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Abstract

Sections

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

has caused millions of deaths and substantial morbidity worldwide.
Intense scientific effort to understand the biology of SARS-CoV-2 has
resulted in daunting numbers of genomic sequences. We witnessed
evolutionary events that could mostly be inferred indirectly before,
such as the emergence of variants with distinct phenotypes, for
example transmissibility, severity and immune evasion. This Review
explores the mechanisms that generate genetic variationin SARS-
CoV-2,underlying the within-host and population-level processes
thatunderpin these events. We examine the selective forces that

likely drove the evolution of higher transmissibility and, in some cases,
higher severity during the first year of the pandemic and the role of
antigenic evolution during the second and third years, together with
the implications of immune escape and reinfections, and the increasing
evidence for and potential relevance of recombination. In order to
understand how major lineages, such as variants of concern (VOCs),
are generated, we contrast the evidence for the chronic infection model
underlying the emergence of VOCs with the possibility of an animal
reservoir playing arole in SARS-CoV-2 evolution, and conclude that the
former is more likely. We evaluate uncertainties and outline scenarios
for the possible future evolutionary trajectories of SARS-CoV-2.
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Introduction

The COVID-19 pandemicis caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2),abetacoronavirus, whichis closely related
to the human SARS-CoV virus — the cause of the 2002-2004 SARS
outbreak. Three years since the start of the first coronavirus pandemicin
living memory, attention understandably turns to what afuture withthe
SARS-CoV-2virus mightlook like. The pandemic also saw the generation
of unparalleled amounts of genomic data for asingle pathogen’, serving
to combat but also understand the biology of this virus. We witnessed
evolutionary events that have previously been largely the preserve of
indirectinference, including the diversification of SARS-CoV-2into vari-
ants withdistinct phenotypic characteristics including transmissibility,
severity and immune evasion. Tracking the evolution of this pathogen
inrealtime offershope of understanding the processes generating this
diversity, potentially predicting possible future evolutionary trajecto-
ries of the virus, and offering avenues for prevention and treatment.
Tofacilitate such possibilities there is a pressing need to critically review
the key drivers of SARS-CoV-2 evolution, and to explain the processes
that generate diversity and novelty in the virus.

Like most RNA viruses, coronaviruses evolve rapidly, their evolu-
tion occurring on timescales of months or years and often observable
and measurable. Evolution occurs on comparable timescales with the
virus’ transmission events and ecological dynamics (such as changes
in the number of infectious individuals over time, immunity profiles
and human mobility). As aconsequence, evolutionary, ecological and
epidemiological processes impact each other, afeature of RNA viruses®.
Evolutionin virusesis driven by the rate at which mutations are gener-
ated and spread through populations. Natural selection will act to fix
advantageous mutations, such as, for example, the D614G mutation,
which confers elevated transmissibility®. Viral evolution involves an
additional level of complexity, as viruses replicate and evolve within
individuals, but they must also successfully transmit person to person,
resulting in evolution at a different scale. Most variation is lost during
the tight bottlenecks imposed at transmission, whereas some muta-
tions are often passed on by chance, without selective advantage®.
Inaddition to these population-level processes, as viral lineages diver-
sify, includinginto potentially antigenically distinct strains, higher-level
processes such as lineage competition and extinction emerge.

Inthis Review, we consider the evolution of SARS-CoV-2 at differ-
entscales, the phases of the COVID-19 pandemic, factorsthat drive the
evolution of thevirus, theories for the emergence of epidemiologically
important variants and potential future evolutionary scenarios and
their likely public health repercussions.

The generation of diversity during the SARS-CoV-2
pandemic

Mutation rate: replication fidelity and host-mediated genome

editing

Akey determinant of the rate at whichavirus evolvesisits mutation rate.
Thisistheintrinsic rate at which genetic changes emerge per replication
cycle,abiochemical property determined by the replication fidelity of a
virus’ polymerase enzyme. These genetic changes are the ‘raw material’
on which selection acts. Most mutations are deleterious, and virions
hosting them fail to replicate’”. SARS-CoV-2 mutation rate estimates of
around1x107°-2 x 10"® mutations per nucleotide per replication cycle
are consistent with previous estimates in other betacoronaviruses**’.
These mutation rates lie below the range of rates that are typical for
other RNA viruses such as hepatitis C virus (HCV; ~107° x 10"® mutations
per nucleotide per replication cycle) and human immunodeficiency

virus (HIV;~10™* x 107 mutations per nucleotide per replication cycle),
which, unlike coronaviruses, lack a3’ exonuclease proofreading mecha-
nismin their replication machinery®'°2, Insertions and deletions result
fromreplicationerrorsand canalso generate diversity, such asthe dele-
tionat position 69-70 of the spike gene responsible for the S-gene drop-
out that was instrumental in detecting the SARS-CoV-2 Alpha variant,
and has been reported to be associated with increased infectivity™.

In addition to RNA replication errors, host-mediated genome
editing by innate cell defence mechanisms may introduce substantial
numbers of directed mutations into the SARS-CoV-2 genome, and
thus may influence its evolutionary rate. Cellular mutational driv-
ers include members of the apolipoprotein BmRNA editing enzyme,
catalytic polypeptide-like (APOBEC) family**™¢, including APOBECI1,
APOBEC3A and APOBEC3G that demonstrate editing activity for
numerous DNA and RNA virus and retroviral genomes"'®, including
SARS-CoV-2(ref.19). APOBEC activity has beeninferred bioinformati-
cally through observations of a substantial excess of C > U transitions
over all other mutations'®?>?, SARS-CoV-2 genomes may also be edited
by different cellular antiviral proteins (adenosine deaminases that act
onRNA1(ADAR1)),leadingto A » Gmutations (and U » C mutationsin
opposite genomic strands)??,

The potential editing-associated C > U mutations in the SARS-
CoV-2 genome sequences introduce complexities to SARS-CoV-2
evolutionary genomic analysis. C » U mutations account, in part, for
the strikingly high ratio of non-synonymous changes in SARS-CoV-2
genomes compared with those at synonymous sites; the mean dN/dS
ratio is ~0.7-0.8, which is a measure of the ratio of non-synonymous
mutations per non-synonymous site (dN) to synonymous mutations
per synonymous site (dS)*°. Such mutations may be a potent driver of
antigenic or phenotypic changes. Furthermore, C » U mutations may
be skewed towards mutational ‘hot spots’ generated by RNA struc-
tures and specific base contexts. Repeated cycles of C > U transitions
and selective reversions may create a large number of homoplasic
sites’®**** and, therefore, convergence in otherwise genetically
divergent strains.

Substitution rate

Although often confused, the substitution rate (also known as the rate
of molecular evolution) is distinct from the mutation rate®. The sub-
stitution rate measures the pace of mutation accumulation as the virus
evolves. A high rate means the virus accrues many mutations per unit
of time. For RNA viruses, the substitution rate iscommonly estimated
using phylogenetic methods. In essence, these employ statistical phylo-
genetics, combining information on time spans and differencesinthe
number of mutations in virus sequences sampled at different time
points to estimate asubstitution rate’*”. Importantly, only mutations
thatreachdetectable frequenciesin the population contribute to esti-
mations of the evolutionary rate (Fig. 1). Animportant obstacle to meas-
uring the SARS-CoV-2 substitution rate during the early stages of the
pandemic was the limited amount of accrued evolutionary changes,
insufficient to make robust estimations®. Before the emergence of
variants of concern (VOCs), the virus was estimated to acquire nearly
two evolutionary changesamonth (-2 x 107 per site per day)***’ (Fig. 1a).

