutations found in the

RBD with known impact on immune evasion, enhanced ACE2 binding and transmissibility. This,
together with the predicted impact of RIR1 on the structure of the spike protein, may suggest a
possible role as a permissive mutatiocompensating otherwise slightly disadvantageous non
synonymous spike RBD mutations. Undoubtedly, our observations strongly suggest that the
functional and structural impact of these insertions, with particular focus on omicron, should be the

subject ofn-depth studies.
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This chapter dSskhbaiDbsédPmyaKakser buFionLeberech:
Schroeder, M. bg2ed3)dr ulgndi stewvaayd aicnheiebni teoxrpsl a
predicts ne@®cicoempiaBind) Re@RO®MA/ddoi .-0P2BFY6EK0L 1038/ ¢
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Ly dNRRdzOa 2y

The CcaWwWl pbandemic, which started in Wuhan (Chin
al most 609 million infections and more than 6
Organization) . Il ts causative agent the- Severe
Co¥2) bel ongs to the Cotomnadedicehpadas i RMelliroafs es i
[ 114Dt her vi rfuasmisl yo,f nemelsyanteche Severe Acute Re
( SAB&®&V) and the Middle East Re<Lpinlah%or ¢ a Sy nlde b n
to epidemics in 2002YI@Pwedt & OtlliRe rees\ypercittiwedfy th
scientific community has undergonGobhugeneimé or t ¢
sequencesdianmedsi bnaé structures as fast as pos
avail abd esidmmglae ownmi rus i s t hes peoiufnidowod rku d o rt hetv
the current p&o&#emieanomEhenSAR®s f orstsrtuatcurualal
proteinsrsuBh haes icGkdependdn RNRNA 1gdhemédoase non
structur al proteienzmenetsi omdd A8 vve adr € ylkcé e
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The Main ppy dtse e ngMstudied a |l ot in terms of s
of its high similarity, with signi fCod/alnlit9]conser
It is an enzyme involved in the procdgsi0qg of
Therefore, thmrwouhdi bi ti wmat ef y Msuppress viral re
no human proteases with @ernosimmikli aarg ¢ It e aweargye usnh
Mprenhi bitofd2l€olbsidexiamg this evidence, we wil
Co¥t arMyrect

I n general, there are two main groups of metho
suchrraswiMi ch are ewmepui méenb@ah22japdoaches

The wide range of in vitro experimental approa
studies aiming to det[elr218 pneewlayp pdeovperli capt eed derxupge rti
to validat ¢ 1p2rdeld i ¢[tle2dojam yghs2r6t)]s t o ub2Zojhver|[ 28],
[ 129]and high throughput [dr3WdOnree poufriprodscerntgaonstx p e
outcomes of experiment al a pnporapapa hoevse di sd rtuhge Pdaexu ¢
combination[ D&bldi rimmaomalvVvir -1l 9f oprattireenattsi mgi tChOVal D/
of severle3 2iFlulrmensess mor e,-3Bé6capeevidenarhi¥6€ as po
main prote@aks®&3 Nehe rbti H ®lrss s, experiment al appr o
high | evel of training, are expensive, and are
to evaluate extendBYdEFhenvmapouvuededdi dragi Paxl ovi d
a derivative of a drug thatCw¥siahiaBafiprdevel oy

Besides in vitro approaches aiming to i-dentify
di mensi onal active site structures and compoun (
in the protein database dFmBNt airh yc.ompfsdy wwidt

revealed the importance of the residues His4l ¢
Mprof SQARH 135]., Flur3t]ler wor Rradii sxly@asne o nt thatl ei n sV
of Gly143, part] ¥2 Bleyrnidd By3i7nagn d hGyts 1a4 5pr omi si ng d
be able to interact covalently or noncovalent]l

structures should be used witbrsdauwtcitaur.esl tgewmas
wi t ht hrgbhghput methods are often | acking the r
mol ecul e that could serve as a third catalytic
structure[sl13&] n haed dPiDBi on, most structKirersd are g
thus are representing anphaycstiiovleo gsiictael ,c ol nefaidg unrga
the previously menti pa8O Nmhesherhewatest mottemud
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extremely important to get insights into protei
of thappDAv eoXZSARShi bitpt4d®mdesi vir

To cope with the problems of experi ment al app!
comp-at ded approaches i n dr ugnodies goweurlyararaen db @ ar
[122]) nterestingly, t he most prominent -l1&xampl es

seem to be based on molecular docking or mol e

increased computational power ,blneo lteoc usl caere ddno cgkii g
compound | ibraries against a single protein t
compounds and are predicting a wlLdg].r aMotsét2 of ¢
screened | ibraries are focused on known drugs
screening against I|libraries of[] ha4uyralll£dmpofuhb4
Still, t he major dr awback of mo st in silico s
resulting in only modest outcomes of huge secr

cur pantdpmi b ]

By using a | arge amount of axXa#l alwlee wahattaton atdl|
the -ameoveoned pr obl enmso mpFoiurnsdt ,c oanpd ielxaebsl earM e x
PDB and their binding pdttgammuds | qpe ter arfdllidoene dPr oy i
Second, daildamd ocdemml exes in the PDB are screene
predict potential inhibitors. Since we noted a
was done we deci dedr tao fuusret htehri sv ailnifdoartmaotni osnt efpo.
PDB, before and after theFsgcdkeensi nhg tHapbsctdad
Mprei nding affinity wvalues fraumo@bhEMBAI Ilwe welrie
predictions. Foll owing these steps, the predic
and therefore expected to bengemawnwddinegese,cohas:
findings. The automated part of the validation
on publicly available #@agd2eThe pipeline is surl
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e g o prodion | 822 pracici omounts | ygaon | 28 veldted compounds
Covid-19 demi Covid-19 demi

o pandemic 9 o) pandemic 9 with supporting data 9 15% hit rate

detected in the PDB detected in the PDB in PDB and ChEMBL
Fi gur@r &pliPi-cal abstract. The pipeline consists
Mprwi t-chr ycsot al | i zed RkihgamPdDB.arSecextdr danti eddd | fer pran e

transf odmemdnshoonabnéingerprints and screened a
compounds. Third (right panielldblteh edsat aprleadd ccitn g
compounds t hat -Corfe alshseo cviadtiedda twiotnh iSRS cates a

This way, we were abl evrtio;mhprbedioats @A wmnilduWet e
100 predictions retrospectively by publicly ava
and have great potenti a@te A théeadt bempgoypndsd 0t o
identifiedagpraotveddgr 6®® t hat are currently unct

the COYI BDi sease. The analysis of 9omweaipfoiutndbi ndi
compl ekesPDbDB d¢onfirmed the i mportance of poten
dyad r@fs Mctive site. We furthermore detected
perpendicul ar hydrogen bonds interacting with
active side. Our work contributes ttemtihé ¢enad
compouragsvéorprotein target in a fast and relie
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A search of the PDB fori¥ on 21 March 2020 returned a set of 140 compounds found in complex
with the protein. Those were filtered in two major $t@gsgeneric and promiscuous compounds
were filtered out using anhinuse blacklist. Second, only those that bound the catalytic binding site
of Mprowere considered, leaving only 48 compddrrelcomplexes. These 48 complexes served as
input for an interactichased screening using the PharmAl DiscoveryEngine (Version 2021.03, date

21 March 202https://www.pharm.gi The small molecules in the PDB were set as target library

for the predictions of the DiscoveryEngine.

