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Populéarvetenskaplig sammanfattning

Munskydd, social distansering, dagliga uppdateringar om antalet insjuknande i nyheterna
— ingen har undgatt den pandemi som drabbade varlden i bérjan av 2020 och alla har vi
var egen erfarenhet av nar varlden stannade upp och med oro héll andan. Pa béasta

sandningstid tolkade och férklarade virologer och epidemiologer nya vetenskapliga rén.

Mitt doktorandprojekt inleddes for att kartldgga enterovirus D68. Viruset fick uppmark-
samhet nar det 2014 orsakade ett globalt utbrott med luftvagsinfektioner hos barn i fér-
skoledldern. En del infektioner var sa svara att barn behévde intensivvard och nagra
patienter drabbades ocksa av polio-liknande férlamningar. Enterovirus D68 hade upp-
tackts redan pa 1960-talet och antikroppstester visade att nastan alla nagon gang haft
infektionen men viruset verkade nu orsaka allvarligare sjukdom. Vi beslot oss for att

undersdka viruset med molekylarepidemiologi, det vill sdga kartlaggning av arvsmassan.

Stockholm drabbades 2016 av ett stort utbrott av enterovirus D68, vilket vi snabbt
kunde upptécka genom PCR-testning. Eftersom det endast fanns ett begransat antal
beskrivningar av utbrott med enterovirus D68 kartlade vi det nérmare, vilket vi beskriver
i Artikel I. | den och i tidigare kartlaggningar av enterovirus D68 hade man huvudsakligen
bara last av en mindre del av virusets arvsmassa. For att kunna géra en mer noggrann
kartlaggning utvecklade vi en metod for att lasa av néstan hela arvsmassan, vilket vi be-
skriver i Artikel ll. Med denna nya metod kunde vi bland annat visa att utbrottet i Stock-

holm 2016 orsakades av flera parallella introduktioner kopplade till Nordamerika.

D& utbrotten av enterovirus 2014 och 2016 hade drabbat flera lander beslot vi 2018 att
samarbeta med andra forskare i Europa for att fa en battre helhetsbild av epidemiologin.
Vi anvande ocksa alla tillgangliga virussekvenser i databaser. | Artikel lll visade vi s att
enterovirus D68 hade spritts snabbt geografiskt och att sarskilt de yttre delarna av

viruspartikeln som utgoér bra mal fér skyddande antikroppar hade férandrats snabbt.

Genom att férandra ytproteinerna skulle viruset kunna undkomma antikropparna.
Infektioner med enterovirus D68 hade dock pavisats framst hos barn, och barn som har
sin forsta infektion har inte antikroppar, s& det borde inte finnas nagon fordel for viruset
att just ytproteinerna muterade. Att det anda fanns manga mutationer i dessa ytprotein
talade for att viruset dven smittar personer som redan har haft infektioner. Var tolkning
av dessa resultat var att enterovirus D68 troligen orsakar aterinfektioner hos vuxna. Att
viruset daremot framst pavisas hos barn skulle dels kunna férklaras av att luftvagarna
hos vuxna anatomiskt och fysiologiskt &r mindre kansliga for infektioner, dels att vuxna
har skydd efter tidigare infektioner. De vuxna som smittas darfoér sdker inte sjukvard och
blir da inte heller provtagna och enterovirus D68 skulle da ocksa pavisas i mindre
utstrackning hos vuxna an hos barn. Da vuxna ocksa reser betydligt mer an barn skulle

det ocksa kunna forklara den snabba geografiska spridningen.



Sedan intraffade pandemin med SARS-CoV-2.

SARS-CoV-2 var ett nytt virus, fyra andra coronavirus hade dock sedan lange funnits
spridda 6ver varlden men fatt begransad uppmarksamhet eftersom de oftast bara ger
forkylning. Diagnostiken for luftvagsvirus pa Karolinska Universitetssjukhuset hade under
flera &r utforts i ett fast paket i vilket bland annat dessa fyra coronavirus ingick. | Artikel
IV analyserade vi dessa data fran tio ars klinisk rutindiagnostik och fann en uttalad
sasongsvariation, dar coronavirusen framst pavisades vintertid. Dessutom fann vi ett
vartannat-arsmonster, med virusen OC43 och NL63 som férekom samma ar, foljt av
HKU1 och 229E nasta ar. Vi sdg dessutom att det hos aldre patienter hade bestallts fa
analyser for coronavirus trots att positiva fynd inte var ovanliga, vilket talade for att

infektioner hos aldre var underdiagnostiserade.

Slutligen undersoékte vi med molekylara metoder hur SARS-CoV-2, som orsakar sjuk-
domen covid-19, férdes in och spreds i Sverige, vilket vi beskriver i manuskriptet till
Artikel V. Dels analyserade vi sparade luftvagsprov som under bérjan av 2020 hade
undersokts fér andra luftvégsvirus, men inte SARS-CoV-2, dels sekvenserade vi prov
fran kdnda SARS-CoV-2-fall och analyserade dessa i relation till alla tillgangliga
sekvenser i internationella databaser. Analysen av de sparade proven visade att det
pagick samhallsspridning av SARS-CoV-2 minst en vecka tidigare &n man férut antagit.
Analysen av sekvenserna med kopplade data om smittland visade att de flesta utlands-
smittade patienter hade smittats i Italien eller Osterrike och det var skilda virusvarianter
fran dessa tva lander. Den variant som huvudsakligen férekom i Sverige under forsta

halvaret 2020 var den som pévisades hos patienterna med smittland Osterrike.

Da norra Italien tidigt blev bedémt som ett riskomrade vidtogs férebyggande atgarder
for de resenarer som atervande darifran. | de dsterriska alperna daremot pagick under
en tid en okand smittspridning. Det visade sig vidare att ju storre andel av sekvenserna i
en svensk region som utgjordes av den &sterrikiska varianten, desto fler var inlaggning-
arna pa intensivvardsavdelning och dédsfallen orsakade av covid-19. Vi tolkade det som
att de forebyggande atgarderna som vidtogs hade viss effekt for att minska smittsprid-
ningen av inférseln frén norra Italien, medan avsaknaden av tidiga férebyggande atgarder

mot inférseln frén Osterrike bidrog till att just den varianten fick en stérre spridning.

Med dessa arbeten har jag undersokt virus som orsakar akuta luftvagsinfektioner med
molekylarepidemiologiska metoder och visat att dessa metoder ar viktiga och vardefulla

verktyg for att bade pavisa virus och forsta dess spridningsmonster.



Streszczenie popularnonaukowe

Maski, dystans spoteczny, codzienne raporty o liczbie zakazonych i zmartych - nikt nie
uniknat pandemii koronawirusa, ktéra wybuchta w 2020 roku. Swiat sie zatrzymat i

wstrzymat oddech.

Punktem wyj$cia mojej pracy doktorskej byto jednak zbadanie enterowirusa D68. Wirus
ten zwrdcit na siebie uwage w 2014 roku, kiedy spowodowat Swiatowa epidemig infekcji
drég oddechowych u dzieci. Niektére z nich wymagaty intensywnej opieki, a u niektérych
wystgpit paraliz, podobny do objawoéw polio. Chociaz enterowirus D68 zostat odkryty juz
w latach 60. XX wieku a testy na przeciwciata wykazywaty, ze prawie kazdy miat kiedy$
infekcje, wirus zdawat sig teraz powodowac grozniejsza chorobe. Postanowili§my zatem
zbadac enterowirusa D68 za pomoca epidemiologii molekularnej, czyli badania materiatu

genetycznego wirusa.

W 2016 r. Sztokholm nawiedzita duza epidemia enterowirusa D68, ktérg udato nam sig
szybko wykry¢ za pomoca testow PCR. Poniewaz istniata tylko ograniczona liczba opiséw
ognisk z enterowirusem D68, zbadalismy tg epidemie w Sztokholmie, co opisujemy w
Artykule I. W tym i w poprzednich badaniach odczytano gtéwnie tylko mniejsza czes¢
genomu wirusa. W celu wykonania doktadniejszych badan, opracowaliSmy metode od-
czytu prawie catego materiatu genetycznego, ktérg opisujemy w Artykule Il. Dzieki tej
nowej metodzie byliSmy w stanie wykaza¢ migdzy innymi, ze epidemia w Sztokholmie w
2016 r. byta spowodowana kilkoma réwnolegtymi introdukcjami zwigzanymi z Ameryka

Pétnocna.

W 2014 i 2016 roku ogniska enterowirusa D68 pojawity sie w kilku krajach, dlatego w 2018
roku nawigzali$my wspétprace z innymi naukowcami w Europie. W naszych badaniach
wykorzystaliSmy tez wszystkie sekwencje wirusa dostepne w bazach danych. W
Artykule lll wykazalismy, ze enterowirus D68 szybko rozprzestrzenit sie geograficznie.
Ponadto wykryliSmy, ze zewnetrzne czesci czagsteczki wirusa, ktére sg celami dla

ochronnych przeciwciat, szybko sig zmienity.

Zmieniajac biatka powierzchniowe, wirus moze unikng¢ przeciwciat. Jednak infekcje
enterowirusem D68 wykryto gtéwnie u dzieci, jednak dzieci ktére przechodza pierwsze
zakazenie nie maja przeciwciat, wigc zmiany biatek powierzchniowych nie powinno mieé
zadnej korzysci dla wirusa. Fakt, ze akurat w biatkach powierzchniowych byto jednak
wiele mutacji, wskazywat na to, ze wirus zakazat réwniez osoby, ktére juz miaty przeciw-
ciata. Nasza interpretacja tych wynikéw byta taka, ze enterowirus D68 prawdopodobnie
powoduje ponowne infekcje u dorostych. Z kolei fakt, ze wirus jest wykrywany gtéwnie u
dzieci, mozna cze$ciowo wyttumaczy¢ tym, ze drogi oddechowe u dorostych sa mniej
wrazliwe na infekcje oraz, ze tym ich odporno$é po wczesniejszych zakazeniach daje

tagodniejsze objawy. Osoby te nie zwracajg sie 0 pomoc medyczng, nie sg wigec testowe,



a zatem enterowirus D68 jest u nich wykrywany w mniejszym stopniu niz u dzieci. Doro$li
podroézuja tez wigcej niz dzieci, czym moznaby tez wyttumaczy¢ szybkie geograficzne

rozprzestrzenianie sie wirusa.

Potem nastgpita pandemia SARS-CoV-2. Byt to nowy wirus, ale cztery inne koronawirusy
od dawna krazyty, cho¢ poswiecano im niewiele uwagi, poniewaz zwykle powodujg tylko
przeziebienia. Diagnostyka wiruséw uktadu oddechowego w Szpitalu Uniwersyteckim
Karolinska w Sztokholmie od kilku lat byta prowadzona w pakiecie obejmujgcym réwniez
te cztery koronawirusy. W Artykule IV przeanalizowali§my te dane z ponad dziesieciu lat
rutynowej diagnostyki klinicznej i stwierdzilismy, ze koronawirusy byty wykrywane gtéw-
nie zima. Ponadto znalezliSmy, ze poszczegdlne rodzaje koronawiruséw wystepujg co
dwa lata. ZauwazyliSmy tez, ze u pacjentéw w podesztym wieku zlecono niewiele testéw
na obecnos$c¢ tych koronawiruséw, mimo ze pozytywne wyniki nie byty rzadko$cig, co

sugerowato, ze spora cze$¢ infekcji u oséb starszych nie byta zdiagnozowana.

W manuskrypcie do Artykutu V opisali§my nasze badania w jaki sposéb SARS-CoV-2,
ktéry powoduje chorobe covid-19, dotart do i rozprzestrzenit sie¢ w Szwecji. Zbadalismy
przechowywane prébki z drég oddechowych, ktére na poczatku 2020 r. zostaty skiero-
wane pod katem zbadania zakazen uktadu oddechowego innych niz SARS-CoV-2.
Analiza ta wykazata, ze SARS-CoV-2 rozprzestrzeniat sie w spotecznosci juz tydzien
wczesniej niz poprzednio zaktadano. Ponadto, zsekwencjonowalismy wirusy z probek ze
znanych przypadkéw SARS-CoV-2 i przeanalizowaliSmy je w odniesieniu do wszystkich
dostepnych sekwencji w miedzynarodowych bazach danych. Analiza tych sekwencji
wraz z danymi dotyczacymi kraju zakazenia wykazata, ze wiekszo§¢ pacjentéw zakazo-
nych za granicg zostata zarazona we Wtoszech lub Austrii i ze w tych dwdéch krajach
istniaty rézne warianty wirusa. Wariant, ktéry wystepowat gtéwnie w Szwecji w pierwszej

potowie 2020 r. byt tym, ktéry wykryto u pacjentéw z Austrii.

Kiedy pétnocne Witochy zostaty wczesnie ocenione jako obszar ryzyka, podjeto srodki
zapobiegawcze dla powracajacych stamtad podréznych. Natomiatst w austriackich Alp-
ach przez pewien czas trwato niewykryte rozprzestrzenianie sie zakazen. Stwierdzilismy,
ze im wyzszy odsetek wiruséw w regionach Szwecji byt wariantem austriackiem, tym
wigcej byto przyjec¢ na oddziatach intensywnej terapii i zgonéw spowodowanych przez
covid-19. Ttumaczymy to w ten sposdb, ze podjete Srodki zapobiegawcze w pewnym
stopniu ograniczyty rozprzestrzenianie sie infekcji pochodzacych z Wtoch. Brak wczes-
nych srodkéw zapobiegawczych wobec naptywu zarazonych podréznych z Austrii przy-

czynit sie do rozprzestrzeniania sig tego wariantu.

Dzigki tym pracom zbadatem wirusy wywotujgce ostre zakazenia drég oddechowych
przy uzyciu molekularnych metod epidemiologicznych. Wykazatem, ze metody te sa
waznymi i cennymi narzedziami zaréwno do wykrywania wiruséw, jak i zrozumienia

wzorcéw ich rozprzestrzeniania sie.



Abstract

Acute respiratory virus infections are very common but can also cause severe disease.
In my thesis, | have analysed the molecular epidemiology of acute respiratory virus

infections caused by enterovirus D68 and coronaviruses.

In Paper |, we used real-time PCR and Sanger sequencing to analyse the outbreak of
enterovirus D68 in Stockholm in 2016. We found that the outbreak was caused by the
subclade B3, and we also described three patients with neurological manifestations. The

virus sequences were closely related to concurrent sequences from North America.