Recombination

Recombinationisanother mechanism that can expedite adaptationin
viruses by bringing together mutations from different genetic back-
grounds to create hybrid variants. Recombination isacommon feature
of betacoronavirus evolution and has been detected in SARS-CoV-2
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Fig.1| Reconstructing the evolutionary history of SARS-CoV-2 and itsrate

of evolution over time using viral sequence data. a, As the virus spreads and
acquires further evolutionary changes, sequence data from different time points
canbe used toinfer viral evolutionary rates as well as the time to the most recent
common ancestor (TMRCA) of sampled viruses. The rate of evolutionis elevated
atterminal branches (shownin red) relative to internal branches (shown in blue).
This is because the former includes more deleterious mutations that only persist

inthe population for alimited period of time before they are removed by purifying
selection. b, If the genomic samples include both variant of concern (VOC)

and non-VOC (background) sequences, the evolutionary rate at the stem branch
(showninred) connecting the clade of the VOC sequences to the rest of the tree is
elevated in comparison with the rate on all other branchesin the entire phylogeny.
Thisis because of the large number of evolutionary changes present in all VOC
samples relative to the background.

(ref. 30) and other sarbecoviruses** 2, In order for recombination to
occur and be subsequently detected, a host must be co-infected with
two genetically distinct viruses that, when recombined, produce viable
progeny that can spread to other hosts. Our ability to detect recom-
binants therefore increases over time since emergence, along with
agrowing genetic divergence of SARS-CoV-2, which allows multiple
divergent lineages to co-circulate within the same region (Fig. 2d).

One of thefirst reported cases of inter-lineage SARS-CoV-2 recom-
binants was the XA lineage, first detected in the United Kingdom™*,
Tentative evidence of recombination between VOCs (Alpha and Delta)
hasalso beenreportedinasmall cluster of casesinJapan®. Alater study
showed widespread circulation of arecombinant B.1.631/B.1.634 line-
age (designated as lineage XB by the Pango nomenclature) in North
America. Later studies found three recombinant lineages, which were
given Pango designation. Two are a combination of Delta and BA.1
(XD and XF) and one isaBA.1/BA.2 recombinant (XE)**. More recently,
several other Omicron recombinants have been identified”.

Levels of evolution in SARS-CoV-2

Evolution withinindividuals during acute infections

The majority of infections with SARS-CoV-2 are acute and cleared by
theimmune system typically within 10-15 days after the onset of symp-
toms***° (Fig. 2a). Once SARS-CoV-2 infects an individual, viral particles

are produced exponentially in the respiratory tract, reaching peak
titresaround 2-5 days postinfection, which approximately coincides
with the time of symptom onset**>, with similar dynamics across most
variants of SARS-CoV-2 (ref. 43), except for Omicron that peaks around
3 days after the onset of symptoms**.

Within-host diversity of virusesis usually quantified by the number
of intra-host single-nucleotide variants (iSNVs) that are detected above
a certain minor allele frequency threshold (usually >2-5%). During a
typical acute infection, SARS-CoV-2 intra-host diversity is limited,
with most samples containing very few iSNVs at low frequency*. There
is also likely tissue organ compartmentalization of the virus, as dem-
onstrated by discordance between the viral populations in nasal and
oral environments**.

Transmission bottleneck

The transmission bottleneck is the amount of genetic diversity in the
founder virus population that gets transmitted to anew host, compared
with that in the donor host in a transmission event. The transmission
bottleneck is therefore the link between within-host evolutionary pro-
cesses and the between-host level of evolution. Following transmis-
sion, SARS-CoV-2infectionis typically established by one or two virions,
meaning most variants generated during the course of the previous
infection are lost, or occasionally fixed in the new host if they happen
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Fig. 2| Levels of evolution from within hosts to between hosts. a, At the start
ofanacuteinfection, viral load increases rapidly for a period of time (¢,) before
theimmune system begins to clear the infection, at which point the viral load
starts to decrease until it returns to levels to below the detection threshold over
aperiod of time (¢,). During these periods, new variants may emerge as a result
of mutations (virions in colour). b, At the point of transmission, major variants
that are present at high frequency in the infection donor are more likely to pass
through the narrow transmission bottleneck. However, sometimes a minor
variant is passed on to arecipient host (shown in red) resulting in mutations
getting passed on to the rest of the population. This illustrates the role of
chanceintroduced by the transmission bottleneck in the evolution at the host
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population level. ¢, As the number of new infections grows over the course of an
epidemic wave, new variants with selective advantage may emerge and reach
high frequencies. Others, carrying deleterious mutations, get purged from the
population. Superspreading events and transmission bottlenecks introduce an
element of chance in determining the frequencies of variants in the population
over time.d, As more variants emerge in the population, they can go on to seed
new outbreaks in different geographical regions, which may lead to two or more
variants co-circulating in the same region. Their genetic differences allow us to
identify these different variants, infer their evolutionary origin and track their
spread. When two or more distinct variants co-circulate in an area, thisincreases
the risk of emergence of novel variants as a result of recombination.

to be transmitted. This implies that iSNVs are rarely shared between
individuals**® (Fig. 2b). The considerable role of stochasticity in the
transmission of iSNVs through the transmission bottleneck impedes
robust estimations of the magnitude of the selective advantage of
mutants, except whenselectionis very strong*>*°. D614G, and toagreater
extent the emergence of VOCs, all featured striking selective advan-
tages. A narrow transmission bottleneck is a universal feature of viral
transmission®, observed in human®?** and non-human viruses alike*"**.

Evolution at the host populationlevel

When considering evolution at the between-host scale, within-host
viral diversity is typically ignored and, instead, focus is given to the
consensus sequence, which is essentially the sequence obtained by
taking the most common iSNV at each site along the genome. Before
the emergence of VOCs, and now within the major VOC lineages, the
limited genetic diversity of the virus present in individuals who are
acutely infected and the narrow transmission bottleneck mean that
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mostof the observed genetic diversity at the between-host consensus
level represents neutral or slightly deleterious mutations that over-
came the narrow transmission bottleneck owing to chance. This sto-
chasticity enables mutations without a strong selective advantage to
circulateinthe populationand also reach high frequencies by chance,
aprocess known as genetic drift. As well as the narrow transmission
bottleneck, ‘superspreading’, whereby a small fraction of infectious
hosts are responsible for the majority of transmissions®”*, is a further
source of stochasticity and, hence, also contributes to genetic drift.
Superspreading events increase stochasticity by introducing hetero-
geneity in the number of secondary infections, which in turn reduces
the effective population size of a virus®.

The narrow transmission bottleneck often produces a founder
effect, as only one or a few ‘founder’ viruses are the ancestors of all
viruses during the new infection, and all infections in the subsequent
chain of transmission. If anew outbreak is ultimately caused by asingle
founder-source individual, then all subsequent infections will have a
similar viral consensus genotype. During the early stages of the pan-
demic, it proved difficult to establish whether avariant was increasing
infrequencybecauseit had anintrinsic advantage or dueto factorssuch
asdrift or founder effects. In particular, the global fixation of the D614G
mutationinearly 2020 sparked debates about whether it was aresult of
natural selection or chance®. Later studies showed that this mutation
actually gave this variant a near 20% transmissibility advantage over
the original B.1lineage®"“* (Fig. 2c,d).