Ly SN} OazoNBSlyaYH

In these screening approaches the way a given ligand is interacting with a protein is extracted using
software, such as the Pro@itigand Interaction Profiler (PLIP) 1 4rah threedimensional

complex data as provided by the protein database[(PDB8well as geometric matches of ligand

and binding site. The interactions are afterward converted Hulionensional vectors (interaction

fingerprints). Such interaction fingerprints can be compared with others using comparison schemes,
such as the Tanbto similarity index or comparable techniques, to screen large databases. The screen
returned 740 unique compounds. Similar screening strategies have beerluée@ in, [ 1507 , [ 1

t NEBRAOoa 2y SEN & dil farlyl o 2R

48 predicted compounds, which were already in complexrwitivdvle removed, resulting in 692
compounds. Fothese compounds, chemical fingerprints were computed using the Morgan
fingerprint radius 2 and 512 hbjtsl 5Thé similarity of compounds was computed with the
Tanimoto score, i.e. [AB|/|A z B| where A and B are two vectors. A random set of 400
compounds was created to determine-aftidr dissimilar compounds. 200 were selectedffimm

total of all 35.153 compounds in PDB and 200 from the total of 2.157.379 compounds in ChEMBL
(March 2022). There was no overlap between the two groups. Pairwise Tanimoto scores were
computed, and their distribution indicated that 99% of pairs havenatdascore of less than 0.25.
Thus, 0.25 was used as aofufor dissimilar compounds. Compounds were clustered using
hierarchical clustering with single linkage from[scipyT&ely were visualized as a heatmapré

4.3) with the cubff of 0.25 to indicate dissimilar compounds. The multiple correspondence analysis
and empirical cumulative density functibrigu(e 4.4 andFigure 4.5) were computed using scipy

[ 1 5lr&dractions of compounds torMwvere extracted from PDB files using PLIP 2.2104r |
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visualized in Pympl 8. ZHe hydrogen bond triple motif was flagged if PLIP identified a hydrogen
bond in Mr residue 143, 144, and 145.

To validate the results, we searched PDB and
Mprp 0 c otntpaassree with our predictions. ®BPBi pndt ChEM
| D PODTD1 on 9 Mar ch 2022 and 22 Mar ch 2022,
compounds and ChEMBL 7.221. Al |l cPRay iDRliefrferda dPtDiBo
with a resol ptsfeen Safppat AlpéasntdAl2d. dianktleer act i ons i
from the same screen (CHEMBLA%QH5 d2)t i @amd pree <£eln
2®M by FRET kind of r egpldbms en hfirbdm op e/p taicdd v ulys
to the -Pyrei toHi Zme as the positive contr ol (1009
For the confirmation orfepwaltiedd Iciotmp,ouweds awsé time
0% nhi bradiecws k¢ tyi v e.

wSadz (a
{ O NYz20 6 &z8BR RNHzZ &HEWVWBDSY A EI cHANILR ISy ol f

To identify repositioningrnecgmrciddattaonbsorwer ke p
Phar mAI (Dresden, Germahgsedssareesuhy. oThansc
692 potremthiidli tdrs within the PDB. The predicti
First, their chemical psometaresy ate anmaahy odcdc
Mprienhi bitors. Here, we aim to find a heterogene

beyond the already known omesSwih hnawnhel ppn editd
function as the basis for further evalwuation an

are indeed very heterogeneous and do cover a |
searched fobiatdteeadyh&anoane founada fnrshei BB oIl
predictive performance of the screen and to inc

of high import-amproasdadreags yaiF®Acheiccnkheidb iftoar an
or COGNMA Ddrug in general. By that, we can conf i
evidence rod FouirntdhienrgnoM e, 12 compounds are known
of the replicase polyprotapprobabd dndgwet hdenh
COV -1 drug candi dat es. T-Ririrle idn d ivwneg apnaatltyezrends ctao
potentially important binding modes and recogn

pattern.
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of

co

hemi cal properties of 692 predicted compo
hemi cal relations in the | arge prediction
arities. Al similoargitmielsarairtey csadocrud aa fe d N
rprints which is a 2D descriptor (see 0 Me
cally diverse a set of compounds is. For e

lust at mapnwhutcle a@aibsi mil ar ones would fori
Iy, the predicted compounds consi st of n e
me | i ke this can give new insedhts 1itheo
dwor k for further drug design approaches.

ring chemical species is a challenging t
sentations of the compound into vector r e
e Tanimoto similarity wndéx.thBincewal lbeaf
acks, we benchmarked the used combination

epresentation combined with the Tani moto
mly sel ecitgeddecoempeahedd that 99% have a si
sting that-otffii ¢$ ofi coamsimaami cfmplouawts rel at

eat mapgéadalreyvieal ed that in al/l but one ca
arities below 25% are whited out since th
er (118 out of 692 compounds) consi sts

ves. This result i s -trecstt esdu rdprruigs iRegndseisn cve rt
o4418246Sare adenosine derivatives as well

ccessfully inhibies eigal Co e pblineda iningo naif & O thhi
, [ 1Bils dilwery further support for the pre
mpounds are unrelated, suggesting that the
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I n general, predictions that coivetremestrge amen
scaffolds that can even He Sf8dg essdchmpver tt et muh am

correspondence analysis (MCA) applied to the cl
al | compounds with structures avair.abGieven itnhe
blue is the kernel density esti mat erb(iknbE)r,s,i . e.
orange dots mark the predictions, green dot s

validated predictions. The analysis implies th:¢

to the known binders andareudronu-ddanmme hnadb.gi dost
known binders, which supports the overal/l appr
spaceame hkeolsds true for validated predictions.
are beyondspackenolwemidenst.

To access the heterogeneity of the predicted c
similarity of 400 randomly selected compounds
the topFipahned Oofy the set of guery compounds
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102 101

101 -

100 4

Fi gurlent4der7acti on types present in 48 query comp

Not swurprisingly, a total of 121 out of 471 wuni
acids composing the catalytic dyad. Not abl vy,

interactishackwinghi 39 epiacitci dnnst,e raancdt i203n sh yddornoi pnhac

Additionally, Rcyadt ri oogne ni nbtoenrdasc t (i 8o)n,s p(i7) , water
even halogen bonds (1) were also detected, prov
i nteractploamy. alnterestingly, Cysl45 displayed
i nteractions, with a remarkable 73 compounds in
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as water bridges (2) and hydrophobic interacti

and diversity of the catalytic dyad's interacti
Further i nvrelsitndgianng omodens M esul ts in the identd.i
triplet hydrogen bond pattern present in 35 out

| w1 gd48 e we showcased six examples that were use
The compounds form three hydrogen bonds with t
finding is in agreempaB6lHethb twhaty-cifywa trablploitzheadd
el ectrophilic |Iigands tend to form either two
145. A similar patteirpnl2amd ipsexmoadtdiytirempor oed
interactions with the catalytic dyad composed o
i mportance for the protease function since GIy
bonding Wdlheoobsyafi on rhdosl ea cptfibvédehheti difero r ¥, we ex
compounds that are able to dive deeply into the
efficientplrytiermalsiebi t t he

T4]

T7A T8)

T8M
Figurkr oft Sion (bl ue) compound (orange) interactd.i
orange daschatdi dn nienst emmaarckt ipoins, and dashead egr ey
codes refer tduPPBacbemhdaktcatdd. i Resed. A speci
bonds is present in six of the 48 query compoul

Turning the attention to our drug candidates,
struct wdéds (al l of whi c h -aaprper ocvoendp | derxuegsis cvkidtdihe sFeD A
examples show the opportunity of detec-ting sin
basperdedimet hod s .
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LYS / Lysine THR / Threonine ACH / Acetylcholin

Figurkr oft. gion (bl ue) compound (orange) interactd.i
dashed or amatei dn nierst enraa &kt ipdnrsi, d gdeass,h eadn dy ed d sohwe d |
hydrophobic interactiohett®escddes mneteintdoc®D
proteins from left to right are: SET (dwnmaPirno tl:y
POWPX3), and acetylcholinesterase (Uni Prot: PO
as well asriromBpbernas bDh BDB. M

5Aa0dzaaA2Y

The curr elndt pGhWleDni ¢ e xsepmipelaidfiinegs dtihsaeta sfessstar e a
modern soci edasedBydrsutgr urcepureposi ng, we can pre
potenti al | ead compounds -CaogZanii ntsht at hseu craaeisrs prrad te
Within the set of validatedppompednds ugwe DoDlew
are currently testedCo¥h. cHuUmti lcear marre,al e aegrxap Inc
mode of prpkinmohwnbiMeoresal addt he potenti al i mportanc

pat f erhper odceimp oiunntder acti on.