In Paper Il, we developed an assay for whole-genome sequencing of enterovirus D68 a
next-generation platform. By using the assay on the samples from the 2016 outbreak, we
found that the outbreak was caused by multiple independent introductions of the virus.
We also estimated the time to the most common recent ancestor for the subclades Bl
and B3 to 2009.

In Paper lll, we used the whole-genome sequencing assay in a European multicentre
study of enterovirus D68 circulation in the 2018 season. We also included sequences in
public repositories. We found that the viruses in 2018 belonged to subclades A2 and B3
and that sequences in subclade B3 originated from the circulation in 2016. We also
found that enterovirus D68 had a rapid geographic mixing and that residues on the
surface of the virus particle had an elevated substitution rate of amino acids. Hence, we
proposed asymptomatic reinfections of adults to explain both rapid geographical

dispersal and selective pressure on the surface residues.

In Paper IV, we analysed stored results from routine clinical diagnostics for the four
common cold coronaviruses. The data contained the results from September 2009 to
April 2020. At the species level, we found a pattern of alternating biennial circulation,
and we also found the circulation of Betacoronaviruses to peak earlier than that of

Alphacoronaviruses.

In Paper V, we investigated Sweden'’s first SARS-CoV-2 pandemic wave in 2020. We
analysed stored respiratory samples with real-time PCR for SARS-CoV-2 and found that
community transmissions started earlier than previously appreciated. We also se-
quenced stored SARS-CoV-2-positive samples. To these sequences, we added infor-
mation from contact tracing records and combined them with data from public reposi-
tories. Among cases exposed abroad, we mainly found clades 20B and 20A, whereas
clade 20C dominated domestic infections. Furthermore, we found the proportion of
clade 20C to be correlated with the cumulative number of deaths due to COVID-19. We
interpreted this as early undetected introductions of clade 20C having had a significant

impact on the further course of the pandemic in Sweden.
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1 INTRODUCTION

11 Acute respiratory virus infections

Infections of the upper respiratory tract are very common. In 2019, the incidence was
estimated at 17,000,000,000 incident cases [2]. These infections are often caused by
viruses. Although acute respiratory viral infections are usually mild and self-limiting, they
are still a significant cause of death and illness. Worldwide, the influenza virus annually
causes an estimated 400,000 deaths [3]. Bronchiolitis caused by the respiratory
syncytial virus is estimated to cause 3.4 million hospital admissions annually [4]. Fur-
thermore, the loss of productivity within Sweden due to these infections is estimated at

billions of euros per year [5].

Viruses commonly causing acute respiratory infections include the influenza virus,
respiratory syncytial virus, parainfluenza viruses, human metapneumovirus, corona-
viruses, rhinoviruses, some enteroviruses, some adenoviruses, and bocavirus. In addition,
viruses transmitted to humans from animals, such as MERS-CoV and avian influenza, ,
can cause severe illness and pose a pandemic threat. My thesis focuses on enterovirus

D68 and human coronaviruses.

1.1.1 Enterovirus D68

Enterovirus D68 is a genotype in the species Enterovirus D and one of over a hundred
genotypes in the genus Enterovirus. The most well-known genotypes in the genus are
the polioviruses. Polioviruses cause the paralytic disease poliomyelitis and belong to the
species Enterovirus C. The genus Enterovirus also includes rhinoviruses, which cause the
common cold. All enteroviruses have a non-enveloped capsid and an RNA genome of
circa 7.5 kilobases. The viral capsid consists of the four viral proteins 1-4 (VP1-4), of
which all but VP4 are exposed on the surface of the virus particle [6]. The structures of
VP1-VP3 each contain eight strands (B-I) connected by loops (e.g., the BC loop). VP1is

the main target of neutralising antibodies [7].

1.1.2 Coronaviruses

Coronaviruses have an envelope and an RNA genome of around 27.5 to 30 kilobases.
Among the structural proteins, the spike glycoprotein on the surface of the virus particle
is the target of neutralising antibodies [8-12]. Before the SARS-CoV-2 pandemic, there
were four known species of human coronaviruses: 229E, HKU1, NL63, and OC43. These
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four viruses are often referred to collectively as the “common cold”, “endemic”, or

Ill

“seasona
SARS-CoV-1and MERS-CoV have also been reported.

coronaviruses. Additionally, human infections with the highly pathogenic



1.2 Seasonality

Most respiratory viruses do not occur uniformly over the year, as reflected by the term
“flu season”. Thus, seasonal circulation of influenza viruses is common knowledge. As
reviewed by Moriyama et al. [13], this kind of seasonality may be due to the transmission
of the viruses being affected by climate factors and variation of people’s social behav-
iours over the year. Climate factors can influence the viability and droplet dynamics of
virus particles and host defence mechanisms, such as the efficiency of mucociliary

clearance.

As reviewed by Pica and Bouvier [14], the influenza virus is more efficiently transmitted at
low temperatures than at high temperatures, and low absolute humidity correlates
strongly with the onset of the influenza season. In fact, aerosolised influenza virus parti-
cles have the longest viability at the combination of low temperature and low relative
humidity, and the viability decreases as either temperature or relative humidity in-
creases [15]. For poliovirus, aerosolised virus particles at high temperatures remain viable
longest at high relative humidity and shortest at intermediate relative humidity [15]. For
the common cold coronavirus 229E, aerosolised virus particles remain viable longer at
low temperatures than at high temperatures [16]. Furthermore, in low temperatures,
more virus particles remain viable at high relative humidity, whereas at high tempera-
tures an intermediate relative humidity is most favourable for the virus viability. Similarly,
the stability of SARS-CoV-2 virus particles is around five times longer at low than at high

temperatures and shorter at intermediate than at low or high relative humidity [17].

1.3 Diagnostic methods

Clinical diagnostics of acute respiratory virus infections are currently based on methods
directly detecting the virus (Table 1). Among these, molecular diagnostics using nucleic
acid amplification tests are preferred because they provide rapid results with high sen-
sitivity and high specificity [18]. Furthermore, molecular diagnostics often consist of syn-
dromic panels that simultaneously analyse a specimen for several pathogens. Results
from such multiplex panels provide a valuable resource for epidemiological studies as

patients are consistently tested for all the pathogens in the panel [19].



Table 1. Methods to detect respiratory viruses

Method Target Features
Direct detection methods
NAAT, Viral Short to moderate turn-around time. Moderate cost.
e.g, gPCR | nucleic High sensitivity and high specificity. Risk for primer or
acid probe mismatch. Biased: only detects queried
sequences. Detected nucleic acid may not be
infectious virus particles.
Antigen Viral Very short turn-around time. Can be done at point-of-
detection | protein care. Low cost. Low sensitivity. Can have good
specificity. Biased: only detects queried antigens.
(Isolation Infective Not in routine clinical use. Moderate to long turn-
of virus) virus around time. Relatively unbiased, but some viruses are
not culturable. Useful to determine infectivity.
Biohazards need to be considered due to the
enrichment of infectious virus.
(IFM) Viral No longer in routine clinical use. Short turn-around time.
protein Low cost. Moderate sensitivity. High specificity. Biased:
only detects queried antigens.
Indirect detection method
(Serology) | Host Not in routine clinical use. Useful to determine past
antibodies | infection. Not useful for detecting acute infection.

Methods in parenthesis = not in routine clinical use for diagnostics of respiratory virus

infections. IFM = immunofluorescence microscopy; NAAT = nucleic acid amplification test;

gPCR = real-time polymerase chain reaction.

1.4 Molecular epidemiology

The best way to study an organism's evolutionary history and relationship to other

organisms is to analyse its nucleic acid [20]. Such analyses are instrumental in the study
of the epidemiology of infectious diseases. Modern bioinformatic tools allow for user-
friendly constructions of phylogenetic trees and integration of temporal, spatial, and
other metadata [21]. The topology of such phylogenetic trees is informative, for instance,
a continuous immune selection yields a ladder-like structure of the tree [22]. A few
examples of knowledge provided by molecular epidemiology are the bottleneck size and
serial interval of influenza A virus transmission [23], the transmission structure of rabies

virus in endemic circulation [24], and the uncovering of a hidden Zika outbreak [25].



1.4.1 \Virus evolution

Molecular epidemiology is possible because of genetic variation. This variation stems
from point mutations, insertions, deletions, and recombination. These causes of variation
arise during the replication of the genetic material in all organisms. However, in viruses,
the substitution rate is high enough to observe in real-time [26]. For enterovirus D68, the
substitution rate in the VP1 gene is circa 5x10™° substitutions per site per year [27-30].
Although recombination commonly occurs in other enteroviruses [31], it is rare in entero-
virus D68 [29]. The coronaviruses have a primitive proofreading mechanism for genome
replication [32]. Their substitution rate is circa 2x10™ substitutions per site per year for
the entire genome [33, 34] but higher in the spike gene (around 6 to 8 xI0™ substitu-
tions per site per year) [34-37]. For comparison, the average substitution rate in mam-

mals is around 2x10~% substitutions per site per year [38].

Due to the high error rate of the RNA-dependent RNA-polymerase, the genomes of new
viral particles are not identical but instead consist of a so-called “swarm” or “quasi-
species” of closely related variants [39]. In a mouse model using poliovirus, this intrahost
variability of the virus is a virulence factor [40], by providing a source for selection that

allows the virus to adapt to tissue-specific innate immunity responses [41].

1.5 Immunity and immune escape

An absolute requirement for viruses is that they must be able to transmit, usually within
the same host species but sometimes to other species (i.e., zoonosis). Thus, infectious
individuals can transmit the virus and the disease to susceptible individuals, who then
become infectious. According to the simple susceptible-infectious-removed (SIR)
model, individuals who recover from the infection are no longer contagious and cannot
be infected due to acquired immunity (Figure 1A). According to more complex SIR mod-
els, this protection can decline with time due to the waning immunity of the individual
and immune escape of the pathogen, leading to the individual becomes susceptible
again. This process can be viewed as individuals transitioning between three pools in the

population: the susceptible, the infectious, and the removed (Figure 1B).

A typical example of immune escape is the continuous antigenic drift of the influenza A
virus. Due to random mutations, an influenza virus gains a transmission advantage if it
acquires substitutions that decrease the host's protection from prior immunity [42-44].
This continuous immunologic selection pressure results in the abovementioned ladder-
like structure of the phylogenetic tree. A similar ladder-like tree structure is seen in viral
sequences obtained over time from individuals chronically infected with viruses like

hepatitis C virus and human immunodeficiency virus (HIV) [22].

A widespread outbreak may deplete the pool of susceptible individuals, causing the

virus to die out in that population; however, the disappearance of the virus causes an



accumulation of susceptible individuals over time, and a subsequent reintroduction of
this virus could then trigger an outbreak [45, 46]. In modelling the incidence of
enteroviruses, outbreaks occur when the size of the susceptible population reaches a
threshold [47]. In the model, a serotype-specific immunity is assumed to be life-long. As
the pool of susceptible individuals is then only replenished by births, a declining birth
rate causes the time interval between outbreaks to increase. There are sudden
deviations from the predicted incidence for the enterovirus genotypes coxsackievirus
A6 and echovirus 18, thought to be caused by immune escape due to an antigenic

change.

Figure 1. Transmission and immunity, SIR models
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Panel A: Infected (1) individuals can transmit the virus to susceptible (S) but not removed
(R) individuals who have recovered from the infection.

Panel B: Individuals in the susceptible (S) pool can become infected () and, after
recovery from the infection, acquire immunity and transit to the removed (R) pool.
Removed individuals may return to the susceptible pool due to waning immunity or
immune escape of the pathogen. New births also replenish the pool of susceptible
individuals. Vaccination allows susceptible individuals to acquire immunity and move

into the removed pool without becoming infected.






2 LITERATURE REVIEW

2.1 Enterovirus D68

Enterovirus D68 is the enterovirus genotype that is among the most commonly de-
tected in the upper respiratory tract [48-66]. Primary infections with enterovirus D68
usually occur at a young age. More than half of preschool children are seropositive [67-
72], including reports with a 100% seroprevalence rate in 2-year-olds [73-75]. During an
outbreak of enterovirus D68 in one kindergarten, more than 70% of children sero-

converted, having mainly mild respiratory symptoms [76].

211 The re-emergence of enterovirus D68

Reports of enterovirus D68 were uncommon before molecular diagnostics, despite
seroprevalence studies showing infections with enterovirus D68 to be very common.
Enterovirus D68 was first isolated by Schieble et al. [77] in the 1960s from four paediatric
patients in California, USA. The prototypic strains Fermon and Rhyne originate from two
of these patients. Subsequently, enterovirus D68 accounts for only 26 cases (0.05% of
reported cases) in the US National Enterovirus Surveillance System in 1970-2005, with
the first case reported in 1987 [78]. Similarly, in enterovirus surveillance in the UK during
2004-201, there are only 14 cases of enterovirus D68 (0.5% of analysed strains), of
which 10 in 2009 [79]. Furthermore, in enterovirus surveillance in Belgium 2007-2018
[80] and Ireland 2005-2014 [81], there are no cases of enterovirus D68 until 2014.

In contrast to the sparse detection of the enterovirus D68, seroprevalence studies show
that almost all adults worldwide have antibodies to the virus (Table 2), indicating that in-
fections are widespread. The discrepancy between the ubiquity of infections indicated
by seroprevalence studies and the paucity of identified cases could be due to mild in-
fections not being detected by hospital-based testing. However, diagnostic challenges
are also likely to be critical. For instance, enterovirus D68 mainly causes respiratory
symptoms, whereas characterisation of enteroviruses within polio surveillance is per-

formed on stool rather than respiratory samples [82].

The challenge of identifying enterovirus D68 before molecular diagnostics and genotyp-
ing is illustrated by viral cultures mostly yielding negative results for samples tested
positive for enterovirus D68 by PCR [60, 83, 84]. Indeed, in European enterovirus
surveillance, enterovirus D68 is not detected in any country that does enterovirus typ-
ing by virus isolation and neutralisation assays [85]. Unlike other enteroviruses, the
capsid of enterovirus D68 is acid-sensitive [1, 86-88]. The acid-sensitivity may have
hindered detection by serotyping assays, as it was uncommon to do serotyping of acid-
sensitive viruses [86]. In addition, an identification of enterovirus D68 by serotyping is

hampered by a lack of antisera and immunofluorescence reagents [89].