Evolutionary phases of the pandemic

A period of apparent evolutionary stasis

After the emergence of SARS-CoV-2 in humans, for the first nearly
8 monthsthe virus seemed to exhibit limited apparent evolution. This
was partially due to the relatively small global virus population, while
spread was still not ubiquitous, and later asaresult of non-pharmaceu-
ticalinterventionsin many parts of the world, and partially an artefact
of virus undersampling. These factors, along with prior knowledge of
the proofreading capacity of the coronavirus polymerase enzyme, led
atthetimeto expectations that SARS-CoV-2 will evolve slowly, and that
evolution will not play animportantrole in the unfolding and control
of the pandemic. With the D614G substitution being the most notice-
able evolutionary change in April 2020, this period was characterized
by limited examples of viral diversity and evolution.

Over this time period, the estimated substitution rate of SARS-
CoV-2decreased by nearly 50%. This was mainly the result of incomplete
purifying selection”, which over short timescales leaves an overabun-
danceof not yet purged deleterious mutations in the virus population.
Forthisreason, the rates of evolution at smaller timescales, represented
by the terminal branches on a phylogenetic tree, are elevated relative
to longer-term evolution, represented by the internal branchesin the
phylogeny (Fig.1a). This phenomenonis likely responsible for altering
the estimated substitution rate also of other viruses over the course of
epidemic waves®***%*,

Emergence of highly divergent lineages

Ittook 8 months for the first divergent SARS-CoV-2 lineages to appear
(Fig.3a), marking aturning pointinthe pandemic from an evolutionary
point of view. The first three such lineages, later termed VOCs Alpha,
Betaand Gamma, emerged independently indifferent parts of the world
and were the result of puzzling higher evolutionary rates. The sheer
number of mutations involved in VOCs is particularly striking from
anevolutionary point of view. Alphaand Gamma feature, respectively,

14 and 11 extra non-synonymous mutations relative to their ancestral
lineages whereas Omicron had more than afew dozen extra mutations
in the spike gene®. These observations appear to have been generated
by unusual circumstances most consistent with continued replication
during chronicinfections allowing the virus to acquire many evolution-
ary changes. This contrasts with the chain of acute infections typical for
arespiratory virus, which enforces tight bottlenecks at transmissions,
periodically purging mutations (see section on ‘Evolutionary origins
of variants of concern’).

Although there is no significant difference between the overall
evolutionary rate estimates for the non-VOC background andinside the
VOC clades of the SARS-CoV-2 phylogenetic tree*****, the substitution
rate of the stembranch connecting the background to the VOC clades s
approximately twofold to fourfold higher®”*® (Fig. 1b). This difference
in evolutionary rate is only seen for non-synonymous substitutions,
whereas the rate of synonymous substitutions is largely similar relative
to within VOC clades and the non-VOC clades®.

Gradual within-lineage evolution

Thediscovery of Omicroninlate November 2021, originally comprising
three sister lineages (BA.1, BA.2 and BA.3), marked the start of a new
phase of the pandemic, which, dissimilar to the preceding one that gave
riseto highly divergent lineages, was dominated by successive sweeps
of Omicron sub-lineages. Soon after BA.1reached global dominance, it
wasreplaced by BA.2, which further diversified into sub-lineagesinclud-
ing BA.2.12.1and BA.2.75, and by BA.5, which reached high prevalence
globally and is phylogenetically distinct from BA.2 sub-lineages™. Since
the global dominance of BA.5, several sub-lineages of Omicron have
emerged, but none of them have yet successfully outcompeted BA.5.
Instead, they exhibit remarkable convergent evolution, with multiple
shared mutations in the spike gene”’.

Throughout 2021 and 2022, the evolution of SARS-CoV-2 was
characterized by a steady increase in divergence within major line-
ages and a stepwise increase associated with each successive new
major lineage, leading to a faster overall rate of evolution. These
between-lineage evolutionary dynamics are compatible with a mole-
cular clock that is substantially faster than the within-lineage rate®**’,
However, after the emergence of BA.5, it is now unclear whether
SARS-CoV-2 will continue to evolve in this saltatory fashion with
repeated emergence of highly divergent lineages, or whether it is
transitioning to amore gradual adaptive process. In 2022, multiple line-
agesemerging within BA.2and BA.5were observed, inamore stepwise
fashion, with several amino acid changes and moderate transmission
advantages, which could indicate a shift to a more gradual stepwise
evolution (see ‘Possible future scenarios’ for more discussion on this).

Transmissibility: the primary driver of SARS-CoV-2
evolution

Evolution of intrinsic transmissibility

Parasites typically exist in a population of hosts, a highly fragmented
environmentwith discrete and ephemeral habitats, where their intrinsic
ability to transmitis a crucial fitness element™, particularly for obligate
parasites such as viruses. For viruses causing acute infections, where
the period of communicability is short, high transmissibility is an over-
riding trait”. In these viruses, transmissibility — usually expressed
as the net reproduction number (R,; the total number of secondary
infections each case generates ina population) —is assumed to closely
approximate their fitness at the host population level™. The continu-
ousevolution of these kinds of viruses towards higher transmissibility
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Fig.3|SARS-CoV-2lineage prevalence and mutation accumulationin S1
subunit of spike. a, Frequency of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) lineages over time. b,c, Accumulation of amino acid mutations
inthe S1subunit over time (panel b) and as a function of their relative mutational
fitness (panel ¢) shown for 3,055 globally representative genome samples

of SARS-CoV-2 between December 2019 and December 2022 generated by
nextstrain.org'®?, Mutational fitness is calculated using results from ref. 105 that

computes the relative impact of each mutation in the growth advantage of a
lineage using a hierarchical Bayesian regression model. The model estimates the
exponential growth advantage of each SARS-CoV-2 lineage (proxy for measuring
relative fitness) as a linear combination of the effect of individual mutations. Each
Pango lineage (World Health Organization (WHO) label, Nextstrain clade) is given
aunique colour. VOC, variant of concern.

therefore canbe understood as astraightforward evolutionary process
of fitness maximization.

The process of transmission canbe divided into three steps: shed-
ding of the virus from the infectious host; its survival and travel in the
environment; and its establishment in the recipient macroorganism.
Natural selection operates on specific traits of the virus that can
facilitate each of these steps and increases in intrinsic transmissibility
are the result of ongoing evolution in these transmission-enhancing
traits (Fig. 4).

Optimizations of one such trait, for example the interaction
between SARS-CoV-2 and the angiotensin-converting enzyme 2 (ACE2)
receptor (its primary cell entry route), increases the transmissibil-
ity of the virus in two ways: it elevates infectiousness by increasing
the number of infected cells, thus boosting viral loads in mucosal
secretions of infectious individuals; and it also enhances the ability
of the viral lineage to establish infection in the new host””” (Fig. 4b).
Mutationsinthe spike protein can enhance and stabilize its binding to
the receptor. This was first observed with mutation D614G’*”, Later,
VOCs Alpha, Delta and Omicron were found to carry mutations that
furtherimproved binding, N501Y in the receptor binding domain (RBD)
being the best example®°.

An essential factor for cell entry, through mediating membrane
fusion, is the cleavage of the spike protein®. In the ferret model, the
furin cleavage site insertion was essential for virus transmission®.
Mutations P681H in Alpha and Omicron, and P681R in Delta, render
the spike protein nearly fully cleaved, thus facilitating viral entry and,
ultimately, intrinsic transmissibility®. Overall, mutations promoting
receptor binding and spike cleavage seemtoincrease both infectious-
ness and infectivity, and improve the spread of the respective lineages.
Nucleocapsid mutations (R203K + G204R) could enhance replica-
tionand transmissibility®*. In Alpha, evolution outside spike seems to
increase subgenomic RNA levels for the nucleocapsid, ORF9b and ORF6
genes, leading to innate immune escape and improved transmission®.