Performing in silico drug screenings is a chal
drawbacks. I n contrast to wet | ab studies, they
result is only a pr edidcattiioom .t hSaetv erreaq u irreesse aer xcpheer

of the-1€@80Ylabdemic and applied their very own a

candidates for mul tiple viral targets. Nonet he
val i datgi armhel gaevaidrer of such articles to judge t
gener al ar e. Ot hers created a full pipeline s
meticul ously experimentally testedytont oixingotttya

met abo hbocolriratdycept i vity

Drug repurposing already |l ed td9s pme delmplcle sses
autlpoovyed that by chemically modifying and i mp

drug against a gi vEmeidi seérsg Niammbébter dlevielt opedno
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the EU and US. Even though this is a great s
potential difCod§ aoqdibmetakt her 2RL. Still, it s
pidly develop pot earti ad ugfs tiinme whedmtdtverl tyi nsc
ad mol ecul e. Foll owing this assumption, we a
enhibitors wibtalsedurapipmoamcact ilan doing so, t h
knowaot eotipally very important compound scaffc
edictions. We are able to show that the pred
ver a | arge chemical space iisncelsupdeicnigal 4 ¢ fi ann
nsidering that the query compounds used as th
mpared to the predictions and validated predi
ggesting, caomanuntihtey sicsi eanltrigfadcy heavily incre:
| ecul es alg%.i nElor eCaOWHd D, it is a proof of conc
| ecules can still be effective as inhibitors

is opens the gates for further developments |
e availability of compounds in the PDB that
qui r emedcto mpfo umrdo tcoimp | ex eadl @ar i nipmt for t

rthermore, the herein presented method ai ms t
te and does not allow for reliable predictio
wever, these can Dbectiinocnl uddetda iins aa vsacirleaebnl ei fi
blicly available data, we have created an int
an comparable in silico approaches but is no
I i owattihona hit rate of at | east 17% within th
gorithm performance is sup%d42htial compared t

e eval uaatpipano veefd FIDAIgs wi t hin t hetlpg eddatchadns

generate new hypotheses on drug mechani sms.
ot easesCoe2Zf vtihreusSaarnsd shoul d therefore prevent
search, we i dentaipijpred druigsl eshowi hgubeRBPAI ci
patients, that are within our top 100 predic
e drugs Riboflavin, Amodi aqui-nef | damat ony bef &
CavYIl pati eretlsl oarntifmMi60d!l, §ddwvGi2Yi t yTh66] raj $867%]
estion of whether reduced virras peetichbéedobyr
sponsi ble for the reduced infl ammati on.
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Ascorbic acid on the otherapmmayvdd mprnediodt ioaunrs
evidence that it i-1s9 ndortu g pdou d ctadb liet sa s dag fICjoO,vd iDe n

[172TThis exemplifies the I imitations of the apg
inhibits a target protein, there is no guarant
per meabil mey,ohaodofher madtaninhmdidamr yc @u rotpesrr & d te
That can not be tested in a pure in silico fast
Anyway, the elephant in the room here is the ot
there is no evidence of nmhesed compobbead$fDBnooer ¢
Therefore, this set of compounds may contain fr
require further experimental validation and ev:
Suppl ementary analysis on intreoampbuod pampéen:

reveals a triplet hydrogen bond that coul d ex
Compounds with such a binding mode do interact
(Gl y143, Ser 144, eCysllodAcbK i nagn di tasr ec atthaelryetfiocr f un cf
Mpreompl exes in the PDB do show such a pattern,
do have | owegy basdwegerpect. Still, similar pa
groups highlighting t he i mportance of furthe
MpPrenhi biti on.

| 2y Otadza A 2y

With our wO©o¥X, owe SARI®S showbadad puedi ot ieomcine o
potential to predict a diverse set of potenti al
a r elhaotmovgeelnye ous and small set of compound fra
SARCGo¥, we predicted a chemically diverse set o
compound predictions at a-basry cthip@mah iwterreatad |
perform a first validati on-vaibt hvoutk .t he requir er

I n this work, werbehesitedtioom buhe theamet hod
are complexes of the target protein bound to a
provi de a foundation forsfuorft tebdrsekisatde dopp i on
enhanmddderndggvel pproerets s .

5B At oAfAGES
The interaction data usefdowaslfuipgnp wetmetnt raeatyBé . pr e
column O0Query PDB | D: Chemical | D6. The correspc
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PDBhit(tps: / / www.Alclsbreswl ting poepdictAppeasdcanThle
column oHit PDB | D: Chemical | DO .
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This chapter dBscbébkis, mg. contegbéisibn/ ba, Kay
Tosato, &E.CaMdti$l ett.i-li fCeS upmtOoer4) .ReWiude dReSaelns i t i
for Omi€Co®nl SARSILISEDY[.,.1 7685 7 .

LY idNRRdzOa 2 Y

As of 31 Febrwuary 2024, over 775 million confir
19) caused by severe acute rGoh)lrandrgveryndr om
deat hs haveglboefednl74yelptordwegdh on 5 May 2023, the
(WHO) decl ared t-he g@ghdbalf phlel COVHA®al th emer gen

governments to maintain a monitoring system, ir
Mor eover, the accurate i deRbo¥fisathnhomrsskenpeapl ¢
for facilitating the early initiation of ther:
community sprefald7o]f the infection

The appearance and evolution of new variants w
available diagnostic meEoYodsfeoti bhe Hesedt ban
and antigen testing. With thd hemerfderde vene Om
di agnostic tests (ADTs) was questioned. Di agno:
i ndi vidual s CbfZe catse df awsiftlha 6JApRoIs s¢ dbinmer ci al |y av
are based on the detection of the Nucleocapsid
of S@ARY 177Which has proven to be a good diagno
rate78], [179Hpwk®80], mui181] ons al so affect thi
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o

rr the oCo¥i Nalpr 8ARBEN, and since the initial

variants have been identified with specific pat
to epitope modification.