Table 2. Seroprevalence studies of enterovirus D68.

Authors Location Collection Seroprevalence
year(s)
Smura et al. [90] Finland 1983, 1993, 2002 | 100%
Kamau et al. [68] United 2006, 2016 O to *90% of children
Kingdom =90 to =#100% of adults

Karelehto et al. The 2006 - 2007, 44 to 100% of children

[69] Netherlands | 2015 — 2016 85 to 100% of adults

Sun et al. [71] China 2010 20 to 83% of children
100% of adults

Sun et al. [91] China 2012 51to 64% of children

Harrison et al. [73] | Missouri, 2012 -2013 100% of children

USA 100% of adults

Liu et al. [74] China 2012 - 2017 62 to 100% of children
96 to 100% of adults

Chan et al. [67] Malaysia 2013, 2015 32 to 84% of children
82 to 90% of adults

Livingston et al. Missouri, 2017 100% of children

[75] USA

Lee et al. [70] Taiwan 2017 18 to 98% of children
100% of adults

However, even with molecular diagnostics, enterovirus D68 can still be missed due to
the low sensitivity of some PCR assays [84, 92] or misclassification due to cross-
reactivity in the assays with rhinovirus [93]. Nevertheless, with the introduction of
molecular diagnostics, the presence of enterovirus D68 was noticed worldwide (Table
3). A significant shift in epidemiology and awareness occurred in 2014, starting with a
cluster of severe respiratory illnesses in paediatric patients in the Midwestern US [94],
and concurrent cases of acute flaccid paralysis [95]. In Europe, a surveillance study of
the 2014 season detects enterovirus D68 in 14 of the 17 participating countries [92].
However, in contrast to the USA, in Europe, the infections cause a limited number of
admissions to intensive care units and only three cases of acute flaccid paralysis.
Nevertheless, the 2014 outbreak raised awareness about the virus and led to improved

surveillance as well as prospective and retrospective studies.



Table 3. Early studies of enterovirus D68

Authors Publication Location Collection Context*

year year(s)
Schieble et al. [77] 1967 California, USA 1962 Paediatric patients with respiratory disease
Savolainen-Kopra et al. [96] 2009 Finland 2004-2005 | Surveillance of military recruits
Wang et al. [97] 2010 California, USA 2003-2005 | Surveillance of military recruits
Centers for Disease Control and | 2011 Georgia, USA 2009-2010 | Implementation of multiplex PCR-testing
Prevention [98]
Imamura et al. [99] 201 The Philippines 2008-2009 | Paediatric pneumonia study
Kreuter et al. [100] 201 New Hampshire, | 2008 Case report, fatal meningoencephalitis

USA

Petitjean-Lecherbonnier et al. 201 France 2008 Genotyping of clinical samples
[60]
Piralla et al. [101] 201 ltaly 2008 Rhinovirus surveillance in hospitalised patients
Centers for Disease Control and | 2011 Pennsylvania, 2009 Outbreak, paediatric patients
Prevention [98] USA
Tokarz et al. [102] 201 New York, USA 2009 Outbreak, multiplex testing in ILI surveillance
Centers for Disease Control and | 2011 Arizona, USA 2010 Outbreak, paediatric patients
Prevention [98]
Hasegawa et al. [103] 201 Japan 2010 Paediatric patients hospitalised due to asthma
Kaida et al. [83] 201 Japan 2010 Surveillance of respiratory tract infections
Rahamat-Langendoen et al. [104] | 201 The Netherlands | 2010 Outbreak, multiplex PCR-testing of hospitalised

children

* ILI: influenza-like illness; PCR: polymerase chain reaction




2.1.2 Clinical manifestations of enterovirus D68 infection

2.12.1 Respiratory disease

The most common clinical presentation of enterovirus D68 infections are respiratory
symptoms, which can range in severity from mild to severe disease [105]. Outbreaks
result in increased hospital admissions due to respiratory illness, including admission to
intensive care units for respiratory support such as supplementary oxygen or ventilation
[94, 98,103, 104, 106-112]. Some reports suggest that enterovirus D68 causes a more
severe respiratory iliness than other enteroviruses or rhinoviruses [113, 114], whereas
others indicate that enterovirus D68 infections are not more severe [50, 110]. In the latter
case, the increased admissions would be the tip of an iceberg during large outbreaks.
Patients with severe respiratory disease caused by enterovirus D68 infection often have
underlying asthma [29, 48, 52, 60, 103, 106, 107, 109, 113-128].

The receptors for enterovirus D68 are found in the respiratory tract. Enterovirus D68
can use both a2,3-linked and a2,6-linked sialic acids as receptors, though with a prefer-
ence for the latter [129-131]. Of note, human influenza A viruses also use a2,6-linked sialic
acids as receptors, whereas avian influenza A viruses prefer «2,3-linked sialic acids [132].
The a2,3-linked sialic acids are found on alveolar cells in the lower respiratory tract and
only at low levels in the upper respiratory tract. In comparison, the a2,6-linked sialic
acids are present both in the upper and lower respiratory tract but not in alveolar cells
[133]. In conjunction with enterovirus D68 having an optimal growth temperature of 33°C

[87, 88,134], this may predispose the virus to cause upper respiratory tract infections.

2.12.2 Neurologic disease

Evidence has accumulated for enterovirus D68 being the causative agent of a form of
acute flaccid paralysis termed acute flaccid myelitis [135, 136]. The earliest clusters of
patients with this presentation are noted in the US during the 2014 outbreak. By Novem-
ber 2014, the US CDC had received reports of 88 cases, with a peak of cases in mid-
September [137]. With the increased awareness after the outbreak, retrospective studies
identify additional patients with acute flaccid myelitis and concurrent enterovirus D68
infection also before 2014 [49, 119, 138, 139]. In the scientific literature, the earliest
reported case is a young adult with acute flaccid paralysis and enterovirus D68
detected in the cerebrospinal fluid, reported to the US National Enterovirus Surveillance
System in 2005 [78]. The majority of cases with acute flaccid myelitis due to enterovirus
D68 are paediatric [30, 48, 51, 54, 119, 121,122, 124-126, 140-158], but there are also a few
reports of adult patients [30, 124,143, 150, 151, 155, 159, 160].

Awareness and timely sampling are critical for detecting enterovirus D68 in patients
with acute flaccid myelitis. In general, the workup of a patient presenting with neurologi-

cal symptoms would include an analysis of cerebrospinal fluid for neurotropic patho-
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gens, including enteroviruses. However, in patients with acute flaccid myelitis, entero-
virus D68 is mainly detected in respiratory samples [143, 145, 147-154, 156]. Moreover, the
detection of enterovirus D68 in patients with acute flaccid myelitis is challenging due to
the transient presence of the virus in the respiratory tract and as the neurological
symptoms may occur after the respiratory illness. Accordingly, enterovirus D68 is more
likely to be detected in patients with acute flaccid myelitis if the respiratory specimen is
collected close to the onset of respiratory [143,147,153] or neurological symptoms [150].
Detections of enterovirus D68 in cerebrospinal fluid are sporadic [78, 100, 142, 147, 150-
152, 155-157, 159-161]. Also, analysis of a stool sample, which is often done as part of polio
surveillance, can sometimes detect enterovirus D68 in patients with acute flaccid
myelitis [140, 150, 151, 154-156, 161-164].

213 Genotyping of enterovirus D68

There are more than a hundred recognised genotypes of enteroviruses. The classifica-
tion is based on the nucleotide sequence that encodes the capsid protein VP1. This part
of the genome correlates with the cross-neutralisation of antibodies, i.e, the serotyping
that was previously used for characterisation [7]. There is consensus that the threshold
for identifying enterovirus is that the VP1 nucleotide or amino acid sequence differs by
at least 88 or 75% from other genotypes, respectively. A genotype can be further
subdivided. In contrast to the consensus on the cut-off for distinguishing genotypes, the

further subdivision of genotypes is more arbitrary.

For enterovirus D68, the widely accepted subdivision is the classification by Tokarz et al.
[28]. This classification is based on a phylogenetic tree of VP1 gene sequences. The
classification identifies three clades: A, B, and C (Figure 2), and the estimated times of
the most common recent ancestors of the clades are 1997, 2007, and 1999, respectively
[28]. The three clades are further subdivided into subclades. The online enterovirus typ-
ing tool provided by the Dutch National Institute for Public Health and Environment [165]
is a convenient and accepted resource. Currently (as of April 2023), it distinguishes the
following subclades: Al, A2, B, B2, and B3. It also annotates early clusters not included in

the classification by Tokarz et al. [28].

2.1.4 Circulating clades of enterovirus D68 over time

Infections with enterovirus D68 are reported worldwide, but the patterns of circulation
and molecular epidemiology change over time and differ between continents (Figure 3).
In the reported cases from the 2000s, mainly variants outside clades A to C are found
[83, 88, 99, 119, 166-170]. Subclade B2 is detected in Europe in 2009 [56, 104, 114, 170] but
the circulation in the early 2010s is dominated by clades A and C [27, 28, 56, 58, 59, 104,
138,170-173].

ll



Figure 2. Clades and subclades of enterovirus D68
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Schematic representation of the relationships of enterovirus D68 clades A, B, and C,
defined by Tokarz et al. [28] as well as the prototypic Fermon strain, and subclades as
defined by the Enterovirus typing tool provided online by the Dutch National Institute for
Public Health and the Environment [165]. Early clusters not included in the classification
by Tokarz et al. [28] are shown in grey. The Fermon strain is in US62.

The figure was generated by querying the Enterovirus typing tool for the prototype
Fermon strain (accession number AY426531). Terminal nodes in the resulting Newick file
were collapsed to subclade level using FigTree v1.4.4 [174], and the figure was finalised
using Inkscape (Free Software Foundation).

In 2014, subclade Bl dominate during the outbreak in North America [124, 143, 145] and
also in Sweden [175], whereas subclade B2 dominates in most European countries [48,
92,176], and subclade B3 in Southeast Asia and China, [55, 167, 171,177]. Notably, in Japan,
there is no outbreak in 2014, but in 2015, there is an outbreak caused by subclade B3
(119,169, 178].

The enterovirus D68 sequences from 2016 contain almost exclusively sequences in sub-
clade B3 [48, 54, 116, 121,138, 179, 180], and since 2016, subclade B3 predominates in a
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co-circulation with subclade A2 (Figure 3). Whereas subclade B3 rapidly became domi-
nant after its first documentation in 2013, subclade A2 is detected since the late 2000s.
Clade C, present in the early outbreaks, has not been found since 2010, and the last
detections of subclades Al and B2 are from 2015. Notably, there is no significant circula-
tion reported from mainland China, despite large retrospective surveillance studies [57,
63, 66, 128,182-184].

2.1.5 Seasonality and circulation patterns of enterovirus D68

The circulation of enteroviruses is known to have a seasonal pattern. The timing of the
peak varies between the genotypes, with the species Enterovirus D peaking late, i.e., in
September [185]. In Sweden, the incidence of enteroviruses is correlated with relative
humidity but not temperature [186]. Dew point temperature, which depends on temper-
ature and humidity, is the climate factor that shows the strongest correlation with
enterovirus incidence, peaks appearing earlier as the humidity increases [185]. Further-

more, higher birth rates are associated with earlier but also lower peaks [185].

Moreover, the genotypes usually have more long-term circulation patterns, e.g., two,
three, or even more years between peaks [78-80]. Enterovirus D68 has a biennial
pattern in Europe and North America, with peaks in even years (Figure 3). Modelling of
enterovirus circulation in Japan shows that herd immunity fits well with data as a

possible explanation of the long-term patterns [47].

2.1.6 Immunity to enterovirus D68

Several studies show that antibodies confer protection against enterovirus D68
infection. In humans, individuals with lower antibody titres to enterovirus D68 have a
higher risk of a symptomatic acute respiratory tract infection than those with higher
titres [72]. In animal studies, mice are protected from paralytic disease and death upon
live virus challenge by passive immunisation, such as sera from virus-inoculated mice
[187], human intravenous immunoglobulin [188], and maternal antibodies from virus-like

particle immunisation [189].

As indicated by immune escape mutations in rhinovirus 14, amino acid residues contrib-
uting to neutralising epitopes on enteroviruses are present in all the three proteins ex-
posed on the surface of the virion, i.e, in VP1, VP2, and VP3 [6]. Nevertheless, the sensi-
tivity of enteroviruses to neutralising antibodies correlates best with the sequence of
the VP1 gene [7], indicating this protein harbours the most important neutralising
epitopes. Indeed, for coxsackievirus B4, a single mutation in the VP1 gene significantly

reduces the sensitivity to neutralising antibodies [190].

The putative neutralising epitopes of enterovirus D68 are inferred by structural
homology with rhinovirus 14 [191]. On rhinovirus 14, four major neutralising regions are
identified [6]. In enterovirus D68, two of the corresponding regions in VP1, namely the BC
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and DE loops, are disordered. The lack of a fixed structure at these sites might be a
mechanism for evasion of antibodies [191]. The other two immunogenic regions in rhino-
virus 14 involve amino acid residues in the VP2 and VP3. Accordingly, epitopes of mono-
clonal antibodies are also found in the VP1 GH loop, VP2 EF loop, and VP3 C-terminus
[192]. In line with this, characterisation of human neutralising antibodies showed that
several of these to bind to linear epitopes in VP1 or conformational epitopes spanning all
three proteins [193].

Whole-genome sequencing of enterovirus D68 shows that VP1is the most variable gene
[194], and that mutations in this gene mainly occur in the BC and DE loops [55, 170, 172,
176,180]. However, the diversity of the genome is not limited to the BC and DE loops
(Figure 4). Whereas several codons in the VP1 genes are under purifying selection, there
is no significant positive selection [27, 55, 129, 172, 180].

Figure 4. Mutation events across the genome of enterovirus D68
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Gene map on top. Diversity of nucleotides and amino acids as events per codon posi-
tion (y-axis), based on 976 genomes sampled between September 1997 and
September 2022. The codons of the BC and DE loops in VP1 are highlighted in purple
and fuchsia, respectively.

Figure downloaded from Nextstrain (www.nextstrain.com/enterovirus/d68 [21]) and
modified using Inkscape (Free Software Foundation).
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2.1.7 Neurovirulence of enterovirus D68

The evidence from animal and in vitro studies on the pathophysiology of neurological
disease is inconclusive. Likewise, whether any of the subclades have specific neuro-

virulent factors is not entirely clear.