Viruses can also enhance transmissibility by evolving tropism for
atissueororgan, whichmay be abetter disseminating platform. Unlike
the ancestral SARS-CoV-2 virus, which infected bronchial and lung
cells, Omicron BA.1evolved a preference for efficient replicationin the
nasopharynx, a better vantage point for entering aerosol*®. Omicron
BA.lalsoappearstoreplicate faster than other VOCsin ex vivo bronchi
cultures, but poorly in lung cells®.

Virion stability outside the host is also an integral component of
intrinsic transmissibility and likely impacts viral fitness considerably.
The ability of SARS-CoV-2 to remaininaerosols has been demonstrated
todiffer across lineages in the pandemic®®. Studies of aerosol stability
reveal alonger half-life presence of Alphaand Betain comparison with
the ancestral lineage, whereas Deltaand Omicron were of comparable
stability with it*”, Another study found extremely low and similar virion
longevity inaerosols across VOCs, further suggesting that unless differ-
ences between evolving lineages are considerable, stability in aerosols
may not be a decisive factor in the evolution of transmissibility*°.

Other than being intrinsically more transmissible, a virus can
maximizeits reproduction number (R,) via prolonged infectiousness.
The longer a host is infectious, the more secondary infections it can
cause, thus increasing its R.. Duration of infectiousness is therefore
itself an evolvable trait™.

Considering two viruses with the same levels of intrinsic transmis-
sibility, one may transmit faster than the other, provided its period of
infectiousness starts earlier. The latent period is an epidemiological
property, representing the time between the moment of infection of
an individual and the moment they start to be infectious to others.
A shorter latent period means the host can infect sooner after being
infected’?, and for a given level of R, this can cause epidemics with
steeper growth”. An earlier onset of infectiousness was observed for
Omicron BA.1when compared with Delta®, yet its infectiousness was
shown to last a shorter time™.

Transmissibility inimmune populations: evolution ofimmune
escape

RNA viruses are known to exhibit considerable degrees of antigenic
evolution —adaptive changesingenomic regions encoding for targets
of immunity. Antigenic drift often results inimmune escape — the fail-
ure of humoral or cellular immunity to recognize or neutralize the
pathogen. Whereasin naive host populations intrinsic transmissibility
isthedominant adaptive property of viruses, in highlyimmune popu-
lations the ability to overcome host resistance becomes at least equally
important as a fitness determinant. Even a highly transmissible virus
willnot be able to spread among resistant hosts. Allowing reinfection of
immuneindividuals,immune escape mutations are effectively opening
anew ecological niche for escape lineages — the niche of reinfections.

In SARS-CoV-2, signs of antigenic evolution were identified in
late 2020 in VOCs Beta and Gamma, each found to carry mutations
demonstrated to reduce antibody recognition and neutralization,
particularly the E484K mutation. Early incidence data from South
Africaand Brazil — therespective areas where these lineages were first
identified — indicated higher reinfection rates in comparison with
areas where other lineages circulated, illustrating the important role
of immune escape mutations in maintaining high transmissibility in
immune populations (Fig. 4c).

Onemergence of Omicroninautumn 2021, it was quickly realized
that this variant has a much higher capacity to cause reinfections than
any variant before it”. Many of the major VOC mutations in the spike
arefoundinthe RBD and amino-terminal domain where neutralization
antibody binding is the most potent”. Deep mutational scanning stud-
ies have provided rich dataon the ability of these mutations toincrease
ACE2binding affinity®®, and to escape antibody binding”. In particular,
they show the major impact of E484 (amino acid changes to K, P and
Q) and N501 (amino acid changesto Y and T) sites on plasma antibody
neutralization and ACE2 binding affinity of the virus, respectively.

With more than 30 amino acid substitutions and several dele-
tions and insertions, the first 2 lineages of Omicron (BA.1 and BA.2)
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Fig. 4| The evolution of transmissibility. a, Relationships between the key
elements that contribute to transmissibility: intrinsic transmissibility, immune
escape and temporal aspects of infectiousness, such as time of onset and
duration of infectiousness. b, Evolvable viral traits affect intrinsic transmissibility
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by influencing
mechanistic factors contributing to the transmission process at each of its

three stages. Evolution in these SARS-CoV-2 traits can ultimately increase
transmissibility. ¢, Transmission-enhancing properties of SARS-CoV-2 influenced
by viral evolution, and their effect onimportant epidemiological parameters

and population outcomes. *Only in combination withimmune escape. ACE2,
angiotensin-converting enzyme 2; R, basic reproduction number; R,, net
reproduction number.
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were significantly more divergent in relation to earlier VOCs®. The
new mutations that arose in these Omicron sub-lineages, also mainly
clustering in the RBD, have caused significant reductions in the neu-
tralization titres of serafromindividuals who are naturally infected or
vaccinated'®'”"but may have only had marginal influence on their ACE2
binding affinity'°. The descendants of BA.4 and BA.5 lineages contain
further mutations in the RBD relative to the earlier Omicron lineages
including L452R and F486V, shown to contribute significantly to their
immune escape properties'®. Sera fromindividuals who are vaccinated
and boosted also exhibited reduced neutralization of these lineages,
compared withBA.1and BA.2 (ref.103).

The S1subunit, containing the RBD and N-terminal domain that
possess a substantial number of mutations shared among these new
highly divergent and evasive variants, exhibits a strong signal of adap-
tive evolution, mainly reflecting the increased ability of these lineages
to transmit in immune populations, and particularly after the emer-
gence of Omicron'* (Fig. 3a). Predictably, these mutations were also
associated with aspects of increased fitness'® (Fig. 3¢).

The contribution of viral escape from cell-mediated immunity in
driving the evolution of SARS-CoV-2 is less well defined than that of
escape from humoral immunity. The majority of T cell epitopes are
invariant between the prototype strains and VOCs'*°'%, The spike
mutation P272L was shown to result inimmune escape of adominant
Tcellepitope'”, and several other mutations in T cell epitopes reduced
ordirectly abrogated MHC class I presentation™®.

Besides natural immunity, vaccination can also be a driver for
immune escape. The crucial difference for SARS-CoV-2, in particular,
is the lack of mucosal immunity following parenteral vaccination.
Because the virus can still replicate in the mucosa of the upper res-
piratory tract and transmit, the role of vaccination as a factor driving
SARS-CoV-2 evolution may be less pronounced compared with that
of natural infection. Another important difference to natural infec-
tion is the much narrower antigenic region targeted by most popular
vaccines, that is, the spike protein or even just the RBD. This naturally
limits the drive for escape pressure to just these regions. Vaccination-
relatedimmune escape has nevertheless been shown forboth Betaand
Omicron', expectedly withafocus on the anti-RBD-induced antibodies.
Escape from vaccine-elicited humoral immunity was further demon-
strated for the Delta variant'?. While mass vaccination with ancestral
strains may create a more constant and predictable immune pres-
sure, the spread and ongoing evolution of the pathogen render natural
immunity amuch more dynamicselective force. The changingimmune
landscape will mean that, at any time, a variant that has high escape to
itsimmune landscape will spread rapidly through the population and
can, potentially, outcompete variants triggering immunity.

Waningimmunity, whichis the decline ofimmune protection over
time and characteristic for immunity to SARS-CoV-2, is a factor likely
to slow down the population-level evolution ofimmune escape of the
virus. Because of waning immunity, those fully resistant to reinfection
will typically be fewer than those with partialimmunity, sointrinsically
transmissible viral lineages can maintain high fitness even without
immune escape in non-naive populations.