I n October 2021, the Omicron variant (B.1.1.52
domi nanrQoMS ARSI i anft 84y | [dw®2hecroh8 &ilnd-viatr § adhd sc e n
drew particular attention due to the high numkt
i mmune escape ability were asses$§é&8]Buwtmplacwed

alteration in the N protein could influence an
clarified-aOmiaonten hawle extensive mut[alt8idolns i n
Mut ations in the Nucleocapsid gene may | ead to

binding site of the ADT. This could, theoretica
var|ja®&b], [186]The[] 1&Pp] d [g1®®djal emergence and dc
hi ghlighted the i mportance of uwodrelrds tsaentdtiinngg st.h e
in vitro studies suggested that the paerafnodr manc ¢
Omi cron[ ¢t8Bj,amhdidCk] studies using clinical spec
antigen testsd sensfl1o9yjty[192] thel®D:j crob94pri

I n addition to the variability of the N protein
that Omicron variant infection could present a
than in the nose, witOhO% ipnostihte vsea lpirvead icca mpvaer evd
tur bi naltled S5givhaebsse f i ndi ngs were supported by dat
tissue tropism fdo6thmet O@mircsonmndyadi @nnhot suppor
for Omicron detection, but suggested a heterog

mouft h97indicating that the choice of the sampl:.

Based on the above considerations, further st u
di agnostic tests in order to maintain accurate
variant . Therefor e, t he arn en tolie oues slttudyofwaADT s
corresponding mol ecular tests in the same subj ¢
hospital during two epidemic waves, domi nated
Mor eover , twhkee cwimpalr eldoads present in the nasal
Omi cirmihect ed patients in order to assess wheth

preferred practice for ADT t esteinmg,ngcowlrd asitis|
whet her it should be switched to a mouth swab

di scomforti.n Btddllowasamerformed to evaluate t
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conf or mat ipprmotoefi nt ien N he Omi cron and Delta wvar

mol ecul ar recognition by ADTs

al USNAIfa YR YSUK2RA
This paper refers tpl19®k EThARPvaOLAtgoiNndahidnee|
test accuracy.

{GdzRe& t 2Lddzf | a2y

The test performance assessment included sampl
asymptomatic, who were referred to the | RCCS S:
1 October 2021 andCol% tlaidtyi n2¢g0,2 2endfesotrt @S A R@h o pnr iwo
hospital procedures or were contacts of infect
either the Delta (1 October 2021 to 15 January
to 15 July 2022; no=tRd49)rwhvear naanobrdbobmgnat.i
the corresponding period. No information on the

criterion was the avai lCobBZi IADTy doEdR rRefs utlwe @ a roanl
sampleol |l ected on the same day. According to t
di fferent nasal/ nasopharyngeal swab samples we
personnel , one for ADT, accornddi ntgh et oo tthheer nfiaorru f
SARCS0o¥Z M®TR usi #fh(gC@PSAMWabDi agnostics Inc., Murriet
were processed in the | aboratory of the | RCCS ¢
of sample collection. Data were retrieved from
Management System (LI MS), including the date o

test assay, -&€n¥ rtesuliingfor SARS

For the comparison of the nose vs. npDo2,h swabs
according to either a molecular or antigen tesH
subject, one mouth (buccala)l (mmercemalorchae les, |
collected in parallelE(Ggpare,al Bheaciea,stlatf &1 yw)i.t |
anal ys@€dCRbYy oRDREAR®tPect i on

9UKAO&

The study was conductegrimcaptesdafnce hwi DRect lae
Subjects or their | egal representatives provid
by the 1|l ocal Et hics Committee (Comitato Etico

Verona eoRociogonA A7 058/ 2022.
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1 Group 1 ADT: Lateral Flow Immunochromatography rapid assay

1 Group 2 ADT:Microfluidicbased rapid assay

1 Group 3 ADT: Chemiluminesceruased assay
All the different ADTs mentioned were used without preference during the study period, according

to the working needs of the laboratory.



(' w{2m Wwetw ! yIf&ara

The swabi mens were an@dégsB®PILCRby Broetfil ye RARS was
from 2000L of eSwabs medium using the automated
NV, USA) coupled to a Kingfisher PMAes tWSAs)y sotrem
using the EZ1 Advanced XL instrument with EZ1
according to the manufacturer®s instructions.

RTPCR was perfor med usCaoyg/ Ftlhue RBY s pphvaDr ep ah/2eR S (
genewor ks, Sultanbeyli/kstanbul, Turkey), tar ge
Re-@dl me PCR Det eertaidorn adysrtagmor(iBeisa SThel amplSiefgir aa
cycle threshold (Ct) wasRadae).er Al therdi autag MBCICF Xt hv
SARGo¥ Panel Kit using NeuMoDx istrument ( Qi ac
targeting the N and thsep 2N gteanregse.t Twhaes Qits evda |ause af
in the corresponding sampl e. Cellular RnaseP m
RTPCR.

{' w{gzm DSy2YS {SljdSyOay3
Genomic seque@ac¥ ngadfioantSARIS | ineage -PGBNntifica
positive samples from 168 pati enttrsanfsornm pthieo nD ey
performed witEhVItIEGMaSumer MM rxi ftTher mo Fi sher Sci
USA) @no20reaction volume, -@e¥pgenblme wser amph i
according to the manufactur ef ®ARBosttostgbhs,
Research Panel (Thermo BSEAherwiSchebhwdf pcj m&al p
covering thE¥2whgpdrreonseARSAmpl i fied fragments wer
b

[ raries for massive parfaLI bBtrasggencPhgsugTmTh:i

Scientific, MA , USA) , as reported in the wuser
Agen EAUMPtErXP Reagent (Beckman Coulter), eluted
the 4150 TapeStation System (Agi B4eOnlt ,bpSantandC
quanty fa efEbior omet er (Thermo Fisher Scientific
prepared | ibraries was diluted to 100 pM and po
on the HoémstChement (Ther mo Fi sher Scienti fic,
amplification and chip | oading. The clonally ar

negeneration sequench 3 9wnsttdm ( Dme GmmelSitullérn S
MA , USA) , on the |l on 520 or 530 chips.
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A2ZAYTF2NNIFaO !'yIfteara 2F DSy2YS { Sl dzS
The sequencing results BWSpétwaney$éed5iad4thp Tse

Co¥ pl ugins [i.e., SAEBmETr2atenComtsaetnesumsp Ef
CoV_2_ vari anrtoGal2l_erovetAR® Anal ysis (Thermo Fi sh
USA)] with standard configuration. BAM files w

(1'GV). FASTA consceansud ifnielagge vaenrad yuwls®sdLwiintela gteh e
As sihgtnteprs : / [/ p aurkg(ddat mexsoogd on 30 December 2023);
QC during Next chtatdpes :v 2 .c8 .ald eggmaleyesissedaiom. Br0g/De
2023) were furt hehbrt tspush mi/tg{i aesdaci ¢de sogedg$@th D30 Decem
Specific sample mutations ofGLtUEe dNhttptcpaes/ewwe o e oFk

glue.cvr.gl a(tacceksdé&d home30 December 2023), an

was deter mi ned.

bdzOf S20I LA aRzidobFE Y BNBRASAY

Thet &r mi nal domdaiem mi NBD) damdyi G t(rQTcO)urXx s wer e r
the Protein Data Bank (PDB), with {hé@7Rbeessio
mut ations in the proteins wer p8@aFpopre d hues ii mg etrhne
l'inker region (LKR)[,19fw@r umcecdel Ali eniggrtFtoH eb2r Do e i |
Suppl ement aryl Fangd®)r. SsAf3 er t he mutati on mapp
I nterfaceResidues. py script to identify if t he
Mut agenesis Wi zard function in PyMOL, we change
Suppl ement aBan &N o rTehee S.t amer chosen for the s
any conflicts. This process was repeated for b
protein foldiGpgbroeghénemgyy( mutati onen ofBrryi

the N protein stability 2b@yh]d sDyfg2 lhie2 dvietbisem avlelr
using the DynaMut2 tool t o cormpuMieb EtNnCeo M h a nvgee
investigated the potenti al i mpact on the mono
model |l ing of the intritnsincadlhley LKiIRsordersednrae gist
the solved domains -bifndhegpdomaim, (i .e., NTP) R&
domain (i.e., CTD) of the N protein structures
{10320t !'yItaaAra