2.1.7.1  Pathophysiology

Passaged strains, such as the prototypic Fermon strain, do not necessarily reflect in vivo
properties of the virus. For instance, there is a strain that is shown to have acquired a
culture-adaptive mutation that affects receptor use [195]. Furthermore, in an animal
study, three mutations completely (VP3:188V) or partially (3A:H47R, VPILIP) attenuate
the ability to cause death in mice [196]. However, these mutations are also among the
acquired mutations that arise during a sequentially passage in mice [197]. Thus, it must
be considered that the attenuation caused by these mutations can be due to an
adaptation to mice as a host species and may not necessarily reflect their importance
for the virulence of enterovirus D68 in humans.

In two-day-old Swiss Webster mice, four of five contemporary strains (one A2, two B],
one B2) cause paralysis upon intracerebral injection, whereas injection with the Fermon,
Rhyne, or one of the B2 strains does not [187, 198]. For one of the Bl strains, alternative
infection routes were also examined. The intramuscular injection causes paralysis in all
mice, whereas intranasal or intraperitoneal infection results in paralysis in less than 5%
of mice. Likewise, intramuscular injection of neonate wild-type mice (C57BL/6) with a
subclade B2 strain causes paralysis [199]. Notably, also the Fermon strain caused paraly-
sis in 4 of 5 mice upon intracranial injection in 4-week-old mice lacking the interferon
/B receptor [200]. In contrast, none of the strains tested, including a Bl strain and
Fermon, causes paralysis in any of the infected 10-day-old and 4-week-old C57BL/6
mice [200].

Upon intracerebral injection of 2-day-old Swiss Webster mice, enterovirus D68 can be
isolated from the spinal cord and again cause paralytic disease when injected into an-
other mouse [187]. In a respiratory disease model using 4-week-old mice lacking the in-
terferon af/y-receptors, virus is detectable in the brain and spinal cord at 1and 1-3 days,
respectively, after intranasal inoculation [197]. Likewise, intraperitoneal injection in 10-
day-old mice lacking the interferon af/y-receptors causes paralysis, and the virus is de-
tected in the spinal cord [201]. However, in 5-day-old mice lacking the interferon af/y-
receptors infected intranasally, the paralysis is due to myositis, and no virus is detected
in the spinal cord [201]. The latter consistent with the original characterisation of the
prototypic Rhyne strain [77], although in a recent study using 2-day-old Swiss Webster

mice, the Rhyne strain only infrequently causes paralysis [187].
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2.1.7.2 Tropism

In the only autopsy of a patient with acute flaccid myelitis, enterovirus D68 is detected
in motor neurons in the spinal cord [202]. In vitro studies show that enterovirus D68 can

infect and replicate in neuronal cells, but the details of neurotropism remain elusive.

Contemporary enterovirus D68 strains can replicate in neuroblastoma cell lines, primary
human neurons [195, 198], and human brain organoids [203]. Enterovirus D68 can also
replicate in a wide range of leucocytic cell lines, thus providing a means to reach
secondary target tissues and a potential reservoir that may cause a prolonged viremia
[90]. Moreover, in a mouse model, contemporary strains can reach the spinal cord by
retrograde transport in the axons of motor neurons [199]. In an in vitro model with in-
duced human pluripotent stem cells, the prototypic strains Fermon and Rhyne can also
use retrograde axonal transport [199], indicating that this is not an ability acquired by

contemporary strains.

In vitro, enterovirus D68 strains in clade B are independent of sialic acid as a receptor to
infect motor neurons derived from human induced pluripotent stem cells, in contrast to
Fermon, Rhyne, and clade A strains [199]; however, a study that uses a cell line derived
from chronic myelogenous leukaemia finds sialic acid-dependent as well as sialic acid-
independent strains both in subclades Al and B2 [131]. Furthermore, contemporary
strains can use ICAM-5 as a receptor [204]. However, although ICAM-5 is expressed at
high levels in the brain, it is not expressed in the spinal cord (Human Protein Atlas,
https://proteinatlas.org [205]) and the relevance of this finding to acute flaccid myelitis

is thus unclear.

In most in vitro studies, the optimal growth temperature of enterovirus D68 is 33°C [87,
88,134]. This is lower than the human core temperature and could favour replication in
the upper respiratory tract. However, studies using a neuroblastoma cell line [198] and
human brain organoids [203] find similar growth at 33°C and 37°C. Such ability to repli-
cate at core temperature could allow the virus to infect tissue in the central nervous

system.

2.2 Coronaviruses

Of the human coronaviruses, known as common cold coronaviruses, species 229E and
NL63 belong to the genus Alphacoronavirus, and species OC43 and HKU1 belong to the
genus Betacoronavirus. The genus Betacoronavirus also includes SARS-CoV-1, SARS-
CoV-2, and MERS-CoV belong to.
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2.21 Origins of human coronaviruses

2.2.11  Origins of common cold coronaviruses

Two common cold coronaviruses, 229E and OC43, were discovered in the 1960s. Two
additional common cold coronaviruses, NL63 and HKU1, were found in the 2000s,
following intensified research and surveillance after the outbreak in 2003 of the highly
pathogenic SARS-CoV-1[206].

It is estimated that OC43 originated in the early 20th century and 229E sometime
between the 18th and the early 20th centuries [33]. It is proposed that the emergence of
OC43 caused the pandemic in the 1890s called the “Russian flu” [207]. However, other

studies suggest that the pandemic was due to an H3N8 influenza A virus [208].

For the origins of the common cold coronaviruses, the two Alphacoronaviruses, 229E
and NL63, may have been transmitted to humans directly from bat reservoirs [206].
Alternatively, 229E could have entered the human population through an intermediate
host, such as camels [209]. The two Betacoronaviruses, OC43 and HKU]1, may originate
from rodent coronaviruses [206], and HKU1 may have had two independent introduc-
tions into the human population [209]. For OC43, the animal coronavirus that is most
closely related depends on the examined gene, with plausible ancestors including
ungulate, canine, murine, and rabbit coronaviruses [209]. This pattern suggests that the
evolutionary history of OC43 might include recombination between different animal

coronaviruses.

2.2.12 Origins of SARS-CoV-2

SARS-CoV-2 emerged in late 2019 in Wuhan, China. Bats are the natural hosts for
coronaviruses closely related to SARS-CoV-2. When and how the spillover from an
animal to a human occurred is subject to intense investigations and discussion. The
main hypotheses posit that it happened at the live-animal Huanan Market or the Wuhan
Institute of Virology. Several studies favour an origin from wildlife [210], with the live-
animal Huanan Market being the likely starting epicentre of the pandemic [211-213]. There
is less scientific evidence for the lab leak hypothesis, but historically in 2003 and 2004,
there were laboratory accidents with SARS-CoV-1, causing infections of laboratory staff

[214] and minor outbreaks [215], respectively.

2.2.2 Clinical manifestations of coronaviruses

Testifying to their collective alias, the most common manifestation of the commmon cold
coronaviruses is the common cold. Nevertheless, there are cases of severe disease
[206], and NL63 is also a cause of croup [216, 217]. In surveillance studies of 229E, more
than a third [218], and even a majority [219], of infections in children are not

accompanied by reported illness. Similarly, a case-control study finds commmon cold
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coronaviruses to be equally common among the cases of acute respiratory disease and

in the controls [220], indicating relatively mild infections.

However, a systematic review suggests that infections with the common cold corona-
viruses can also cause neurologic manifestations, such as fatigue, headache, febrile
seizures, and, in rare cases, central nervous system infections [221]. Additionally, for
OC43, in one report more than half of patients have symptoms from the gastrointestinal
tract [222]. In contrast to the common cold coronaviruses, SARS-CoV-1 causes a severe

respiratory illness, with a mortality rate of around 10% [223].

SARS-CoV-2 mainly causes respiratory symptoms with a flu-like or cold-like presenta-
tion, but fatigue, gastrointestinal symptoms, and changes in smell or taste are also com-
mon symptoms [224]. The infection fatality rate of SARS-CoV-2 increases with age,
before vaccines ranging from 0.1% in the forty-year-old age group to more than 8% in

the oldest age group of 80-year-olds and older [225].

2.2.3 Seasonality and circulation pattern of coronaviruses

As mentioned, the human coronaviruses 229E, HKU1, NL63, and OC43 and are some-
times called “seasonal coronaviruses” and they certainly live up to this designation.
Already early studies note the common cold coronaviruses occur in a seasonal and
cyclical pattern [219, 226-228]. The winter climate promotes coronaviruses’ survival and
facilitates transmission due to low temperature, low humidity, and low solar radiation

[229]. Indeed, infections in the temperate zone are mainly detected in the winter [230].

To briefly describe the initial spread of SARS-CoV-2 in Europe during early 2020, the
first cases detected were in Bavaria, Germany, but this introduction is successfully
contained [231]. Subsequently, there were independent introductions of the virus from
China to northern Italy [231], where the first major outbreak in Europe became apparent
in late February. From northern Italy, the virus is quickly spread across Europe [232].
Further European dissemination is likely to have occurred in late February or early March

due to superspreading in the Austrian Alps [233].

2.2.4 Immunity to coronaviruses

Infections with the common cold coronaviruses are common. In adults, the sero-
prevalence rate exceeds 90% for 229E, NL63, and OCA43, and is almost 60% for HKU1
[234]. The primary infections often occur within the first years of life [235, 236], and anti-
bodies are present in more than half of children by the age of two years [236-238],

Immunity to common cold coronaviruses is not long-lasting, and the early studies note
reinfections are common [218, 219, 226, 228, 239]. After a year, reinfections with common
cold coronaviruses are common [240]. Based on the half-life of antibodies, the median

time to reinfection by the common cold coronaviruses is predicted to be more than
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three years, and for SARS-CoV-2 to around 16 months [241]. Even so, in a community
surveillance study, common cold coronavirus reinfections with the same species and
genotype occur during a single season [242]. Similarly, in a challenge study of 229E, re-
challenge with the same strain after one year results in virus shedding and antibody
boosting, but no symptoms [243]. Furthermore, despite that the antibodies to common
cold coronaviruses are persistent and usually present at high levels, the risk of infection
does not correlate with antibodies levels, and there is little increase of antibody levels

after reinfection [244].

Neutralising antibodies to coronaviruses target the spike glycoprotein [8-12]. Phylo-
genetically, the trees of OC43 and 229E have a ladder-like structure, and most sites
under positive selective pressure are in the receptor-binding domain of the spike
glycoprotein [34, 245-248]. In addition to the topology of the phylogenetic trees, an in
vitro study also indicates that immune escape drives the evolution. In the study, the
neutralisation capacity of stored serum samples was tested against pseudoviruses
carrying different variants of the 229E spike protein [249]. The serum samples more
potently neutralise those spike variants that precede the collection date of the sample
than spike variants that only emerged after the collection date. This indicates that novel

spike variants emerge due to their ability to escape from existing antibodies.

2.3 Motivation for the studies

Enterovirus D68 caused a global outbreak in 2014. Many children were admitted due to
respiratory illness, and the possible connection to acute flaccid paralysis attracted
much attention. In Stockholm, we detected subclade Bl strains closely related to strains
in North America [175]. In 2015, we screened respiratory samples positive for enterovirus
using a laboratory-developed real-time PCR. However, we did not find enterovirus D68
in any enterovirus-positive sample during 2015; likewise, there were no reports of circu-
lation in Europe or North America in 2015. Thus, it was still unknown whether the out-
break in 2014 would be a singular event. However, in late August 2016, we detected an
upsurge of respiratory samples positive for enterovirus in the routine clinical diagnostics
at Karolinska University Hospital in Stockholm. At the time, there were few reports about
enterovirus D68, and therefore, in Paper |, we investigated the epidemiology of the out-

break in Stockholm.

At the time of Paper |, the genotyping of enterovirus-positive samples and phylogenetic
analysis of enterovirus D68 was mainly done by Sanger sequencing of the partial or
complete VPI1 region or, alternatively, by partial sequencing of the VP4/VP2 region (as
done in Paper I). Sequencing of the whole genome using next generation sequencing
would add resolution to the phylogenetic analysis, allowing to detect recombination and
examination of all genes. Deep sequencing would also enable the detection of minority

variants of the virus and the study of virus evolution within an infected individual.

20



Accordingly, in Paper I, we developed an amplicon-based method on a next-generation

sequencing platform.

The successful development of an assay for whole genome sequencing of enterovirus
D68 in Paper Il allowed a more detailed phylogenetic analysis of the outbreak in 2016
and the subsequent circulation in 2018. In Papers | and ll, the generated sequences
originated from patients in Sweden. However, enterovirus D68 circulates globally, and
(as shown in Paper II) the sequences of the viruses detected in Sweden were closely
related to international sequences. As enterovirus D68 outbreaks occurred in several in
2014 and 2016 seasons, for Paper lll, we invited colleagues from the recently formed
European Network on Non-Polio Enterovirus (ENPEN) to collaborate on the study of the
circulation in 2018. We also used sequences available in public repositories for the

analysis to be as comprehensive as possible.

In early 2020, the world was hit by the SARS-CoV-2 pandemic. A few months into the
pandemic, it was clear that the virus had established itself as a significant pathogen that
would not be possible to contain, and that the pandemic would sooner or later transit
into an endemic state. In an endemic state, knowledge about the epidemiology and
seasonality of the four common cold coronaviruses might be valuable. In Paper IV, we
analysed the available data at Karolinska University Hospital from clinical diagnostics for
the common cold coronaviruses.