The evolution of virulence

Thetermyvirulenceis defined differently across disciplines. Inecology,
virulence is formally defined as the degree of reductionin the fitness
ofahostattributed to a parasite'™. In clinical medicine and experimen-
tal health sciences, often the synonym ‘pathogenicity’ is preferred to
denotethe degree of harm a pathogen causes to a host. Pathogenicity

inclinical medicine can also be described in terms of the specific symp-
toms a pathogen causes. Unlike virulence and pathogenicity, which
characterize the pathogen, the related term ‘severity’is used to describe
the gravity of a clinical condition.

Virulenceis notanactual traitin the biological sense. It s, rather,
aninteraction property, thatis, the product of the ecological relation-
ship betweentwo species —ahost and a parasite. This ‘relativity’ of viru-
lenceis wellillustrated by the fact that the same pathogen can exhibit
very differentlevels of virulence wheninfecting different host species.
As an ecological outcome from complex, multifactorial interactions,
virulence is difficult to model or predict, but an understanding of its
component processes can, in part, provide some predictions about
its evolution.

Changesin pathogenicity were firstreported for Alpha. Thereafter,
all subsequent VOCs before Omicron (Beta, Gamma and Delta) were
causing increased hospitalizations and mortality rate in comparison
with the ancestral lineage"* . The later emerging Omicron BA.1and
BA.2 lineages were both associated with lower disease severity com-
pared with the ancestral strain®*'”, and virulence levels of different
variants did not exhibit any directional pattern. Such comparisons
are of course challenging as not only the viral lineages are subject to
change.Sois the resistance status of hosts, due to widespread vaccina-
tion or previous infections, meaning that Omicron spread has occurred
against abackground of much higher populationimmunity levels. Most
virulence studies for SARS-CoV-2 are understandably focused on the
role of the spike protein, but other parts of the genome also contribute
tothis property. In animal models, chimeric viruses carrying the spike
protein of Omicron BA.1withinabackbone genome from the ancestral
virus demonstrated the existence of virulence factors in other parts of
the SARS-CoV-2genomein additionto theimportant role of the spike
protein for virulence$'%°,

A popular and incorrect view on the evolution of virulence, fre-
quently expressed in the context of SARS-CoV-2, is that in the long
run, pathogens will tend to evolve to be decreasingly virulent'”. The
reasoning being that highly virulent pathogens will short-sightedly kill
their host and inevitably perish with it. There are crucial flaws in this
oversimplistic logic. First, it ignores the fact that the actual adaptive
environment of viruses is not a single host but a population of hosts.
For many pathogens, severe disease manifestations postdate transmis-
sion to anew host. SARS-CoV-2 tends to cause severe disease or death
late, towards the third week post infection, whereas the infectious
period usually spans from day 2 to day 15, with 90% of transmission
already achieved before the average time of death. As long as a viral
lineage successfully carries on transmitting further to multiple other
hosts, the ultimate fate of the initial host will not substantially impact
its fitness. In this situation, high virulence is not a fitness impediment
for the virus and would not be selected against.

Except in rare and unusual circumstances'*>'*, microorganisms
donotdirectly benefit fromvirulence. Yetit could correlate with other
traits of the pathogen, which are adaptive. In other words, increas-
ing virulence can be a by-product of viral evolution, where the virus
evolves to maximize other traits that increase its fitness, but that are
linked to virulence. An example of this situation is SARS-CoV-2 viral
loads. Increased viral abundance contributes to better chances of
transmission —a crucial fitness trait for the virus. Yet higher loads may
alsoresultin more severe disease. In such asituation, avirus may evolve
higher virulence, if there is a net gainin fitness.

An additional important and underappreciated point related to
virulenceis that highly transmissible pathogens (whether due to high
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intrinsic transmissibility orimmune escape) with lower infection fatal-
ity ratios can contribute to high population-level disease burdens, over-
shadowinginthat respect extremely pathogenic butless transmissible
pathogens (Fig. 4c¢). Examples of this are MERS-CoV and SARS-CoV,
where the former, despite a staggering infection fatality ratio of more
than 30% has, due to its relatively low transmissibility, caused a total
of 935 deaths since 2012 (ref. 124). By contrast, SARS-CoV-2, with an
estimated infection fatality rate well under 1%, has as of today killed
more than 18 million people'.

Due to the multifactorial and ecological nature of virulence, and
due to the paucity of reliable estimates for many of the parameters
involved, the evolution of virulence is difficult to model or predict.
Given the relative timing between transmission and severe disease,
and life history links between virulence and adaptive traits, we know
we cannot rely on evolutionary forces to necessarily reduce virulence
as the virus adapts long term to its host population. Depending on a
combination of specific circumstances, SARS-CoV-2 virulence could
goupordown.

Evolutionary origins of variants of concern

From Alphato Omicron

In late December 2020, a new SARS-CoV-2 lineage was identified to
be expanding rapidly in parts of the United Kingdom, carrying alarge
number of mutationsin the spike region'>*'”, This lineage, later Pango
classified as B.1.1.7 (ref. 128), was named by the World Health Organi-
zation (WHO) VOC Alpha'®. In the ensuing weeks, South Africa and
Brazil reported two additional rapidly growing lineages — VOCs Beta
(Pango lineage B.1.351)"™* and Gamma (Pango lineage P.1)"*°. Each of
these featured a large number of genetic differences with respect to
the background viral population, some bearing signatures of enhanced
transmissibility orimmune escape properties™'*, The Delta lineage
(Pangolineage B.1.617.2), recognized as a VOCin May 2021 but circulat-
ing for months before this in India*, rapidly replaced previous VOCs
and led to adrastic surge in cases around the world”*". In November
2021, Omicron®*"° (Pango lineages BA.1-BA.5), discovered in South
Africaand Botswana, started new global waves of infection. Although
these VOCs emerged in different parts of the world, they shared sets
of mutations (for example, N501Y, E484K and AH69/V70), indicat-
ing possible convergent evolution”*”"*%_Each of these VOCs had a
significantly higher growth advantage relative to their predecessor
variants'®,

Although Alpha was the first VOC to be discovered, phylo-
genetic estimates suggest Beta likely emerged earlier, before June
2020 (ref. 114), months before it was reported in October 2020. The
emergence of Alphawas estimated to be in early September 2020 and
Gammainmid-November 2020 (refs. 68,139). Intermediate Alpha-like
and Gamma-like genomes were detected, appearing several months
before their respective VOC clades first emerged®®*’. The origin and
beginning of the spread of Delta within India are uncertain, but phylo-
genetic estimates based on global datasuggest that it emerged in mid-
October 2020 (ref.140). Unlike the other VOCs, following its discovery
Delta did not increase substantially in frequency until much later in
March 2021 (ref.140). Thefirst three lineages of Omicron (BA.1,BA.2 and
BA.3) allemergedindependently around the same time in October 2021
(ref. 65), followed by BA.4 in mid-December 2021 and BA.5 in January
2022 (ref.136). Theemergence of the BA.3 lineage has been suggested
to be aresult of an ancestral recombination event between BA.1 and
BA.2 (ref. 65). Also, the emergence of the newly identified BA.4/BA.5
lineages was likely through a prior inter-lineage recombination event™,

The mechanisms of the evolutionary origin of VOCs are still a
matter of debate. Several hypotheses have been put forward to explain
theiremergence: sustained stealth circulation of SARS-CoV-2in humans
in areas with poor genomic surveillance; zoonotic circulation of
SARS-CoV-2 in animal reservoirs; and chronic SARS-CoV-2 infections
in certain individuals who are immunocompromised (Fig. 5).