Continuous variables were summari zed with means

interval, cl), whil e count vari abl es wer e summ:
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normal ity distribution of dWihlek dtaetsat .wahfs caosnspeasrsies
gene Ct values between groups was performed u
sensitivity and specificityrobdaDWasbetwéenmedle
t woamptes for proportions. A comparison of th
was performed, stratifyihg@p0DelPbeaphphdsesi amcor di
(GraphPad Softwar e, Boston, MA , USA) and SAS (
statistical anal yses.

wSadz Ga
9@l fdzr a2y 2F 1'5¢ t SNF2N¥IYOS Ay 5Stat

I
r

order to analyse the performance of t he AL
trospectively evaluated data coll ecRhR@GRI from
sts €o0¥ BARS8ction in the perd2®a2.frTohme 1d ©mnd prba
aracteristics of Thkei2gpdattioendti ngate $ hmmaait ae d
viral var(iwernet [d2n 3dwer| grijevgidoerd our study into
om 1 October 2021 to 15 January 2022, when De
rom 16 January 2022 to 15 July 202 Z2Zakwmagn Omi

—
- = > O ®d® >

- =+ o o

nto account t RRCRK apmpslietsi wei trhe saunl tRT we eval uat e
and compared the results from ADT positive (+)
expected, significantedobéterendedet weehet ICé AB
samples, with a significantly | owep< mk.dd&a@hl,Ct

for both Delta RndbrOda ¢cdo)d.b pWhearmdsgmparing the
significant differences wer e o0BPCR+V RADRTH t(he me
0.0009) between the Delta and Omicron periods,
Omi cron wave, detected at the vRWNeAr d asv edo fdirf fser
wer e f oumQ@R+#/oRABRTT 6 ()é.c

Tabl éDes.cai ptive statistics of the ADT study po
were divided according to Delta and Omicron wa\

De | Waav e Omi cron Wav
Demogr a
‘ Count Val ue Count Val ue
Popu/a;‘ 2726 2449
Femal e 1319 48. 38 1216 49.65
Mal e 1407 51.61 1233 50. 34
Age (ye Femal € Mal e Femal € Mal e
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Lower 9 46. 71 46.81 39.01 41.20

Upper 9 49.68 49.71 42.02 44,33
Medi a 48.00 52.00 37.00 41.00
a b
Delta wave Omicron wave
By s s O
prol 0001 : g D001
10 : 104 -
- .-: ::,.'
H : 1 LD
3 L 3 2 U &
5 il 5 AT:!
l - L
30+ h,..._": :ﬁ! 304
-.::.:-
l-'t
o T T 44 T
RT-PCR+ADT+ RT-PCR4ADT. RT-PCR+ADTs RT.PCRAADT.
C
Jmysasssssnss 000

%’

ATFCR-RADTs RTPCRARADT: urn:uu.mr urnuwn-
Owmicron

Ct values
:
g | = %
'l;!‘

Fi gutConmpari son oCoXLtRTZRI aesontli B4 RSaon eADTs hroewssu | r
during tDepamelandur(i ng dOmCompar waRBHosi €4 yvealainmele
negative results for Delta and Omicron waves.

medi an with interquartile range (I QR). Wil coxol
t woups .0. 05 was accepted as significant differe

We then compared the diagnostic p€oMorwvmanaand of
peri ods;PClRRsiarsg aRT ef erence, aaldi3® hBuriesgltise abDe
wavle2,2 out of 2726 swabs (4:PLCR), tasndt 2db 10 s(i9t2i.vie
negative by both assays (overall concordance:

(2.5%) that tested negatCR,e whyemfeR®&s 2120 sy i t ey
positive by ADTCRnabif)ye.g althieves ebnys iRITi vi ty and spe
the Delta wave were 64% (95% CI, 56Babi@®p70) and

Throughout the Omicron wayve, 65 out éPfCR2449 sw
and 2253 (91. 9 %) tested negative by both assa
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di scordant samples (5.3%), of which PIXR,(5. 3 %)
and 1 positive by -PAMR. aMDT sn ecgaartriiveed boyutRTdur i ng
achieved an overall sensitivid)y aamdd 1OD®&6c i( Oi5& tCy
to 100), Trads et i3vel y (
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For both sensitivity and specificity, the diffe
during the Onpiecrrioond sanwde relftoaund t o phal seai st
0.001). The Positive and Negative Predictive va
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We compared the sensitivity and specificity of
stratifying the different rapid antigen tests
included all ADTs based ooy Iraatperdala sfslaoyve ,i nemwru
mi crobbasedi &DTs, and Group 3 -biarseldu dAeDdT sal |A sc hsehr
i mab%3 the results showed reduced sensitivitie
period. Due to the small number of samples in ¢
for the overall anal ysi s.
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I n order to assess whether specific mutations
structure and function of the N protein, we an
from t K Co¥SAMARMSO|I e genome daitvae, sawaabisl aibd eo U rr osnt ud
collected from 168 patients at the | RCCS Sacro
Omi cron waves and were submitted to GI SAI D da
principal r egitans tcerruncainaa N fdoormaiitns (aNTD) r espons
a -tCer mi nal domain (CTD) involved in dimerizatio
a seamcheargiechiinNehR [ 2nd4 Jiwhi ¢c h, when phosphoryl a
di scontinuous transcriptipa08bring the early st

I n the analysed sequences, a total of 33 differ
of the Delta and Omicron samsmpheenwiet handspbaet LKk
out to be the FrogshZaea f fThet d d erqaigincry OF i @each mut ¢
5hb2 We observed that both Delta and Omicron VO
P80OR, and others among the most frequent ones &
structure of the NTD and CTD doémadmgt hofs ttrhuec tN
remains difficult to obtain due to praoteain st al
regi onp206DPRs)

We perif ormoedde Icloi ngeafgtthBeppuleinan( ar)y tFo geuvrael su ast5e
the structural |l ocations of mutations in the D
t he modteHd ilInRsw,f we focused on the experimental
CTDFi(guBaeaanki gudhg Pespectively). We predicted t
enet sy (@nd vibrlalSVob&aNCeM)r bpyweéen the wild ty]
to better understand how mwtugtpil ecnmrse nm&yy ya fAfaebd te t
posilt@ viendi cates an increads@di rsdiadbatlad ya dveheerea
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A neglaVvBENCOM indicates an i ncrease i n pr of
I''SVi bENCoM i mplies an increase in protein stru
folding energy was predicted f403rG Pa8nOdR I8a8n1d0 CH 3 0 (
D343G mutation was showis,t whhaee PBO® mast thegéa
I 1G. These two mutations, both exclusive to the
increase (D343G) and decreddeg( ROORY fiemrtviolhr & thi
on the Omicron VOCO6s structural/dynamic propert
ant i-lhbodegd detection systems.
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sympt omsut Ilomf 4t99he 61 patients (80% of the total
than 4 days after the infection diagnosis, and
onset of symptoms @Grvieme ofutb-y tod wit ehigpi ertks WwWerf ¢ yp
at |l east one of the two swabs ((PrCars gplosart iorealo)n. |