To mitigate the spread of SARS-CoV-2, governments implemented unprecedented
measures, such as strict lockdowns and travel bans. Despite such efforts, the virus
spread globally, and Sweden was hit hard by the pandemic during the first half of 2020.
In Paper V, we investigated the introduction and early spread of the virus in Sweden
during the first pandemic wave. We used real-time PCR to retrospectively test stored
respiratory samples for SARS-CoV-2 and did whole-genome sequencing of SARS-CoV-

2-positive samples to generate sequences for phylogenetic analyses.
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3 RESEARCH AIMS

For this doctoral project, | set out to study the epidemiology of an emerging acute
respiratory infection virus, enterovirus D68. By studying the phylodynamics of the virus
my aim was to advance the knowledge about the following questions: Why did this
previously endemic and, seemingly, rather harmless virus emerge as a significant
pathogen? Had the virus become more virulent, or had it escaped immunity? My aims

for the project were thus to investigate:
* The epidemiology of enterovirus D68 infections

* The phylodynamics of enterovirus D68, i.e., the pattern of evolution and geographic

spreading
* The role of cellular immunity against enterovirus D68

However, before | had time to address all of these research aims, a new virus causing
acute respiratory infections emerged. The pandemic with the novel coronavirus SARS-
CoV-2 brought about unprecedented consequences, not only in a medical context but
even more so in everyday life in societies all over the globe. As cases and fatalities
rapidly increased, it was crucial that the attention and resources of virologists urgently
shifted to this new pathogen to begin to build knowledge about it and provide, at least
provisional, estimates on how the pandemic could unfold. Therefore, the aims of the
doctoral project on the epidemiology of emerging respiratory virus infections were

extended to include:
* The epidemiology of common cold coronaviruses

* The spread of SARS-CoV-2 into and within Sweden during the initial phase of the

pandemic

When | started my doctoral project on the epidemiology and evolution of enterovirus
D68, | did not imagine that | and everyone else would soon have our lives overturned by

a pandemic caused by an emerging respiratory virus.
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4 METHODOLOGICAL CONSIDERATIONS

4.1 Data sources

4.1.1 Laboratory-based sampling

In Papers |, 11, 1ll, and IV, we used data from routine clinical diagnostics for molecular
diagnostics of respiratory virus infections. The studied population was the catchment
area of the Department of Clinical Microbiology at Karolinska University Hospital, which
covers six of the seven emergency hospitals in the Stockholm Region and approximately

half of the outpatient care in the region.

The current laboratory information system Department of Clinical Microbiology covers

the results of analyses since September 14, 2009. The study period for investigating the
epidemiology of the common cold coronaviruses in Paper IV was thus a matter of con-
venience but still provided a sufficient timeframe to evaluate the long-term patterns of

common cold coronavirus circulation.

In Paper V, we performed a diagnostic SARS-CoV-2 PCR on respiratory samples. The
samples had originally been submitted for molecular diagnostics by healthcare provid-
ers in Stockholm Region. These samples had not previously been tested for SARS-CoV-
2.In this paper we also sequenced SARS-CoV-2-positive samples from patients diag-
nosed at the Departments of Clinical Microbiology at Karolinska University Hospital
(Stockholm), Orebro University Hospital (Orebro), and Sahlgrenska University Hospital
(Gothenburg).

4.1.2 Retrieval of sequences from repositories

In Paper |, we retrieved a reference dataset of enterovirus sequences with the highest
nucleotide similarity of the VP4/VP2 region in GenBank (www.ncbi.nlm.nih.gov/genbank/)
using the NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). In Papers Il and lll, we

retrieved sequences and metadata of records labelled as enterovirus D68 in GenBank
using the interface NIAID Virus Pathogen Database and Analysis Resource [250]
(http://www.viprbrc.org/). As GenBank is not a curated database, and we would fail to

obtain sequences not labelled as enterovirus D68.

In Paper V, we retrieved SARS-CoV-2 sequences and metadata from GISAID
(https://gisaid.org/). GISAID is a semi-open database for which one needs to register a

personal account to upload or access sequences. Sequences are curated on upload, but

the details of this curation are not described.
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413 Contact tracing information for SARS-CoV-2

In Paper V, we obtained data about the presumed location for contracting SARS-CoV-2
from the registry SmiNet at the Public Health Agency of Sweden (Folkhalsomyndigheten)
as registered by the treating physician or local infection control units, and from contact-
tracing records at the Infection Control Units (Smittskydd) in Stockholm, Vastra Géta-
land, and Orebro. Even though the information is likely to be correct for most cases, it is
difficult to exclude that some infections have incorrectly been attributed as contracted
abroad, due to recent travel history. Likewise, some infections may incorrectly have

been recorded as contracted in Sweden if information about recent travel was missing.

To estimate the onward transmission of SARS-CoV-2 from introductions, we inspected
the Swedish sequences in the phylogenetic tree. We considered a case to have resulted
in onward transmission if there was any Swedish case with an identical or descendent
sequence for which the exposure was or missing exposure data. However, note that not
all domestically contracted infections would represent community transmission, as
some were household members or other direct contacts to cases infected abroad. Thus,

our approach should yield a conservative estimate of onward transmission.

4.2 Laboratory methods

4.2.1 Clinical routine diagnostics of respiratory viruses

All data from routine clinical diagnostics were from accredited and validated assays. In
Papers | and ll, we used a laboratory-developed assay to detect enterovirus and rhino-
virus [251], and in Paper lll, the commercial Allplex assay (Seegene Inc.). For the
detection of enterovirus D68, in Papers |, Il, and lll, we used a laboratory developed
enterovirus D68-specific real-time PCR. This assay was based on the primers and probe
by Piralla et al. [252]. It had been validated at the Karolinska University Hospital

(unpublished data) and was used for routine clinical diagnostics.

In Paper IV on the epidemiology of common cold coronaviruses in Stockholm during
September 2009 to April 2020, different diagnostic assays for the detection of respira-
tory viruses were used during the study period (Figure 5). The assays in the routine clini-
cal diagnostics at our laboratory changed over time in response to requirements to fac-
tors such as capacity, cost effectiveness, and turn-around time. Two parallel multiplex
panels were used in the routine clinical diagnostics: one smaller, detecting influenza A
and B viruses and respiratory syncytial virus, and an extended panel that detected an
additional 12-13 viruses (Figure 5), including assays for detecting the common cold
coronaviruses. The laboratory-developed test by Tiveljung-Lindell et al. [251], which was
used until November 2017, contained specific assays for each of the common cold
coronaviruses, whereas the Allplex assay, which was used after November 2017, did not

differentiate of the Betacoronaviruses OC43 and HKU1.
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Figure 5. Assays for molecular diagnostics of respiratory virus infections
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Diagnostic assays used in Papers |, II, lll, and IV. The smaller panel included influenza A

and B viruses and respiratory syncytial virus. The extended panel included: common
cold coronaviruses (229E, NL63, OC43, and HKU1), adenovirus, enterovirus, bocavirus,
metapneumovirus, parainfluenza viruses 1, 2, and 3, and rhinovirus. The Allplex assay
also included parainfluenza virus 4 but did not differentiate the Betacoronaviruses
0OC43 and HKU!1.

Laboratory-developed test by Tiveljung-Lindell et al. [251];

Allplex = Allplex Respiratory Panels 2 and 3 (Seegene Inc., Seoul (South Korea));
Simplexa = Simplexa Flu A/B & RSV Kit (Focus Diagnostics Inc., Cypress (CA, USA));
Xpert = Xpert Flu/RSV (Cepheid, (Solna, Sweden)).

4.2.2 Considerations on the molecular methods

4.2.2.1 Choice of assay for enterovirus D68-specific real-time PCR

In addition to sequencing, genotype-specific real-time PCR can be a cost-efficient and
rapid alternative during outbreaks [253]. We used a laboratory-developed enterovirus
D68 specific real-time PCR for this purpose in two of our studies. Thus, in Papers | and lll
we used the real-time enterovirus D68-specific PCR to select samples for sequencing.
For the enterovirus D68-specific real-time PCR, we used the primers and probe by
Piralla et al. [252]. We chose this assay in 2015 after an in-silico evaluation of published
assays, using alignments of sequences from enterovirus D68 and other enteroviruses.
We then chose assays with a short amplicon and an apparent good specificity for fur-
ther wet-lab evaluation. This showed that the primers and probe by Piralla et al. [252]
required the fewest cycles for target detection, which indicated that this assay had the

highest sensitivity (unpublished data).

4.2.2.2 Considerations on enterovirus genotyping by Sanger sequencing

The recommended region for genotyping of enteroviruses is the VP1region, and alterna-
tively, sequencing of VP4/VP2 can be used [253]. In Paper |, we genotyped enterovirus-
positive samples by Sanger sequencing of the VP2/VP4 region [254]. This protocol was
validated and used at the Department of Clinical Microbiology at the time of the out-

break in 2016, which allowed for a rapid genotyping of enterovirus-positive samples.
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However, most international enterovirus D68 sequences in GenBank covered the VP1
region. Since sequences can only be compared within the same region, our choice to
use sequencing of the VP4/VP2 region in Paper | was thus a trade-off between the
number of international sequences we could compare our sequences to and the

timeliness of the results.

4.2.2.3 Choice of platform for whole-genome sequencing of enterovirus D68

For the whole-genome sequencing of enterovirus D68 developed in Paper I, we used
the lllumina platform. The Nanopore and PacBio platforms were possible alternatives.
Sequencing on lllumina generates much shorter reads than on Nanopore but has higher
fidelity [255]. Although a consensus sequence obtained from Nanopore platform would
have sufficient accuracy, intrasample single nucleotide polymorphisms would be more
difficult to interpret and trust. The PacBio was an alternative that offered long high-
fidelity reads. As our aims was to analyse intrasample variability, the lllumina or the Pac-
Bio platform were our preferred options. lllumina was chosen because the access to
PacBio was very limited, whereas we had access to a well-established workflow for

lllumina sequencing in collaboration with Clinical Genomics at SciLifelLab.

4.2.2.4 Considerations for classification of enterovirus D68

The nomenclature by Tokarz et al. [28] is the most used classification of enterovirus D68
sequences. It is adopted by the Dutch National Institute of Public Health and the
Environment, which provides the online Enterovirus typing tool [165]. It is proposed to
designate subclade A2 as clade D as the genetic variation in VP1 between Al and A2 is
like that between the Al, B, and C clades [256]. Further subdivisions into subclades D1
and D2 [257] and even D3 [63] are also proposed. Nevertheless, in Papers Il and lll, we
used the designation A2. The reason was to align with the nomenclature of the Entero-

virus typing tool to facilitate communication and reproducibility.

4.2.2.5 Considerations on the classification of SARS-CoV-2

SARS-CoV-2 is categorised into variants based on whole-genome sequencing. The
three major naming systems for this categorisation are Nextstrain, Pangolin, and WHO
(Table 4).
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Table 4. Naming systems of SARS-CoV-2

System Naming rule Format Example

Nextstrain | Frequency threshold Year + letter 19A, 20A, 20C

Pangolin Phylogenetic criteria Letter + numbers | A, B.1.177, B.1.1.529
discerning lineages

WHO Naming of variants of Greek alphabet Alpha, Delta,
concern Omicron

In general, the Nextstrain clades and the Pangolin lineage are compliant. The Pangolin
system is more fine-grained and contains more lineages than Nextstrain. Thus, in
general, several Pangolin lineages would correspond to one Nextstrain clade. However,
there was a crucial exception for the variants present during the first pandemic wave:
sequences in Pangolin lineage B.1 were classified in Nextstrain clades 20A or 20C (Figure
6). Thus, the Nextstrain classification provided a better resolution for these early
sequences. Since more than two-thirds of the Swedish sequences in the study for
Paper V were classified as B.1, we chose the Nextstrain classification to resolve these
better.

Figure 6. Classification of SARS-CoV-2 sequences

Clade | Lineage(s)
19A B, B.3, B.39, B.4, B.40, B.55

19A
l—‘—i 198 | A

19B 20A B.1.465, B.1.91

20A
B.1

20B 20C

20C
H B1324, B1428
20D 20B | B11, B11135, B11174, B11.409, B1533
20D | B111

Left: Schematic overview of the Nextstrain clades relationships. 19A is the root
clade containing the reference strain Wuhan-Hu-1.
Right: Nextstrain clades and corresponding Pangolin lineages. The clades and

lineages are limited to those detected in Sweden until June 2020.

4.3 Construction of phylogenetic trees

The evolutionary relationships between species or organisms can be visualised by
phylogenetic trees. Table 5 lists the main approaches for constructing a phylogenetic
tree [20]. Clustering methods use a distance matrix, whereas tree-searching methods

evaluate the nucleotide distribution per site in an alignment of sequences. The number
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of possible trees increases super-exponentially with the number of sequences. Thus, it
is usually computationally impossible to perform an exhaustive search and evaluation of
all possible trees with tree-searching methods; instead, heuristic search methods are
used to find the “best” tree.

Table 5. Methods for phylogenetic inference

Approach | Features

Clustering method

Neighbor Computationally effective. Produces a correct tree topology
joining if the distance matrix is sufficiently correct [258].

Tree search methods

Maximum Searches for the tree with maximal parsimony score, i.e., the
parsimony | smallest number of evolutionary events. Does not account
for non-observed substitutions and unequal substitution
rates between nucleotides and sites. May suffer from “long
branch attraction”.

Maximum Searches for a tree that maximises the probability of the
likelihood | alignment given the substitution model. Requires extensive
computation.

Bayesian Assumes a prior distribution of possible trees and generates
inference posterior probabilities for the trees. Requires very extensive
computation.

4.3.1 Considerations on the methods for constructing phylogenetic trees

In Paper |, we used MEGA for alignment and maximum-likelihood tree construction of
sequences from the 2016 enterovirus D68 outbreak. In the Papers Ii, lll, and V, we
instead aligned sequences and constructed phylogenetic trees using Nextstrain’s pipe-
line Augur [21] in the workflow engine Snakemake [259]. In the default version of the
pipeline, sequences are aligned by MAFFT [260], a maximum-likelihood tree is
constructed by IQ-TREE [261], followed by the generation of a time-scaled phylogeny by
TreeTime [262]. For SARS-CoV-2, there is an adaptation in the default settings such that
sequences are aligned by Nextalign. As SARS-CoV-2 sequences are highly similar,
Nextalign enables a quicker processing by using a codon-aware pairwise alignment to a

reference sequence [263].

In Paper V, | modified the Augur pipeline by using MAPLE [264] for the tree construction.
This allowed to construct a phylogenetic tree of all SARS-CoV-2 sequences in the

dataset. However, | also constructed a time-scale phylogenetic tree that included a
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small subset of the international sequences, as the size of the tree that contained all
sequences only allowed generation of a divergence tree from the MAPLE output. MAPLE
uses a more concise genome data representation that only annotates differences to a
reference genome and is hence more condensed than the fasta and vce formats. This is
computationally more efficient and allows for processing of huge datasets. Furthermore,
MAPLE uses a maximum parsimonious likelihood that results in higher accuracy than 1Q-
TREE in large datasets of SARS-CoV-2 [264]. This is possible due to the very dense
sampling of SARS-CoV-2 genomes: branches in a phylogenetic tree of SARS-CoV-2 are
usually defined by a single mutation, and long branches are rare. Under such conditions,
optimisations of the phylogenetic tree show a linear correlation between the parsimony
score and the likelihood, i.e,, a maximising of the parsimony score will also optimise the
likelihood [265]. Thus, for SARS-CoV-2, a more accurate tree can be obtained using
maximum parsimony since the method allows for a more extensive exploration of the

tree space.