Hypothesis1: undetected circulation in humans

The global genomic surveillance of SARS-CoV-2 has been over-
whelmingly more detailed than that of any other pathogen (Fig. 3),
yet extremely uneven with many low- and middle-income countries
sequencing <0.5% of their cases. This extreme undersampling leads
to some viral lineages circulating undetected, allowing for long-term
stealth viral evolution'***2, This applies particularly for countries with
limited genomic surveillance that experienced sustained circulation of
thevirus during the pandemic'**'**, Inadequate genomic surveillance
canfurtherunder-detect SARS-CoV-2 chronicinfections, whichcanin
turnfurther contribute to undetected viral evolution (see ‘Hypothesis
3: human chronicinfections’; Fig. 5).

From an evolutionary perspective, the emergence of anovel and
highly transmissible variant with, say, 12 novel mutations through the
gradual accumulation of substitutions at arate of 2 changes per month
would require that variant to remain undetected for nearly 6 months
before it would be reported. The accrual of mutations could happen
faster if some of the mutations are advantageous for the virusand can
reach high frequencies faster. However, Delta and Omicron spread
throughout the world in a matter of only a few months. Given global
interconnectedness, such an evolving lineage is likely to be intercepted
atearlier stages of this mutation accumulation process. Furthermore,
unless the evolution of the virus is accelerated, a lineage could not
acquire 10-12 mutations above what would be expected given the
substitution rate just through gradual accumulation of substitutions.
Therefore, the emergence of anovel variantin transmission chains of

multiple acute infections does not seem likely'*.

Hypothesis 2: circulation in animals
Despite abroad range of animal hosts that are permissive to the virus,
justthree animal species are known to effectively transmit SARS-CoV-2:
Syrian hamsters, mink and white-tailed deer — the only known wildlife
reservoir at present**'* To date, no specific viral genetic adaptations
have been observed in the Syrian hamster. Mutations in SARS-CoV-2
foundin mink and white-tailed deer both appear animal host-specific.
Mutations in isolates from mink improve viral binding to the mink
ACE2 receptor, whereas isolates from white-tailed deer are found to
carry changes predominantly outside the spike protein*®*!, Although
the N501Y spike mutation foundin VOCs Alpha, Betaand Delta allows
these variants to infect wild-type mice, this is likely a coincidence
resulting from evolution in human hosts, rather than an adaptation
to this animal®’. N501Y is also present in the Omicron spike protein,
butinfection of Balb/C laboratory mice was inefficient with Omicron
BA.1. Yet infectivity markedly improved when mice were challenged
with a chimeric virus with an Omicron spike and an ancestral back-
bone'’, suggesting that other mutations outside the spike region
might also be responsible for susceptibility in mice, a finding that
has been confirmed in K18-hACE2 transgenic mice, which express
human ACE2 (ref. 119).

Divergent SARS-CoV-2 sequences in farmed mink in the
Netherlands and white-tailed deer in Canada show signatures of accel-
erated evolution and potential for animal-to-human transmission’"*,
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Fig. 5| Hypotheses for the emergence of SARS-CoV-2 variants of concern.
Hypothesis 1: the virus can circulate, causing acute infections within a region
lacking adequate genomic surveillance for asustained period of time and gradually
acquiring adaptive changes without being detected until it reaches another
region with stronger genomic surveillance. Hypothesis 2: people in close contact
with farmed or wild animals such as mink or deer can transmit the virus to these
populations, where severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
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canacquire further adaptive changes on circulation in those animal populations
before aspillback into humans, leading to the emergence of variants of concern
(VOCs). Hypothesis 3:if the virus persists in anindividual who is chronically infected
for along period, it may acquire changes that are adaptations to hostimmune
responses. Further adaptive changes may occur if the patient is under treatment to
clear theinfection (for example, monoclonal antibodies or convalescent plasma)
that may accelerate selection for antibody evasion mutations.

However, the combination of mutationsin these viruses s very different
fromthose foundin VOCs inhumans, suggesting a different evolution-
ary path. This is further substantiated by data showing an ongoing
adaptation of these strains to anew animal host such as the white- tailed
deer™, evenif the potential for viral spillback to humans remains.

All pre-Omicron lineages featured similar infection and viru-
lence patterns across Syrian hamsters, K18-hACE2 transgenic mice
and ferrets. Yet Omicron BA.1 was unable to infect ferrets, a further
indication that its evolution may not be an adaptation to animals"®>31*,
Furthermore, passaging of SARS-CoV-2in, or adaptationto, an animal
species is unlikely to elicit human immune escape properties, which
is a central feature of most VOCs'>. In fact, the numerous mutations
that occur predominantly in the SARS-CoV-2 spike protein, driving
considerable immune escape in humans, strongly point to long-term
evolutioninhumans, already described inindividuals who are immuno-
suppressed™. Omicronspecifically appears to be a product of adapta-
tion to humans, and only few particularly susceptible animal species
such asthe Syrian hamster can be efficiently infected in the laboratory.
Currently, no convincing arguments that support the origin of VOCsin

animal reservoirs exist. Nevertheless, due to the longer-term risks of
reverse spillover, the evolution of SARS-CoV-2 in new animal reservoirs
suchas the white-tailed deer needs to be monitored and studied closely.

Hypothesis 3: human chronic infections

Prolonged shedding of SARS-CoV-2 has been reported in individuals
who areimmunocompromised, due to, for example, some cancers,
immunosuppressive therapy or AIDS™"%, Insuchindividuals a deficient
immune system can fail to clear the virus on acute infection, leading
to long-term viral persistence. Given the large number of amino acid
changesinviral lineages sampled from chronic infections, it has been
hypothesized that such infections are responsible for the emergence
of the multiple highly divergent variants of SARS-CoV-2 (ref.159). Key
evidence in support of this hypothesis is the observation that sets of
mutationsidentified from chronicinfections are also shared by VOCs.
Examples of such mutations are E484K (seen in Betaand Gamma),
N501Y (Alpha, Beta and Gamma), AH69-V70 (Alpha, Eta and some
Omicron variants), H655Y (Mu) and R3461 (Omicron)'*°. Further,
the extremely low number of synonymous mutations accumulated
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in the spike of Omicron, in stark contrast to the very high numbers of
non-synonymous ones®, is consistent with the currently most credible
hypothesis for the origin of VOCs, that is, through evolution during
chronicinfection. Alow number of synonymous mutations are a sign of
low rates of neutral evolution, which might be an indirect indication
of low numbers of transmission bottlenecks in the near past, supporting
ascenario of long-term evolution in a persistent infection in a single
individual, rather than a chain of transmissions'*’. Divergent cryptic
viral lineages containing previously unsampled mutations isolated
from urban wastewater, which come from specific geographically
restricted parts of the sewage system, are another indirect signal for

possible human chronic infection'.

Box 1

It is thought that selection in individuals who are chronically
infected is likely driven by treatments (Box 1), such as convalescent
plasmaor monoclonal antibodies, and/or by weakimmune responses
sufficient to exert a selection pressure on the viral population, but
insufficient to clear it, yet other selective pressures such as recep-
tor binding™® or replication capacity are also possible. Given that
antibody-based therapies for individuals who are chronically infected
predominantly target the SARS-CoV-2 spike protein, we may expect
them to select for changes that are concentrated in the spike and
for immune escape mutations that will facilitate reinfections, such
as those found in many of the VOCs"". Importantly, forward trans-
mission of mutations from patients wo are chronically infected has

SARS-CoV-2 evolution of resistance to treatment

Drug resistance typically arises when a virus is not effectively
suppressed by an antiviral drug and replicates in its presence. Any
emergent mutations that confer even partial resistance to the drug
will provide their carrier lineage with a competitive advantage and
help it outcompete other non-resistant variants. Such treatment
failure directly produces acquired resistance within a person who
is infected, which has the effect of reducing or even eliminating
the antiviral properties. If lineages that acquired resistance are
then transmitted, a phenomenon known as transmitted resistance,
this may quickly amplify the frequency of the resistant mutation
in the host population. Transmission of resistant virus depends
on the intensity with which individuals undergoing drug treatment
shed resistant virus, the transmissibility of resistant virus relative
to wild-type virus and the treatment regime'®°.