sites, 12 patients were positive only in the nc¢

Four patients resulted in being negative in bot
after symptoms onsRCRoSoti vdeNBumderhiogh®T t har
I n Iline with these resulwe , f ovhredi tamatl ytzh exn gn d shee
Ct values, corresponding to a highe @i0@l) | oa
(Figu42Possi ble changes in the viral | oad durin
that twmes ndxe site where the virus was more |iKk
mont hs ofFE Mab0DOB) f<a nOd. PAOpLN 4ol . G When performing a
of the data according to days after symptoms o
noserwsphct to the mop=t hO.[0sO 6n,i 02 Ochebypse (At day 8 at
(p= O0.M0IOQ2Y4,E. 5S5After day 5 from symptoms onset, f
Mor eover, we analysed the Ct trend after sympt
di fferent identified Omicron subvari &ntls @AY. 4
BA. 5. 2, with BA. 2 Souepipnlge niehnet anbg/é -wijruer ga éSnSmo.ne o

subvariants showmdome hofghtethe prwseaneaelel ecti ons si
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F i g u r $patiél representation of Delta and Omicron mutations within the N protein. The 3D structure «
NTD (& and CTDH) are reported. NTD and CTD structures are associated with the PDB IDs 6vyo and 6wz
respectively. Mutations in red are characteristic of the Delta variant, whereas the blue ones belong to
variant.
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been associated with an increased transmissibil
i mmune responsesCoa qud aeidn atfitenr &rARISNf ecti on wi
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performance of-wbhédABTenania, reatbdying a cohor
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(speci fieadahndg, mauteh)hwo sHtod @ wvoaetr ,t mae amino acid |
to investigate the possible effect of mutations
variantsd N protein, which may affect its recoc
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Our results indicate that, as expected, for Dbot
detect samples with a relatively highRGR vir al
(Fi gblaanki gumb)e. 5AILl the used ADTs targeted the N

was performed focusing on the N gene. Signi fi
detected -posi taink § RFEE@GRME/I RASDT +) bet ween the Delt
periods, indicating even a hipplentivier slampbads

Omi cron period compFargeudr)et oSNinlhceli Déler 2 ngersi ower @ f
| oad of Mmlkegaadntvieg@Rp/| RASD TIRT.

| mportantly, when evaluating the diagGowtic per
2 varianobbpPlkpri odse ADTs showed a decrease of ab
Omi cron compared to the Delta period, accompani
(Tablxr. 5A8 the Criegatliuees DdmPAIDEs wer e similar in
and -pDSitive samples presented even | ower Ct in

that the decrease in ADT sensiitriavi tly afdgr b@mi owva
|l i kely due to a change in the N protein. A pos:c
reduced recognition of N antigen by the ADT; 1t
protei nirstgidlnt afoaect , to investigate the possi bl
protein on the [ADIT&SMWe pevdlov@ddEd evhined e SHARB ome d
obtained from positive swabs of 168 patients fr
mut ation analysis on the N protein amino acid
mut at i oends ilmctahe zNTD, t re glbRR, CQanrd rtehseu | @D c(on f

|l iterature dat a, showCon¥g Nhatr omait at mans!l ynathbe
intrinsically disordered regions, probably due
[204], [2I0B6]thé¢ 20m@i cr oomc A WKrRr irreg i mwnt, attihen s oR2 0 3K
t he most common mutations, with[ B94Jr.equzbdely, off

Within the NTD and CTD domains, the folding fre
that P8OR and D343G, both exclusively present

alter the dynamic Sppopemteined@l)gf Sthihdagbygt siuryg g s
these mut at i onpsr onaeyi na fsfteachti Itihegy Mnd dynamicity
antigenic assays. Moreover, from the | iteratur
the N and C armiss ofr ©smpectoinvelay, awer e[ 208¢%Yi ct ed

An additional hypothesis that could explain th
di fferent amounts of nucleocapsid protein that
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variants. Rao et al. showed that Omicron sampl
Delta, which | eads to a possi bl e expl[alnalt]li on f ¢
To establish whether a reduced sensitivity of

preferenti al | ocation in the mouth compared to
and buccal s-iwafbescti ed Omacie@omtf s NSTrendc M& was per
to reduce the patientsd discomfort. For this pt
RTPCR testing on swabs collected from both site
| ower Ctthateésraenda higher viral | oad than t he
was examined according t o-CtoMe Odnifcfreorne nstu bprearrii acd
prevalent, the nose was al ways wasn fnmornmee dd eatse cttha
especially during the fFiirgsige3 Malyesc uafatre rc hsayrnapct
showed that the preferred virus | ocalization ir
Omi cron subvariant.

Overall, our results indicate that the nose 1is
di agnosis of Omi c rtounr bii mfad et isowa b sNacsaanl bmei dused
mol ecul ar assays to pr ovrimdeat isvad et a nrda s oed h arbyl reg «
effort to redufczl@Platifehtl]di scomfort

This study has several | imitations. First, the
the comparison of ADTs®6 sensitivity in Omicron
shown a very | ow sesnssi tiinviasyy nopft ormeaptiidc apnattii geennt ¢
decrease in sensitivity|[fl®@nl]syimhdO@hat $dO@Brhd ¢ d
6. 8% of the analysed samples derived from mul't
participated more than once in the study, so t
di fferent ADTs throughwaed themes thidygs miaryt ch atviee
possi ble heterogeneous results from the diffe
according to the type of assay and the high n
reliabil ity dfhetilre imdsulptrsetaati on, i ndicating a
for Omicron infections

12y Of dzaA 2y &

In conclusion, redife data from a large number of subjects strongly support the evidence of a

substantially reduced detection rate of Omicri@etions by ADTSs, confirming and extending

circumstantial evidence from previous studies.
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This drop in sensitivity should be taken into consideration in establishing testing strategies and
monitoring infection prevalence. The emergence of new variants, as well as new mutations affecting
the N protein struct ur e sticperfgrhance,fwhiah tduld requieef f e c t
assay revalidation to maintain efficient and reliable screening and diagnostic strategy programs. Our
study suggests that ADTs should be adapted to better detect @@scemding variants.
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Human strongylSairoingyil &I dawysees dcergwois ail t sed hel mir

that has recently been |isted by the WHO among
actions in[ 2noAtprmoncgydrodadsi asi s is estimated to
wor |l dwli6edenostly in tropical and subtropical r e
strongyl oidiasis have also been reported in te
and [UBI85] s tbeerlcoonrgasl itso t he phly2 lon iNg olaicfoda , c e m@ld
alternating bédtiweennm ayndl @garafsifti€ee st ages. Hu ma
the penetration of the intact skin by infectiyv
whi ch, oncmi grnatteh et hhrosuugh di fferent organs. Dur
they become adul t wor ms, whi ch ul ti mately se

parthenogenetic females deposit eggsxtclreett erdat ct
in stool s anldi viinmigt icaytcel et.h eHofweeveeirn,f excamer eL Ic ywcn
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mature into invasive filariform | arvae, in the
perianal skin to <gotipaeaelhliidasgec |pdal aésls ttvwox c driaf lei
perpetuate the infection, in t[h2el7albsence of tr e

In immunocompetent subjects, the infection mostly leads to a chronic indolent condition; however,
changes in the host immune status can cause a dramatic increase in parasite burden, known as hyper
infection or dissemination, which can behifeatening217]

The diagnosis of strongyloidiasis is challenging, with most available methods presenting variable
sensitivity217], [218]The most sensitive diagnostic tools are serological immurj@a8$4220]

Most commercial assays are based on crude larval antigens, which reduce their specificity and result
in a high batcto-batch variability. The development of assays based on recombinant antigens
represents a very promising strategy to avoid the remtstaint supply of parasites, to overcome

the variability of the antigenic source and to reduce cross reactions with other helminths, factors that
affect the performance of current serological[&&t$ Indeed, a novel commercial enziinied
immunosorbent assay (ELISA) based on the detection of two recombinant anhijEras)ESs