4.4 Statistical analyses

| used ordinary statistical methods in my studies, i.e, typical tests for evaluating null
hypotheses (e.g., Wilcoxon rank-sum test) and regression analyses to estimate relation-

ships between variables.

4.5 Ethical considerations

The Regional Ethical Review Board or the succeeding Swedish Ethical Review Authority

approved all studies in the thesis.

4.5.1 Research performed without informed consent

We performed in-depth analyses of results from routine clinical diagnostics with
informed consent waived by the ethical review authorities. An ethical issue to consider
was that the samples had been submitted for a diagnostic purpose, and the patients
were unaware that the samples were also being used for research purposes. Hence, the

issue concerned the patients’ autonomy.

If enteroviruses are detected in the stool or cerebrospinal fluid, the specimen is
routinely genotyped as part of the national poliovirus surveillance program. One could
argue that a similar genotyping of enterovirus-positive samples was performed on an-
other type of specimen, namely respiratory specimen. Also, if enterovirus D68 was
detected, this was reported to the patient’s medical record and might thus provide
additional information for the treating clinician about the cause of symptoms. Further-
more, for enterovirus D68, the additional analyses performed were directly related to

the original clinical request for enterovirus diagnostics.
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For the retrospective tests for SARS-CoV-2 on stored respiratory samples, testing for
this pathogen had not been requested by the submitting physician. In addition, at the
time of analysis, SARS-CoV-2 was a disease of public danger (“allmanfarlig”).
Anonymising the samples before analysis was not feasible as the collection date and
information on country of exposure were of critical interest for the subsequent analysis.
We deemed that we were not in the position to decide whether revealing a positive test
result would benefit or harm the patient. In accordance with the ethical approval, we
reported a positive SARS-CoV-2 test result to the treating physician who decided
whether to inform the patient or not. As the analyses were performed more than a year

after sample collection, the results were not expected to influence patient care.

4.5.2 Protection of personal integrity

In all medical research it is crucial to protect the personal integrity of the study subjects.
Therefore, it should not be possible to identify any single individual in the publications or
other scientific reports. Hence, specific data or details may need to be limited to pre-
serve personal integrity. Even so, it is challenging to ensure anonymity if a manifestation
is rare, such as acute flaccid myelitis. Accordingly, in Paper |, the ages of the patients
with severe manifestations of enterovirus D68 were provided only in age ranges, and
likewise, the details regarding underlying diseases were not disclosed. Similarly, in the
study of SARS-CoV-2 in Paper V, we needed to consider at what level of detail the data
on exposure abroad, sampling date, and geographic location should be presented to

preserve anonymity.
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5 RESULTS AND DISCUSSION

In my doctoral project, | have applied molecular epidemiology to study acute respiratory
virus infections caused by enterovirus D68, common cold coronaviruses, and SARS-
CoV-2. The studies were performed to increase our understanding of two emerging
virus infections. The characteristics of enterovirus D68 and coronaviruses and their
infections have both parallels and differences. Similar to the increased attention to
enterovirus D68 after the 2014 outbreak, the SARS-CoV-2 pandemic increased atten-
tion to the common cold coronaviruses. In contrast to enterovirus D68, which has been
circulating in humans for a long time, SARS-CoV-2 originated from a very recent intro-
duction into humans. Furthermore, there was a huge difference in the number of
available sequences in data repositories: the total number of whole-genome sequences
of enterovirus D68 was surpassed by the number of Swedish SARS-CoV-2 sequences

from the first pandemic wave.

5.1 Epidemiology of enterovirus D68

For enterovirus D68, in Paper |, we timely detected an outbreak in Stockholm in 2016 by
using a real-time enterovirus D68-specific PCR, and in Paper I, we developed an assay
for deep whole-genome sequencing. Through phylodynamic analyses in Paper lll, we
found a continuous antigenic evolution and a rapid geographic mixing. Together, these

findings suggested undetected reinfections of adults (Figure 7).

In general, the severity of an infection depends on both host factors, such as immunity,
and virulence factors of the pathogen, such as tropism. In the case of enterovirus D68, it
is discussed whether the recent increase in severe respiratory and neurologic disease
cases is due to an overall increase of enterovirus D68 infections or if the virus has come

to cause more severe infections.

5.11 Seasonality of enterovirus D68

By analysing samples submitted for clinical diagnosis, we documented an outbreak in
Stockholm in the early fall of 2016. The outbreak lasted four weeks and peaked in the
first week of September (Paper I: Figure 1A). This peak time is consistent with several
other studies that show enterovirus D68 to mainly be detected in the summer and
autumn [29, 30, 48, 49, 85,107, 116-118, 120, 123, 125, 126, 155, 168, 170, 176, 266-270]. The
time of the peak may be due to a combination of favourable climatic factors and the

end of the summer holidays.

5.1.2 Pattern of circulation of enterovirus D68

During my doctoral project, the circulation of enterovirus D68 occurred in even
numbered years. In Paper | we showed that the 2016 outbreak was preceded by a high
prevalence of enterovirus-positive respiratory samples in 2014, followed by few
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enterovirus-positive samples in 2015, none of which were enterovirus D68 (Paper I
Figure 1B). The subsequent detections of enterovirus D68 in Stockholm were in 2018,

which we characterised in our European multicentre study in Paper lil.

Figure 7. Hypothesis for the geographic spread and antigen evolution of enterovirus D68
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Immunity in adults exerts selective pressure on the evolution of enterovirus D68 by
promoting the onward transmission of variants that escape existing antibodies acquired in
previous infections. Travelling infectious adults disseminate enterovirus D68 geographically.
Children are more prone than adults to symptomatic diseases due to a lack of previous
immunity and differences in the anatomy and physiology of the respiratory tract. Thus,
children are more likely to attend healthcare and be sampled, and enterovirus D68 is more

likely to be detected in children than adults. lllustration created using Biorender.

The biennial circulation pattern in Stockholm was consistent with the patterns in Europe
and North America (Figure 3). Accordingly, a systematic screening of clinical samples in
France also shows a biennial pattern of enterovirus D68 circulation, with more positive
samples in 2012 than in 2014 and oscillations of the size of the effective global popula-
tion [29]. The oscillations of the effective global population could indicate repeated
cycles of bottleneck events followed by rapid expansion. Such cycles could be due to
the depletion of susceptible individuals followed by outbreaks due to immune escape
mutations or sufficient replenishment of the pool of susceptible individuals. The preva-
lent circulation in 2012 is interesting because it counters the notion that there were
more infections during the 2014 outbreak than in previous years.
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As in Europe, in North America since 2014, the circulation has a biennial pattern, with few
or no clinical cases in odd years, albeit with fewer cases than expected in 2020, pre-
sumably due to infection control measures during the SARS-CoV-2 pandemic [118, 120,
123-125, 138, 267, 268, 271]. However, despite the dominant circulation in even numbered
years in Europe, the proportion of samples positive in Germany is similar [49] and even
higher [48] in 2013 than in 2014, there is widespread circulation in Wales in 2015 [51], and
there is circulation in Sweden and several other European countries in late 2019 [30].
Indeed, modelling of US data suggests that the biennial pattern may be a transient
feature that is sensitive to stochastic demographic effects that affect population size,
i.e, number of births and deaths [270]. This is in line with the modelling of enterovirus
incidence that shows the birth rate to be a determinate of when the susceptible

population is large enough for an outbreak of a particular serotype to occur [47].

5.1.3 Age distribution of patients with enterovirus D68

Among patients diagnosed with enterovirus D68 infection during in the 2016 outbreak
described in Paper |, 60 of 74 patients were children, of whom 32 were in the age group
1-5 years. However, regarding the proportion of positive samples per age group, this was
the highest in the age group 6-18 years (16 of 20 tested patients) and was also high in
the adult age group (14 of 29 tested patients).

In Paper lll, we found that while all subclades of enterovirus D68 were found in children,
subclade A2 was overrepresented in adults, particularly in the elderly (Paper IlI: Figure
3A). Furthermore, subclade Al was detected in older children than the B subclades, and
it was also detected in adults. Paper lll included all available sequences and metadata
from GenBank from other researchers who had also found this predominance of sub-
clade A2 among adults and the elderly [49, 54, 55, 63, 116, 122, 155, 272].

There may be a sampling bias that favours the detection of enterovirus D68 in children.
Although enterovirus D68 was common among the sampled adults during the outbreak
described in Paper |, children may be more likely than adults to have symptomatic
enterovirus D68 disease. This could be due to differences anatomy and physiology of
the respiratory tract, and a difference in pre-existing immunity. Additionally, sample
practices for paediatric patients and adult patients may differ. Thus, in Paper IV, in
which we analysed data from more than ten year of clinical diagnostics, requests for
analysis of respiratory viruses with the extended respiratory virus panel was much more
common in preschool children than in adults (Paper IV: Figure 4A). Therefore, there may
have been relatively more undetected infections in adults. In line with this, in active
community-based surveillance in Canada in 2014, all age groups have an increased and
similar proportion of enterovirus D68-positive specimens, but paediatric patients under
five years of age have a hospitalisation incidence due to enterovirus D68 infections that

is approximately 20 times higher than that of adult patients [124].
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As the subclade is unknown at the time of sampling, the overrepresentation of subclade
A2 in adults and the elderly cannot be explained by a sampling bias. The finding
suggests that subclade A2 infections in the elderly were either more common than
infections with other subclades or caused more severe symptoms, which prompted the
sampling and detection. The overrepresentation of subclade A2 disease in adults and
elderly could be due to either immune escape or the phenomenon known as “original
antigenic sin". The concept of “original antigenic sin” was first introduced to explain
different responses to influenza vaccination [273]. In short, it refers to when an initial
exposure to an antigen creates an immunological imprint, thereby influencing the
subsequent immunological responses to similar antigens [274, 275]. Hence, if older
people have previously been exposed to viruses that are antigenically more similar to
the B clade than the A clade, they may have better protection if later infected with clade

B viruses.

The emergence of strains with different antigenic properties is suggested as a possible
cause of the increase in enterovirus D68 diagnoses during the 2000s [129]. Although
enterovirus D68 is classified as a single genotype based on nucleotide and amino acid
similarity, there are differences in the cross-neutralisation between clades and sub-
clades. Thus, antibodies to clades A and B, respectively, have reduced neutralising
capacity to the opposite clade, and the cross-neutralising effect against the Fermon
strain is even lower [129, 192, 193, 276].

Antigenic drift of enterovirus D68 is indicated by the decline in neutralising titres to the
Fermon strain in pregnant women sampled in Finland over three decades, despite sero-
prevalence remaining at 100% [90]. In line with this, sampling in the Netherlands in
2006-2007 and 2015-2016 shows higher titres in children to a B3 strain than the
Fermon strain, whereas adults have higher titres to Fermon than to B3 [69]. In contrast,
adults in the UK sampled in 2006 have higher antibody titres to strain B3 than strains A2
and Fermon [68], whereas in children under five the titres to subclades A2 and B3 are
similar. For these studies, it should be noted that the sampling in 2006 is around the
estimated time of emergence of the B clade but before the B3 subclade, estimated to
be around 2006 and 2009, respectively (Paper llI: Figure 1A). Similarly, in Missouri, USA,
seroprevalence in samples collected in 2012-2013 is 100% for Fermon and B1 strains but
91% for a subclade A2 strain [73].

Thus, the reason for more detections of subclade A2 in adults and elderly may be due to
prior exposures to clade B-like viruses, which would provide a better protection against
clade B viruses but worse against clade A viruses. Also, the limited cross-neutralising

capacity between clades A and B may explain their co-circulation since the 2010s.
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5.114 Acute flaccid myelitis

In Paper |, we describe three patients with acute flaccid myelitis in the 2016 outbreak, of

which all were infected with subclade B3, and one was an adult.

It appears that there has been a recent increase in patients with acute flaccid myelitis
due to enterovirus D68. In evaluating the reason for an increase, it should be considered
whether there has been an actual increase of cases, or if more cases are detected due
to an increased awareness. Patients with acute flaccid paralysis were also identified in
the US prior to 2014, but in 2014, the cases occurred in a temporal cluster rather than
irregularly as in previous years [277]. Similarly, in Sweden, already the temporal clustering
of a few such cases during the autumn in 2014 caught the attention of the paediatric
neurologists in Stockholm [278]. Thus, it seems more likely that the cases of acute
flaccid myelitis due to enterovirus D68 have actually increased, rather than having gone
unnoticed previously. Such increase could be due to either an increase in the number of
enterovirus D68 infections, resulting in a parallel increase of the number of cases with
rare manifestations, or due to the infecting viruses having acquired novel properties.
Also, the age of primary infection should be considered, as for polioviruses the main
hypothesis posits the increase of cases with paralytic diseases in the 20th century is

due to an increased age of infection [279].

Whether there has been an increase in the numbers of enterovirus D68 infections is
difficult to assess due to the challenges in identification before molecular diagnostics.
Nevertheless, in Pennsylvania, USA, in 2009-2018, the number of cases with acute flac-
cid myelitis is correlated with the proportion of respiratory samples positive for entero-
virus or rhinovirus that are genotyped as enterovirus D68 [138]. In retrospective testing
of samples in Ohio, USA, there are more detections in 2014 than in any of the previous
three years [113]. In addition, based on differences in seroprevalence, it is estimated that
in the UK, infections in the age group 0.5-1years increased by around 50% from 2001-
2005 to 2012-2016 [68]. As for the age of primary infections, Taiwanese children
younger than 6 years are more likely to be seropositive if they have siblings or attend
day-care [70]. Thus, changes in demographics and social patterns could have impacted
the number of infections and age when primary infections occur. However, due to the
scarce data before molecular diagnostics it is difficult to further evaluate whether there

have been any substantial changes in the epidemiology.