Antiviral drug resistance has been plaguing the treatment
of many viral infections with the prominent examples of human
immunodeficiency virus (HIV), hepatitis C virus (HCV) and influenza
virus'®'®®, and antiviral drug resistance has also been reported for
other coronaviruses'®. Studies of the phenomenon in influenza
virus evolution show that drug-resistant viruses emerge rapidly on
the beginning of treatment'®*'®” and that high viral loads and long
viraemia increase the probability of fixation of a resistance mutation
in a viral lineage'®. Furthermore, the threshold for drug resistance
development can be low when monotherapy is applied whereas
combination therapy considerably raises the resistance threshold'®*"°,
indicating that combination therapies with antivirals or monoclonal
antibodies are a treatment strategy superior to monotherapy'#**'.

Different antiviral regimens have been employed in an attempt
to treat patients with COVID-19. This initially included monoclonal
antibodies, polyclonal antibodies and specific antiviral drugs
developed against other pathogens, such as remdesivir. In December
2021, two novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)-specific antiviral drugs (Paxlovid and molnupiravir)
were nearly simultaneously licensed'?. In vitro studies have shown
multiple evolutionary pathways leading to SARS-CoV-2 resistance to
remdesivir, demonstrating the potential of resistance development
and the need to investigate their in vivo significance in clinical
studies'®"%*, Furthermore, two independent in vitro studies both

demonstrated that SARS-CoV-2 develops resistance to nirmatrelvir,
the active component of Paxlovid'®.

The specific mechanism of action of the new drug molnupiravir
deserves further attention in the context of viral evolution. The
mechanism of action of this class of mutagenic antiviral is lethal
mutagenesis, which pushes the virus to extinction by increasing its
mutation rate above its error threshold'®. Failure to rapidly suppress
the virus in an environment of hypermutation, often as a result of poor
patient compliance, might produce a rich cocktail of viral variants,
potentially stimulating rapid within-host evolution of the virus. Such
rapid evolution could facilitate the emergence of higher fidelity
mutants more resistant to the mutagenic effects of molnupiravir'®,
potentially leading to a notable excess of transitions compared with
transversions'®®, although high-fidelity variants resistant to mutagenic
drugs were previously shown to otherwise exhibit lower fitness'#*°°.
Molnupiravir signature patterns were identified in sequences sampled
across diverse global locations®”, indicating that hypermutagenic
antivirals may need to be closely monitored.

Experimental results indicate the emergence of resistance
mutations in the SARS-CoV-2 spike protein after in vitro passaging
in the presence of SARS-CoV-2-specific monoclonal antibodies?®*?%,
SARS-CoV-2 in individuals treated with monoclonal antibody
monotherapy following the emergence of resistance mutations
showed a dynamic evolution characterized by immune escape,
altered replication kinetics, an extended period of elevated viral loads
and rebound of clinical symptoms®**. Meanwhile, in patients with
mild or moderate COVID-19, resistance to monoclonal antibodies
such as bamlanivimab was substantially reduced when given as a
combination with etesevimab?®. Polyclonal antibodies have also
been explored and mapped for evolution of escape, indicating that
escape is still possible despite the presence of antibodies that target
diverse epitopes®®?”’,

Although in vitro and, especially, clinical data are still scarce,
assessing the risk of emergence of resistance, both within host and
population wide, is pivotal to preserve the long-term effectiveness
of SARS-CoV-2 antivirals. Long experience from antiviral treatment of
other viruses, such as HIV, demonstrates that combination therapy
minimizes the emergence of resistant mutants.
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Glossary

Antibody neutralization

The blocking of viral replication in a host
as a result of antibody binding to the
virus. Often this is due to binding of

the antibody to viral structures involved
ininteractions with cellular receptors,
resulting in blocking of cell entry.

Basic reproduction number
(Ro). The average total number of
secondary infections that a single
infectious case produces in a totally
susceptible population of hosts.

A measure of transmissibility.

approximated by the net reproduction
number (R,) — the number of new
infections with a viral variant a

single infectious person produces

in the population.

Founder effect

The loss of genetic diversity

inthe population asaresult of a

new population being established

by a small number of individuals. It is

a consequence of the transmission
bottleneck, significantly influenced by
chance and contributes to genetic drift.

host to a susceptible one, successfully
establishing infection in it. This includes
the intensity with which it is expelled

by the infectious host, its ability to

resist factors in the environment while
in transit and its ability to establish in
anew susceptible host.

Superspreading

A situation whereby a particular
setting, circumstances or an infectious
individual are responsible for the
transmission of a pathogento a
disproportionately large number

of people.

Latent period

The duration between the moment
of infection of an individual host and
the moment that host starts to be
infectious to others; characterizes
infectious agents.

Consensus seqguence

The sequence obtained by taking the
most common base at each nucleotide
position along the genome from the
often genetically diverse population in
asample.

Duration of infectiousness

The duration of the period in which
ahost is infectious with a specific
pathogen. This can vary from a few days
to decades or even a lifetime in different
pathogens.

Effective population size

The size of anidealized population,
which determines the changes in
gene frequency as a result of genetic
drift and the effectiveness of selection
relative to drift. An intuitive explanation
of this abstract termis that the effective
population size approximates the
number of individuals in a population
who are actually reproducing and
leaving progeny.

Endemic persistence

An epidemiological state where a
pathogen exists at long-term stable
prevalence in the host population,
neither increasing nor decreasing.
Endemic persistence implies neither
low virulence nor low prevalence of
the pathogen, but these are often
incorrectly assumed attributes of the
term, confusing debates on the subject.

Fitness

The reproductive success of an
organism. For viruses spreading in
ahost population, fitness is often

Genetic drift

Changes in a nucleotide character
frequency at agenomic siteina
population over time due to chance.
Drift enables some characters to
become common despite a lack of
selective advantage, or even if mildly
deleterious.

Immune escape

The ability of a virus to partially or
fully evade immune recognition

or neutralization. Here we only focus
on mutational immune escape,
which results from virus evolution.

Most recent common
ancestor

The most recent individual from which
a group of individuals in the population
are descended.

Mutation rate

The probability of mutation, usually
measured per nucleotide per replication
cycle.

Mutations

Changes in the genome of the virus,
usually occurring as a result of errors
during replication.

Infection fatality ratio

The ratio of the number of deaths caused
by a pathogen infection to the number
of individuals infected by the pathogen.
It is a measure of the infection severity
and the virulence of the pathogen

(often also called the ‘infection fatality
rate’, despite not being a rate).

Net reproduction number
(R). The average total number of
secondary infections that a single
infectious case producesina

real population of hosts, where
epidemiological control measures
may be applied and a proportion
of the population may be immune.

Infectiousness

The intensity with which a pathogen is
expelled by an infectious host, usually
as aresult of high infectious loads,
infectiousness promoting symptoms
and presence in tissues or fluids, which
are important in its transmission route.

Infectivity

The ability of a pathogen to take
foothold in a new host and establish
infection.

Intrinsic transmissibility
The capacity of an infectious agent to
move successfully from an infectious

Recombination

The combining of genetic material from
two different viruses during replication,
producing an offspring virus carrying

a portion of the genetic material from
either parent.