IR, has recently been developed and evaluated on cryopreserved samples. The test has shown variable
accuracy in two dérent studies, probably due to the lack of a diagnostic gold standard, and has yet

to be tested prospectively. Nonetheless, at present it is among the most sensitive and specific
serological tests for strongyloidiasis, further highlighting the pofergcanobinant antigens for
serodiagnos|221], [222]

To date, only a few proteomics studies have been conducted to elucidate the molecular mechanisms
associated withtrongyloigesasitism or to highlight novel immunological mgk&r4223], [224],

[225], [226], [227], [22&onsequently, our knowledgesoktercoralisteome is still limited. In

order to highlight novel targets to improve current serodiagnosis and treatrhermdarnisntal to

expand the mol ecular understanding derived fror
Indeed, an in depth characterization oBthe&ercoratifective larvae proteome might reveal on one

hand novel players in the mechanisms adtstogen interaction and on the other hand potentially
immunogenic proteins to be used for the development of novel diagnostic serological tests, as well

as targgproteins for new therapeutics.

The aim of this study was to expand the characterizaBostefcordli8 proteome as established

by highthroughput proteomics, combining automatic search strategies and manual annotation.
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Figure 6.1:This workflow illustrates the an@lysterobrafifective larvae through proteomics, followed by
dataset annotation using Gene Ontology and InterPro, homology exclusion via BLASTp against H. sapien:
pathogens, and culminatirgliad®ope prediction and mapping for identéyiige pmteatiets

aSiK2Ra&

[ F NS A&d2ftl a2y LINRPGSAY SEGNI Oa2y Iy
S. stercorddiszae were obtained from a human subject. Fresh stools mixed with charcoal and saline
werecultivated using the agar plate culture method . iL3 larvae were harvestayaftérclture

[229] concentrated by centrifugation and incubated with phosphate buffered saline (PBS)
supplemented with 100 U/ml penicillin, 2@@ml streptomycin and 0.6@§/ml amphotericin B

(all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA)hfat2°C. Larvae were then
washed twice with cold PBS, c o80Ctoefdtureuused er t he 1

A pellet of 10,000 iL3 wasgespended in 0.1% RapiGest SF (Waters Corporation, Milford, MA,
USA) in 0.M triethylammonium bicarbonate buffer (TEAB) pH 8.0, sonicated with breaks on ice
and incubated for Ifiin at 8C°C, following a protocol reported [230] The sample was then
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centrifuged at 14,0@@or 10min at 4°C and the supernatant recovered. Protein concentration was
determined by the Qubit protein assay (Life Technologies, Thermo Fisher Scienificyafnple

of proteins was reduced with BM Tris(2-carboxyethyl)phosphine hydrochlori@&EP),

alkylated with 1M iodoacetamide and digested with@y26 sequencing gradeodified trypsin

(Roche, Basel, Switzerland; 1:25 protease to protein ratio). The sample was incubated with 1%
trifluoroacetic acid for 48in at 37C to cleave the RapiGest SF surfactant, cleaned with C18 spin
columns (Pierée, Thermo Fisher Scientific) and dried under vacuum prior to liquid
chromatographtandem mass spectrometry dMS/MS) analyses.

t NPGSAY ARSga{k&{a2y o6& [/

Trypsindigested protein samples were analysed with allieystem (Eksigent Technologies,
Dublin, CA, USA) coupled with thapleTOF 5600+ system (Sciex, Concord, ON, Canada)
equipped with a DuoSpray ion source (Sciex). The stationary phase was a Halo C18 column
(0.5x 100mm, 2.7um; Eksigent Technologies). The mobile phase was a mixture of 0.1% (v/v)
formic acid in water (phase A) and 0.1% (v/v) formic acid in acetonitrile (phase B), eluting at a flow
rate of 15.Q/min at an increasing concentration of solvent B from 2% to 40%rim38amples

were also analysed with nano liquid chromatography using an Acclaim PepMap C18uplumn 2
75um x 150mm (Thermo Fisher Scientific) and injection volumeCbfThe flow rate was 300

nl/min, phase A was 0.1% formic acid/water and phase B was 80% acetonitrile/0.1% formic
acid/20% water. A-B gradient was usedd{5%). Identification was performed using a data
dependent acquisition (DDA) method: the MS analysis was carried out using a mass &nge of 100
1500Da (timeof-flight scan with an accumulation time of 8)2%llowed by a MS/MS product

ion scan from 200 to 12B@& (accumulation time of 3r¥) with the abundance threshold set at 30

cps (35 candidate ions can be monitored during each284l@he MS data were acquired with
Analyst TF 1.7 (Sciex). The DDA files were searched using Protein Pilot software v. 4.2 (Sciex) and
Mascot v. 2.4 (Matrix Science Inc., Boston, MA, USA) using trypsin as the enzyme, with two missed
cleavages, a search tolee of 5@pm for the peptide mass tolerance an®a.for the MS/MS

tolerance [232] Searches were performed using the UniProt -Bwisslatabase f&.
stercorafigersion 01/02/2020, taxon: 6248, proteome ID: UP000035681, protein count: 12,978),
with a false discovery rate (FDR) fixed atTl#.MS proteomics data have been deposited in the
ProteomeXchange Consortium via the PRJZ&3]partner repository with the dataset identifier
PXD037243.
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The bioinformatics analyses were carried out by automatizing a standard protocol for the annotation.
The protocol included: (i) a BLAS[B34]search using default parameters against Uniprot 2022
[235] (ii) each protein identifier was then connected with its associated G23@frizsUniProt
and GO terms were then organized using QuickGQ2®d] and (iii) proteins were then classified
into families or domains, and important sites were predicted, retrieving this information by InterPro
[238] In order to identify possible candidates for immunogenic epitope prediction, the annotated
dataset of proteins was then investigated using BLASTp for homology with the human protein
database and with a lishcompassing 29 clinically relevant pathogens (24 helminths and
5 Plasmodiwpp.) that might emfect individuals with strongyloididsigiure 6.1). The threshold
for considering a8. stercoralistein as having low homology with proteins of humaittothose
of otherpathogens' origin was empirically established based on the BivAls€mwbtained for the
L3NieAg.01 (AC: Q9UAL6), which is known to have a good specificity when used in serodiagnosis
[221] Thus, a BLASTpwlue threshold of 425 and 2E30 was applied for the comparison With
sapiers with other pathogens, respectively.