Mainly viruses in enterovirus D68 clade B are detected in patients with acute flaccid
myelitis. Most of these are in the subclades B1[124, 143, 145] and B3 [30, 54, 121,125, 140,
141,149, 154,155, 159, 163, 164], but a few cases infected with subclades B2 [140, 146, 280]
are also reported. Notably, subclade B2, which is reported in the European cases of
acute flaccid myelitis in 2014 and 2015 [140, 146, 280], was not a new subclade in the

region but had been present since at least 2009 (Figure 3). Nevertheless, neurovirulence
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cannot be an exclusive property of clade B as there are also patients with acute flaccid
myelitis in whom subclade A1[162, 169] has been detected.

It is suggested that enterovirus D68 subclade Bl has acquired neurovirulent properties
by mutations that are homoplastic, i.e., corresponding, with residues in other neuro-
virulent enteroviruses [143, 281]. As also subclades Al and B2 have been detected in
patients with acute flaccid myelitis, this hypothesis would be strengthened if these
mutations would be present also in the strains from these patients. However, all but one
of the sequences from the patients infected with subclades Al and B2 are short partial

VP1sequences.

In conclusion, it is difficult to separate the effects of possible epidemiologic changes
that may have caused an increase in cases of acute flaccid myelitis. Thus, the increase
may be due an overall increase of infections, an altered age of primary infection, and a
possible acquisition of neurovirulent properties by contemporary strains. The domi-
nance of enterovirus D68 clade B infection among patients with acute flaccid myelitis
may be because acute flaccid myelitis occurs mainly in children, in whom clade B

dominates.

5.2 Phylodynamics of enterovirus D68

For the phylogenetic analyses, we generated sequences from enterovirus D68-positive
samples detected in clinical diagnostics and retrieved sequences available in the public
sequence repository GenBank. We found that enterovirus D68 had a rapid geographic
mixing and a positive selection in neutralising epitopes. These findings suggested that
although enterovirus D68 was detected mainly in the preschool population, it may be

asymptomatic infections in adults that explain the evolution and geographic spread.

5.2.1 Geographic dispersal of enterovirus D68

In Paper |, in which we investigated the 2016 outbreak in Stockholm, we did Sanger
sequencing of VP4/VP2 region and found that the Swedish sequences in subclade B3
clustered with sequences from North America (Paper I: Figure 2). The whole-genome
sequencing assay developed in Paper Il allowed analyses with higher resolution and
showed that the outbreak was due to multiple virus introductions with further local

transmission (Paper Ii: Figure 6B).

In Paper I, we estimated the time of the last common ancestor of the subclades Bl and
B3 to the first half of 2009. This estimate suggests that subclade B3, which caused the
European 2016 outbreak, had been circulating for several years before it was detected in
2014 in Southeast Asia and China (Figure 3). In Paper lll, we found that the subclade B3
strains detected in 2018 were mainly derived from the preceding 2016 circulation, in
contrast to the relatively deep roots of the B subclades that dominated the 2014 and
2016 seasons (Paper lII: Figure 1). One of the subgroups within subclade A2 from 2018
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also had deep roots with the time of the most recent common ancestor being
estimated to 2014.

Our phylogenetic analysis suggested that a significant undetected circulation main-
tained diversity between outbreak seasons (Paper lll: Figure 2). The diversification of the
European and American 2018 subgroups in the B3 subclade began approximately one
year before the outbreak. Furthermore, despite the presence of hundreds of lineages
during each seasonal outbreak (i.e., 2014, 2016, and 2018), the lineages derived from
fewer than ten ancestral lineages at four years before each of these outbreaks. In 2018,
the B3 sequences detected in Europe and North America had their closest ancestors in
Asia, and the A2 sequences had their ancestors in China. Thus, the strains did not share

the geographical location with their ancestors, suggesting rapid geographical mixing.

5.2.2 Antigenic evolution of enterovirus D68

In Paper lll, we analysed the antigenic evolution of enterovirus D68. We found an in-
creased rate of amino acid substitutions that was not limited to the putative neutralising

epitopes in the BC and DE loops of the VPI.

In 2018, the North American sequences clustered into an almost exclusively North
American subgroup within subclade B3. This subgroup was found to have a novel amino
acid pattern in the BC loop, and the pattern in the DE loop in North American sequences
had not previously been detected in North America (Paper lII: Figure 4 D, E). In addition,
all A2 sequences in 2018 had a novel pattern in the BC loop. In the VP1 gene, there was a
relatively uniform rate of synonymous mutations across the gene; in contrast, there
were spots of non-synonymous mutations, the rate being the highest in the BC and DE
loops (Paper lll: Figure 4C). Many substitutions also occurred in the C-terminus of VP1
and the central region of VP2. Overall, the substitution rate of surface residues was six

times higher than that of buried residues or residues facing the interior of the capsid.

5.2.3 Hypothesis of reinfections with enterovirus D68 in adults

The increased substitution rate in neutralising epitopes and other surface residues was
interesting in relation to the fact that most infections are detected in preschool children.
Most of these preschool children are likely to have a primary infection and therefore
would not have a pre-existing immunity that could drive immune escape. In addition,
enterovirus D68 showed a rapid geographical dispersal. This suggests a significant
impact from air travel, which is interesting as adults are more frequent flyers than
preschool children. Taken together, these results suggest that undetected re-infection
in adults is common, causing geographic dispersal and driving evolution by promoting

immune escape.
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5.3 Epidemiology of the common cold coronaviruses

We analysed the epidemiology of the common cold coronaviruses using data from
routine molecular diagnostics for respiratory viruses in Karolinska University Hospital,
Stockholm, Sweden, spanning from September 2009 to April 2020. We found a pattern
of biennial alternation in samples positive for Alphacoronaviruses and Betacorona-
viruses, respectively. Our results also indicated that infections with these viruses had

likely been underdiagnosed among adults and the elderly.

5.3.1 Characteristics of patients with common cold coronavirus infections

In Paper IV, we found the highest proportion of samples positive for any common cold
coronavirus among children up to five years of age; nevertheless, the viruses were found
in patients of all ages, and there was an additional detection peak in the thirty-year-old
age group (Paper IV: Figure 4). There was some variation in the proportion of positive
samples between age groups, with NL63 and HKU1 decreasing with age, whereas 229E
and OC43 were more similar across age groups. A household transmission study found
that children were more likely to develop a symptomatic infection than adults [282].
However, infections are likely more common in children than adults, as another study
using sequential serum sampling showed that transient increases in antibody titres

increase were more frequent in children than in adults [218].

In Paper IV, we found that coronavirus infections may have been underdiagnosed
among the elderly in Stockholm. This was indicated by the proportion of respiratory
samples for molecular virus analysis that were analysed extended respiratory panel. This
proportion was the lowest in patients aged over 80; however, the proportion of samples
positive for 229E and OC43 were similar across age groups. Similarly, an early study of
surveillance of respiratory infections show that 229E infections occur in all age groups
[283]. Another surveillance study of respiratory infections in adults finds an average
incidence of almost 7% of 229E or OC43 in hospitalised patients and that OC43
infections is more likely to be symptomatic than 229E [284]. In our study, OC43 was the

most detected species, which is consistent with findings in other reports [285-291].

5.3.2 Seasonality and pattern of circulation of common cold coronaviruses

We found that the incidence of Alphacoronaviruses and Betacoronaviruses peaked in
alternating biennial winter seasons (Paper IV: Figure 2). Furthermore, NL63 peaks coin-
cided with OC43 peaks and 229E with HKU1 peaks. These coincident pairs had winter
peak incidences starting in even years (e.g., 2010/2011) and odd years (e.g.,, 2011/2012),
respectively. In addition, Betacoronaviruses peaked earlier in the winter than Alpha-
coronaviruses (Paper IV: Figure 3). While the pattern of co-circulating pairs is not fixed
(Monto 2020), an early study also notes that 229E and OC43 circulate in alternating
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years [219]. Furthermore, co-circulation of 229E with HKU1 and OC43 with NL63, or alter-
nating circulation of OC43 and HKU], has been reported previously [29, 288, 292].

The circulation pattern may be due to an interaction of the viruses, immunology, or both.
Common cold coronavirus infections in young children are more frequent at the
beginning of the epidemic season, suggesting their role in the transmission dynamics as
a replenished pool of susceptible individual that can initiate the circulation of a season
[229]. Primary infections with OC43 and NL63 provide cross-protection against
subsequent infections with HKU1 and 229E, respectively [236]. In the context of SARS-
CoV-2, much research has been done on possible cross-protection by pre-existing
immunity to common cold coronaviruses. Thus, a SARS-CoV-2 infection increase
antibody levels against OC43, but these antibodies do not confer cross-protective
immunity against SARS-CoV-2 [293]. An indication of immunological imprinting is that
pre-existing antibodies against the Betacoronaviruses OC43 and HKU1 impair the
induction of SARS-CoV-2-specific antibodies [294]. Another indication of
immunological interaction is the finding that OC43 infection in early childhood induces
SARS-CoV-2-reactive CD4+ T cells [295].

In Paper IV, we used diagnostic data on common cold coronaviruses collected over 12
years to provide insight into how the SARS-CoV-2 pandemic might evolve. Therefore,
the data from this study were also used in a separate study, which estimated the sea-
sonal forcing in simulated SARS-CoV-2 pandemic scenarios [296]. In that study, we
found that is likely that SARS-CoV-2, like the other coronaviruses, would spread more
easily in the winter season, although the simulation results varied depending on the
assumptions about the strength of the seasonal forcing and the basic reproduction
number. Based on these results, we stated that a future decline in SARS-CoV-2 case
numbers in the summer of 2020 may be due to seasonal forcing rather than successful
infection control, and that SARS-CoV-2 was likely to become a winter virus in a post-
pandemic era. Similar attempts to model the evolution of the pandemic based on the
epidemiology of the common cold coronavirus also predict recurrent wintertime out-
breaks [297] and that a possible cross-protection with common cold coronaviruses

would impact the interval between outbreaks [298].

During the pandemic, new variants of SARS-CoV-2 have replaced each other [299, 300],
and two critical characteristics of new variants are the transmissibility and evasion of
immunity [301]. Thus, projections based on common cold coronaviruses should be made
cautiously, as SARS-CoV-2 was recently introduced into an immunologically naive
population and likely still is adapting to the human host. Still, there may be similarities
between SARS-CoV-2 and common cold coronaviruses. Thus, OC43 circulation displays
a pattern of alternating genotypes [302] and an evolution of novel genotypes over time
[303]. Furthermore, several studies report an increase in OC43 infections in 2007 [286,

288, 303, 304]. Interestingly, temporally this increase coincides with the emergence of a
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novel OC43 genotype [35, 303]. This bears similarity to novel SARS-CoV-2 variants
causing new waves of infections during the pandemic. In addition, the rate of synony-
mous to non-synonymous substitutions in the OC43 spike decrease between geno-
types the 1960s and the 2000s, which may indicate that more rapid evolution occurred
after the spillover to humans as an adaptation to a new host species [35]. Similarly, the
evolution of the receptor-binding domain in the spike glycoprotein in 229E may not only
be due to selective pressure for immune evasion but also be caused by an optimisation

of receptor binding [305].

It is worth considering that the four currently circulating common cold coronaviruses all
appear to have been transmitted relatively recently to humans. It is unclear if this is due
to a recent change in human behaviour that has increased the possibilities of spillover
from animals or if other coronaviruses circulated previously and were replaced by the
current four. The pandemic disrupted the circulation of several respiratory viruses [306,
307]. Also at my workplace, the Department of Clinical microbiology at Karolinska
University Hospital, we noted a marked decline for most respiratory pathogens
(unpublished data). It will be interesting to see whether the pre-pandemic circulation
pattern of the common cold coronaviruses will be restored, or if SARS-CoV-2 will

replace one or several of the current common cold coronaviruses.

5.4 The spread of SARS-CoV-2 into and within Sweden during the first
pandemic wave

In Paper V, we investigated the introduction and early spread of SARS-CoV-2 in Sweden
by retrospective PCR testing and phylogenetic analyses of whole genome sequences.
By integrating the phylogenetic analyses with metadata and epidemiological data, we
found that community transmission was established earlier than appreciated and that
most sequences in Sweden belonged to a clade likely introduced from Austria. As there
was a period of cryptic circulation of SARS-CoV-2 in the Austrian Alps, this likely caused
mitigation measures targeted at travellers returning from risk regions to be insufficient in
preventing onward domestic transmissions. We found that such undetected
introductions significantly impacted how the first wave of the pandemic unfolded in

Sweden (Figure 8).
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Figure 8. Spread of SARS-CoV-2 into and within Sweden

Infection control measures targeting travellers returning from known risk areas, such as
northern Italy, at least partially prevented onward domestic transmission of the SARS-
CoV-2 clades 20B and 20A (blue). Such targeted measures were insufficient to detect
and prevent onward transmission of SARS-CoV-2 introduced by travellers returning from
areas of cryptic circulation, such as viruses in clade 20C from the Austrian Alps (red).

We approached the question how SARS-CoV-2 spread to and within Sweden during the
first wave of the pandemic by retrospectively testing stored respiratory specimens for
SARS-CoV-2 and by phylogenetic analysis. For the phylogenetic analysis, our team in
Sweden sequenced stored samples positive for SARS-CoV-2 in Stockholm, Orebro, and
Gothenburg, and retrieved all publicly available international sequences. We found that
community transmission was established earlier than previously recognised. One cluster
in clade 20C accounted for a large proportion of sequences viruses in the first wave in
Sweden. Furthermore, early undetected introductions likely affected the course of the

first pandemic wave.

5.41 Community transmission of SARS-CoV-2

We found that community transmission had been established in Sweden earlier than
recognised (Paper V: Figure 1). This early community transmission was found by retro-
spectively testing nearly 2,000 stored respiratory specimens in Stockholm that previ-
ously had not been tested for SARS-CoV-2. This testing identified 12 new cases. None of
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these cases preceded the already known cases; however, the earliest sample among
these cases was collected on 3 March 2020, i.e., one week before community trans-
mission was recognised. Importantly, this infection was probably community acquired
as the case did not have any travel history or any identified link to a travel-related case.
The underestimation of how early community transmission is established is not unique

to Sweden and probably occurred in several countries [308].