Linear Bcell epitopes were predicted from protein sequences using the diffetmadaddiools
available via the Immune Epitope Database Analysis Resource (IEDB; available

athttp://tools.iedb.org/main). The following physicochemical properties of individual residues
were explored and scored: hata, surface accessibility, antigenicity and hydrophilicity, as already
reported in the literatuf239] All residues having an individual score equal or higher than the average
protein score were highlighted. In parallel, prediction was also performed usingBepiHriet

combines a hidden Markov model (HMM) with an amino acid propensifg4ffjaRroteins of

potential interest for bearingcBll epitopes were then manually analysed and selected based on the
following parameters: (i) sequences of at least 8 amino acids; (ii) aBeméwes 0.5 (ranged

1); and (iii) at least three physicochemical properties above their thresholds (calculated as the mean
of the scores of all individual residues). The specific sequences of interest were highlighted and
visualized in the proteins thidimensional model ngi Pymol2.4.1[82] Due to the lack of

structural characterization Qf stercorglisteins on Protein Data Bank (PDRB%#1] selected

proteins of interest containing predicted epitopes were structurally predicted using flpBaFold
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InTErRPRO - Domain

CAP domain (IPRO14044)

Golgi-ass. plant pathogenesis-related prot 1, SCP domain (IPR034113) |
Thioredoxin domain (IPR013766)
EF-hand dornain (IPR002048)
Small GTP-binding protein domain (IPR005225)

Galectin, carbohydrate recognition domain (IPR001079)
Calponin homelogy domain (IPR001715)
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Cysteine-rich secretory protein-related (IPR001283)
Transthyretin-like (IPR0O01534)
Short-chain dehydrogenase/reductase SDR (IPR002347)
Galectin-like (IPR044156)
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Figure 6.3 InterPro annotation results. The top 10 most frequent InterPro terms for the categories dom
family represented among all identified. pBftgias @stablished by InterPro annotation. For each term, the
number of uncharacterized and characterized proteins is represented in different color shades. The comj
is reportedSnpplementary Table S6.1

The objective of our study was not only to improve our knowledge of the iL3 proteome with novel
experimental evidence, but also to piediotong those identified from a clinical isblgietential
immunogenic proteins that could be useful for the develbpmeovel serological tests for the

accurate diagnosis of human strongyloidiasis or as vaccine candidates, as potentially recognized by

antibodies present in patients0d serum.

A few studies dating back to the 1990s reported the investigation of the humoral immune response
associated with the intensity of infection and the detection of immunoreactive iL3 pofgajtides

[253], [254] However, only a couple of studies applied imiproteomics MS/M$based
approaches to also identify the immunogenic proteins recognized by antibodies from infected
subjects[224], [255] Indeed, Rodpai and colleagues confirmed by immunoblotting the high
frequency of some protein bands that had previously been reported as immuf2623dA&3],

[254], [256]but also identified them by tandem MS based on protein homoldgyreiiti255] In

particular, they identified a-@Ba band corresponding todB43 protein and a 2@Da band
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corresponding to ADP/ATP translocase 4. Additional antigenic proteins were further identified by
the same group after they had improved sample separation throtdjmetgional gel
electrophoresis prior to immunoblott[@g4] the majority of these proteins were also identified in

the present study.

In silico approaches can be used as an alternative, or a complement, to the experimental identification
of immunaereactive proteins. The advent of immunoinformatics has actually led to the development
of a number of tools that can assist researcherseihdpitope prediction. Moreover, it has been
shown that using multiple prediction methods results in a more accurate epitope prediction than
using individual too[239], [257]In agreement with this, in the present study we combined the use

of a machine learniigsed algorithm (i.e. BepiP2d [240) and the evaluation of several
physicochemical residue properties to predict linegl &itopes. In order to avoid the selection

of proteins highly conserved across helminths or similar to human ones, we first excluded all those
having high homologys established by our BLASTp andlysisplementary Table S6)3Among

the 29 proteins showing limited homology Wimo sapiem®ther pathogens of clinical relevance,

we selected 10 for use in the prediction of the presencelbeBitopesi@ble 6.1). This selection

was based on the following criteria: (i) proteins already highlighted as potentially ass&iated with
stercorgtiarasitisn|17], [242]Jor as immunogenif224] (ii) extracellular or plasma membrane
proteins as per CC GO terms; (iii) proteins with peptidase activity according to the MF GO terms;
and (iv) proteins associated with relevant InterPro domain, family or homologous superfamily
(namely transthyretiike domain, CAP domain, galectin, cyst@he peptidase, protease
inhibitors). According to UniProt, 60% of the selected proteins are already characterized, while the
remaining 40% are still uncharacterized!¢ 6.1). The six characterized proteins included three

SCP domakgontaining proteins (ACs: AOAOKOE6J0, AOAOKOEG68, AOAOKODTPS), galectin
(AC: AOAOKOECK4), NTR domarpntaining protein (AGQOAOKOEMX1) and L3NieAg.01 (AC:
Q9UA1G6 also known as-8&). It is worth noting that galectins have already been reported to be
involved in hogipathogen interaction and to display imnmegoilatory properties $ ratt[258]

Also, several commercial andhause assays already use the recombindME Ser S.
stercoradierodiagnosj48], [221], [259], [260], [2E3NIE is also included in a commercial research

use only (RUO) serological test, together witR,Sghich was not identified in our dat§®21]

The presence of -8BE within our selection further supports the validity of our approach. In our
study we also identified most of the proteins already highlighted as potentially immunogenic by
Rodpai and colleagu@24], [255]However, since these proteins displayed high homology with
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either human or other related pathogen proteins, their analysis for epitope prediction was not

pursuedSupplementary Table S6.andSupplementary Table S6)3
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the fact that 1 mmunogenic epitopes often fall
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i mmunogenic was identified in our dataset, p

entS.r es tperroctceroarei,s wi t hout taking into account

In the present study we did not perform a comparison of protein expression between larval
developmental stages, as has been done at the transcriptomic level oStoorajlikidpscies

[17], [225], [242], [243], [24Hus we cannot speculate on the role of iL3 proteins in larval
development. However, a comparison using quantitative proteomics of different larval stages might
contribute to corroborate these transcriptomics data and might identify novel proteiafiypotent
involved in parasitism and/or in parasite development that could be of interest for the development
of novel disease control strategies. Similarly, investigations should be extended to the study of ESPs
released fror8. stercordli8, as has already doneSoratt[225]andS. venezueld¢R2B] as these

could highlight additional candidates for serodiagRosieomics data dh stercoralis still

limited, and the reference database and proteome are in continuous evolution. Therefore, some

proteins ID here reported might change in the future.

| 2y Of dza A2y a

In conclusion, we provide the largegperimental dataset of thestercordli8 proteome. By
presenting, for the first time, an extensive proteomics dataset from the analysis of iL3 isolated from
a clinical sample, our study brings knowledge & stercorgiisteome to a level comparable to

our knowledge on its close relatbesattandS. venezuel¢B@6R] These data may be useful for

future studies as they represent a step towards filling the current gap in experimental proteomics data.
Indeed, a broader expertise about protein expresSiost@ncorddis/ae, as well as their modulation

during different developmental stages, will be essential for identifying novel therapeutic and vaccine
targets.

Our semiautomated annotation allowed us to confirm the présandbe proteome levebf

protein categories potentially involved in parasitism that to date were only inferred from genomics
and transcriptomics data. Moreover, additional protein groupsndefether investigation, such

as oxidoreductases, were also highlighted. Finally, we also propose a number of immunogenic protein
candidates that, if experimentally confirmed, might be considered in the future for the development
of novel serologicalatjnostic tests that could make the diagnosis of this neglected tropical disease

more reliable and accurate.
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one of the most overlooked parasitic i[nfection
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anthelmintic medications are available. lvermectin is the teatméent recommended by the US

Centers for Disease Control and Prevention for Strongyloides infection, with albendazole serving as

a backup 2 6Srdgngyloidiasis infections frequently result in secondary infections with other STHs,

hence in these situations a brsectrum anthelmintic is preferable; this also holds true in veterinary
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contexts. Given the relative rarity of disseminated infections, it is difficult to see how controlled trials

of various therapies can be established. Human Strongyloides infections can spread, and in these
cases, therapy other than anthelmintic treatsetjuired. However, what is ideal and optimum is

not well establishdd 2 Gtae]question of when and where drug resistance will develop is the same

as it is with any afparasitic medication treatméntz e r mect i n t argets t he GIl uC
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