5.4.2 Country of infection with SARS-CoV-2

In our study, information about the country of exposure was obtained for 83% of cases,
either from the national SmiNet case registry or from local contact tracing records in
Stockholm, Orebro, and Gothenburg (Paper V: Figure 3). Of these cases with information,
23% had exposure abroad, with the most common countries being Italy and Austria,
accounting for 65% and 22% of cases exposed abroad, respectively. Most patients with
exposure abroad occurred early in the pandemic, with a median sample date of 9
March. Among cases exposed in Austria, clade 20C was found in 55% of cases. In
contrast, clades 20B and 20A were detected in 58 and 37% of cases exposed in Italy,

respectively.

5.4.3 SARS-CoV-2 clade 20C in Sweden

Clade 20C was the most common Nextstrain clade in Sweden during the first pandemic
wave (Paper V: Figure 4). In addition, most Swedish 20C sequences formed a cluster
defined by the D936Y spike substitution conferred by the G24368T mutation. In our
dataset of Swedish sequences, the root of this cluster (20C:G24368T) accounted for
15% of the sequences and was the overall most common haplotype, suggesting a
superspreading event may have contributed to the initial dissemination. This hypothesis
was supported by the fact that 20C:G24368T variants were rare in other countries,
except Finland where it appeared much later than in Sweden, and likely due to spread

from neighbouring Sweden.

The 20C:G24368T variant was first detected in Sweden in a sample collected on 8
March, in Denmark and the UK on 9 March, and within a week also in Saudi Arabia, Faroe
Islands, Germany, Norway, Colombia, and the US. The almost simultaneous appearance
of the variant in several countries suggests an introduction from a common source.
Among cases with exposure abroad, most (74%) patients with clade 20C were exposed
in Austria. Hence, we argued that Austria was also the likely source of 20C strains with
the G24368T mutation. Nevertheless, it must be acknowledged that no 20C sequences
with this mutation were detected in any of the cases with an exposure in Austria, nor in

available sequences from Austria.

In vitro, the D936Y substitution, which is encoded by G24368T, does not increase repli-
cation capacity [309]. Although the D936Y mutation show a positive selection in
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Sweden [310], this does not have to be due to the properties of the virus itself. Instead, it
is possible that D936Y mutation passively hitchhiked on a variant that increased in
proportion due to epidemiological factors, i.e., a founder effect. Specifically, during the
initial phase of the pandemic, infection control efforts were targeted at travellers return-
ing from designated high-risk areas. These areas included northern Italy and, later, the
Austrian Alps. However, our study and those of Popa et al. [233] and Gudbjartsson et al.
[311] indicate that there was a period of cryptic circulation in the Austrian Alps before
the region was considered a risk area, allowing for undetected influx of infected

travellers.

5.4.4 Undetected introductions of SARS-CoV-2

The molecular epidemiology allowed us to investigate the impact of control measures.
Northern Italy was identified early as a high-risk area, and clades 20B and 20A were
detected in cases exposed in Italy. In contrast, Austria, which was recognised as a risk
area with some delay, was the main source of clade 20C. Clade 20C sequences could
therefore be used as a proxy for lineages introduced from Austria, i.e., early undetected

introductions, not targeted by mitigative measures.

To estimate the impact of undetected introductions, we used measurable proxies for
the actual infection burden. These outcomes were the cumulative numbers of reported
cases, admissions to intensive care units, and mortality due to COVID-19 up to 7 June
2020. On a regional level in Sweden, we found a positive correlation between the pro-
portion of clade 20C sequences in a region and the per capita number of intensive care
admission and deaths due to COVID-19 (Paper V: Figure 6). The correlation was weaker,
and non-significant, for the cumulative number of diagnosed cases, which likely is a
poorer proxy for true infection burden because testing capacity was very limited during

the first pandemic wave.

These two findings, that a community transmission started earlier than recognised and a
significant impact of undetected introductions, are relevant for future mitigation
strategies. As a result of the late identification of geographical regions with ongoing
transmission, prevention measures targeted at limiting influx from specific risk areas are
likely to be implemented too late to be effective. Moreover, efforts focusing primarily on
preventing influx will not be sufficient if community transmission already is established.
Indeed, no travel restrictions stopped any later variants of concern, such as Alpha, Delta,
or Omicron, from rapidly disseminating worldwide. Furthermore, travel bans are also
criticised for causing stigmatisation and other adverse effects, which may limit open

and timely sharing of data and thereby be counterproductive [312].
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5.5 Considerations on limitations of the studies

The studies included in my thesis have several limitations that need to be considered.
As discussed below, the most obvious limitation is the risk that the collected and ana-

lysed data are not representative, i.e, the selection bias referred to as sampling bias.

The Papers |-V were all based on patients sampled in routine clinical diagnostics. There
is a risk that the viruses among sampled patients were not representative of the viruses

that circulated in the community.

In our studies, and in general in hospital-based sampling, only patients with symptoms
severe enough to present to health care are available for sampling, and not all will be
sampled for testing. This can cause a sampling bias that favours detection of severe
cases. For example, a population-based study of upper respiratory tract infections in
Sweden shows the proportion of samples positive for picornaviruses (i.e., enteroviruses
and rhinoviruses) and common cold coronaviruses to be higher in active surveillance
than in hospital-based sampling [313]. This finding suggests that these viruses cause
mild symptoms that do not prompt sampling in healthcare settings. In line with this, for
enterovirus D68, there is a similar proportion of samples positive for enterovirus D68 in
children and adults in active community-based surveillance, whereas 80% of positive

samples in hospital-based sampling belong to paediatric patients [124].

It is essential to consider whether the enterovirus D68 sequences analysed in Papers I-
lll represented the strains circulating in the community. A strength of Paper Ill was the
multisite sampling in several European countries and the extensive use of data in public
repositories. Nevertheless, the sequences generated in Papers I-lll and almost all the
seqguences in GenBank were obtained from symptomatic patients. As such, the studies
suffer from the same potential sampling bias as all other studies based on routine
clinical diagnostics. However, the reference dataset in Paper lll also contained 27
wastewater samples from the UK; these sequences belonged to the A2 and B3 sub-
clades and were well mixed in the phylogenetic tree with the clinical sequences
included in the study. Since virus detection in wastewater is not biased by the sympto-
matic status of infected individuals, the routine clinical diagnostic samples included in
this study seem to reflect community circulation reasonably well. In line with this, closely
related strains of enterovirus D68 are detected in a parallel sampling of patients and
wastewater [117, 314]. Similarly, in the UK, the enterovirus D68 sequences found in
environmental surveillance of wastewater in 2015 and 2021 are closely related to con-
currently strains from hospital-based sampling [161, 315]. Collectively, these results sug-
gests that the results obtained in Paper lll reflected the circulating strains of enterovirus
D68.

A further a bias was introduced by sampling practices. For instance, practices to re-

quest an extended respiratory virus panel might vary between clinics. Thus, in Paper 1V,
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in which we analysed data from more than ten years of clinical diagnostics, the propor-
tion of requests for the extended respiratory virus panel, i.e., analysis of 15-16 respiratory
viruses instead of 3, was much higher for paediatric patients than for adults and the

elderly.

In Papers lll and V, we used genomes from sequence repositories as reference data, but
these carry a similar risk of sampling bias as our own sequences and in addition are sub-
ject to additional biases due to different practices and sequencing efforts across coun-
tries. For enterovirus D68, sequences mainly originate from centres that perform re-
search on this virus. For SARS-CoV-2, the number of sequences from the UK or the US
outnumbers those from any other country. Therefore, inferences about the origin of a
particular virus variant must be very cautious if based solely on the geographical loca-
tion of similar sequences [231, 316].

In Paper V, which investigated the early SARS-CoV-2 events in Sweden, an obvious
sampling bias was introduced by the initial recommendations to target PCR testing to
symptomatic persons returning from travel in specific risk areas (in particular northern
Italy). One way of mitigating this bias was our retrospective SARS-CoV-2 PCR testing of
stored samples that had not been tested for this pathogen. This could have revealed
cases with exposures in “non-risk” areas, but no such cases were identified. Moreover, it
seems unlikely that a putative region with cryptic circulation would not have been iden-
tified by now. Indeed, although the Austrian Alps was initially such an area with cryptic
circulation, it is quickly revealed through diagnoses among travellers returning to Iceland
[233, 311].
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6 CONCLUSIONS

In this doctoral project, | have used real-time PCR and next-generation sequencing to
study the molecular epidemiology of acute respiratory virus infections. The Ph.D. project
began with the study of enterovirus D68, a ubiquitous cause of infections, and ended

with SARS-CoV-2, a novel pathogen that caused a pandemic.

By molecular diagnostics, we could timely detect the outbreak of enterovirus D68 in
Stockholm in 2016. The further development of a whole genome sequencing assay for
enterovirus D68 in Paper Il enabled further international collaboration in Europe.
Complementing the analysis with sequences in public repositories, we moved from the
initial investigation of a specific outbreak in Stockholm in Paper |, to a global study of
the phylodynamics of enterovirus D68 in Paper lll. We found that although most of the
sequences came from paediatric patients, the evolution of the virus could be driven by
asymptomatic or mild infections in adults, which could also explain the rapid geograph-
ical dispersal of the virus.

In Paper IV, we retrospectively analysed data for the common cold coronaviruses from
routine clinical diagnostics. At our laboratory, data about the circulation of the common
cold coronaviruses at the species level had been gathered during more than a decade.
In this data, we found a pattern of alternating biennial circulation of the four species of
the common cold coronaviruses as well as that infections with these viruses may have

been underdiagnosed in the adult and elderly.

Finally, in Paper V, we investigated the introduction and spread of SARS-CoV-2 in
Sweden during the first pandemic wave. By retrospectively analysing stored samples
using molecular diagnostics, we found that community transmission in Stockholm
started earlier than previously recognised. Using phylogenetic analyses, we researched
the likely origins of the viruses introduced into Sweden. Through the combined analysis
of sequences and metadata together with epidemiologic data, the investigation
suggested that early introduction from areas with unrecognised ongoing transmission
had a critical role in introduction intro Sweden as well as the further evolution of the

pandemic in Sweden.

My thesis has illustrated how two respiratory viruses, an old and a new, emerged as rele-
vant new pathogens. Of course, these two viruses are not the last to emerge, and new
threatening viruses will continue to appear. However, this project also illustrates how
molecular techniques have allowed to obtain timely detections and epidemiological
knowledge of such viruses.
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/ FUTURE PERSPECTIVES

In the 2000s, the outbreak of SARS-CoV-1 stimulated research that led to the discovery
of several respiratory viruses. In the 2010s, multiplex molecular diagnostic panels
enabled rapid detection of respiratory viruses in clinical settings, and advances in
sequencing technology allowed elucidation of their molecular epidemiology. Finally, the
2020s began with a pandemic that was met with unprecedented mitigation efforts and
the application of molecular diagnostics and molecular epidemiology on an unparalleled

scale.

The critical role of undetected infections has been a common theme in the studies of
my thesis. Thus, in the case of enterovirus D68, we proposed that undetected infections
among adults may drive the evolution and geographic dispersal; for the common cold
coronaviruses, we suggested that infections among adults and the elderly may have
been underestimated; and in the study of the first wave of SARS-CoV-2 in Sweden, we
found early undetected introductions may have had a significant impact on how the
pandemic unfolded in Sweden. The focus of these future perspectives will therefore be

the aspect of undetected infections.

At the time of writing, the Department of Clinical Microbiology was implementing meta-
genomic sequencing as a diagnostic method. In short, this is sequencing of the entire
nucleic acid content in a sample, and hence an unbiased approach that ideally can
detect any microbe. Therefore, novel as well as known but unexpected pathogens can
be detected [317]. In addition to implementing this as a diagnostic method, we will
conduct a study by applying this method in the workup of patients with lower

respiratory infections.

The SARS-CoV-2 pandemic has been unprecedented in many ways. One aspect is the
generation of an enormous number of viral whole-genome sequences. This has been
essential for detection of novel virus variants and immune escape mutations. In compar-
ison, we have much less information about the molecular epidemiology of several other
respiratory viruses [65]. For example, when writing, just the number of Swedish whole-
genome sequences of SARS-CoV-2 from the first pandemic wave exceeds the total
number of whole-genome sequences of enterovirus D68, metapneumovirus, or any of
the common cold coronaviruses. At the time of writing, circa 250,000 Swedish SARS-
CoV-2 sequences are publicly available. As the threat from SARS-CoV-2 will hopefully
recede soon, it would be valuable to extend this capacity and infrastructure for molecu-
lar surveillance to other pathogens. For example, extended surveillance of enteroviruses

in respiratory specimens in Denmark has led to the detection of rare genotypes [318].

Strategies such as sampling of returning travellers [319] or wastewater from aircrafts

[320] are approaches to obtain early warnings about introductions of pathogens from
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abroad. Nevertheless, globally available, and affordable, diagnostics and surveillance
would address the underlying cause for such sampling. As effective distances worldwide
have shrunk and air travel becomes increasingly important for the geographical disper-
sal of pathogens [321], modern surveillance must therefore be global to be useful and
provide timely information. Molecular epidemiology offers powerful tools in this regard,
but its true value will be obtained first when the knowledge it generates is translated

into timely action.

As illustrated by my doctoral project, the epidemiology of acute respiratory viruses is a
global issue. Therefore, there is added value in conducting epidemiological studies in
broader international collaborations, such as European coordinated efforts on entero-
virus D68. Community or environmental surveillance could complement molecular epi-
demiology studies to avoid the sampling bias inherent in routine clinical diagnostic
samples. Indeed, during in parallel sampling of patients at hospital and of sewage, in the
environmental surveillance enterovirus D68 is detected even at times with no clinical
cases [314]. With next-generation sequencing, enterovirus D68 in wastewater can be
assigned to the level clade or subclade [117, 161, 314, 315, 322]. In addition, wastewater
surveillance is can monitor other pathogens such as adenoviruses, hepatitis A and E
viruses, and noroviruses [314, 323], and is also valuable for the surveillance of SARS-CoV-
2[324,325].

Finally, virological research has mainly focused on viruses for only a few host species
other than humans [326]. However, with the expansion of human activities and ongoing
climate change, the risk of novel pathogens being introduced is escalating [327-330].
Surveillance should, therefore, not be limited to the human context, but should ideally be
approached from a One Health perspective, i.e, also including animal and environmental
health. Indeed, | would hope that this would lead not only to a swift response to novel

pathogens but also to a proactive prevention of viral emergences and emergencies.
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