Severity
The gravity of a clinical condition
or infection.

Substitution rate

(Also known as evolutionary rate).

The rate at which new mutations
accumulate in a viral population, usually
measured per nucleotide site per year.

Transmissibility

The intensity with which an infectious
agent moves between hostsina

real setting, where hosts may have
prior immunity. Besides intrinsic
transmissibility of the pathogen,

this includes immune evasion

as well as temporal components
such as duration and time of onset

of infectiousness.

Transmission bottleneck
The infinitesimal number of viral
particles that establish the viral
population ina new host on
transmission. Usually, these are a
minuscule and often genetically
unrepresentative sample from the
virus population in the original host,
which contributes to genetic drift.

Variant of interest

As defined by the World Health
Organization, a severe acute respiratory
syndrome coronavirus 2 variant with
genetic changes predicted or known
to affect its transmissibility, disease
severity, immune escape, or diagnostic
or therapeutic escape, causing
significant community transmission,

in multiple countries, increasing in
frequency, causing increasing number
of cases and suggesting an emerging
risk to global health.

Variants of concern

(VOCs). Variants that, in addition to the
criteria for a variant of interest listed
above, are associated with an increase
in transmissibility, an increase in
virulence or a decrease in effectiveness
of public health measures, diagnostics,
vaccines and therapeutics at a degree
of global health significance.

Virulence
Casually defined as the degree of harm
a pathogen causes to a host.

Nature Reviews Microbiology | Volume 21| June 2023 | 361-379

373


http://www.nature.com/nrmicro

Review article

been detected'**'¢*, Settings with high levels of monoclonal anti-
body use (perhaps care homes) could have provided an environment
that generates viral diversity that can be quickly passed on between
individuals.

Although clear evidence of selection has been observed in some
individuals who are chronically infected, there is still no consistent
understanding of aclear pattern of the evolution of SARS-CoV-2 across
allchronicinfections, or how common the emergence of transmission-
enhancing variants during these infections is. Some of the globally
occurring spike mutations in VOCs such as P681H/R, for example, are
not observed in some patients with chronic infections. A potential
explanation for this may be atrade-offbetweenimmune escape muta-
tions and transmissibility, which, unlike viruses in chronic infections,
the globally transmitting viral lineages are likely subject to'®. It is
also unclear which forms of immunosuppression are associated with
chronicinfection, and their prevalence within the populationis uncer-
tain'®*. Overall, given the current evidence in support of chronicinfec-
tions generatingimmune-evading mutations, itisreasonable to assume
thatsuchinfections are likely responsible for the emergence of at least
some of the VOCs. This suggests that finding and treating individuals
who are chronically infected must be a high public health priority'®.
Further, understanding the evolutionary dynamics of SARS-CoV-2
during chronic infections can provide a window into future potential
emerging immune escape variants'*°.

Possible future scenarios

Until late 2021, before the emergence of Omicron, VOCs suchas Alpha
and Delta were mainly associated with increased transmissibility and
modest degrees of immune escape'”. However, current evidence
suggests that immune escape properties were the main driver for the
displacement of Delta by Omicron®. This implies that, over longer
timescales, depending on the intrinsic transmissibility of future line-
ages and the degree of cross-immunity between them, one canimagine
scenarios where two or more lineages co-circulate, or alternatively
where one drives others to extinction. Such an interplay could have
profound public healthimplications, depending on the transmissibil-
ity and virulence of the dominant lineage, and on the immunological
landscapeinto which antigenically distinctlineages are introduced. For
example, itis possible to envisage a scenario where waning immunity
plus antigenic distinctiveness could periodically lead to new waves
of infection.

A few studies have shown that some key, variant-defining muta-
tions with ACE2-mediated transmissibility or resistance to population-
level immunity could potentially be identified much earlier than the
emergence of anew VOC”*'*, However, many of these mutations may
not pose a public health threat, unless in the presence of others. For
example, the variant of interest Theta had a constellation of mutations
thatalerted scientists because it included defining mutations such as
D614G, N501Y and E484K in the spike protein, yet its spread was lim-
ited. An effective early warning system for future VOCs requires rich
information about variants, such asintrinsic transmissibility, tropism,
immune escape, virulence and susceptibility to available treatments,
linked to epidemiological data, such as the relative transmissibility
of circulating variants and secondary attack rates from household
transmission studies'®”*’, It may be possible to develop models that
can predict some of these features from sequence data alone'*%'"°,
Wastewater surveillance provides acomplementary source of sequence
information'" and can reveal the cryptic transmission of variants in
advance of their identification in individuals'’. The role of immune

escape mutations and their prediction will pose substantial challenges,
astheir fitness consequences depend on the immunity landscape. The
Betaand Gamma VOCs for example, despite their local advantage, did
not spread substantially outside the areas they were initially identi-
fiedin,and Omicron BA.1was outcompeted in animal models by both
Alphaand Delta"®,

With the caveats mentioned above, we can imagine a possible
best-case scenario for the future evolution of SARS-CoV-2 whereby
there will be continued antigenic drift within the Omicron lineage,
such that over short and medium timescales, immunity elicited by a
combination of vaccination and prior infection protects against severe
disease on reinfection”>'”*, and provides broad immune responses
that will cover considerable continued evolution of the virus”*°. Ina
best-case scenario, perhaps the majority of future fitness improving
mutations will be limited to escape from hostimmunity. Fromthe cur-
renttrend of Omicron variants, we might expect anew wave of infection
forevery additional -4 months of virus circulation®, although we have
no way of knowing whether this periodicity would be maintained. As
anillustration, if we imagined that SARS-CoV-2 infection fatality ratios
in individuals with prior immunity were similar to those of seasonal
influenza, we can expect two to three times the burden of influenza
annually. This ignores any additional burden resulting from post-
acute COVID-19 sequelae (also known as long COVID)"”. Under this
scenario, the longer-termimpact of the virus would be determined by
its levels of pathogenicity. The expectation is that it would also begin
to follow a more regular seasonal incidence pattern, similar to other
human coronaviruses”® (Box 2). The summer outbreaks of 2022 by
Omicron-derived lineages hint that a regular seasonal pattern may
notarrive soon.

Alikely alternative to the best-case scenariois that antigenic evo-
lution would be disrupted by the emergence of a new variant with
a completely different constellation of mutations and phenotypic
properties, which will allow the virus to evade immunity established
by prior infection or vaccines. This could occur through accelerated
evolution of the virus during long-term persistence withinindividuals
who areimmunocompromised who happen to carry amore basal strain
of SARS-CoV-2 from a period when a completely different variant was
circulating. A casein pointis thatboth strains circulating in the white-
tailed deer, the only known new reservoir in wildlife', and a cryptic
lineage found in urban wastewater'® feature pre-Omicron and even
pre-VOC basal strains, demonstrating the continued persistence of
basal strains. The unpredictability of the evolution of virulence could
mean that such lineages are more virulent than Omicron, perhaps
causing severe diseaseinmore people. Insuchacase, the overall public
healthimpact would be determined by the balance between severity
of infections and residual population cross-immunity.

Theemergence of VOCs and potential future antigenically distinct
lineages canbe thought of as ‘shift-like events’, which are unexpected,
significant changesin the genetic make-up of the virus and, potentially,
in its clinically relevant properties. Typical potential generators of
shifts are recombinations. Although there is currently no evidence
suggesting that recombination wasinvolved inthe origin of any VOCs,
including Omicron®”’, recombination remains a continuing potential
source of concern. Recombination events between highly divergent
lineages have the capacity to bring potential adverse phenotypic
properties together, for example, combining mutations that confer
immune escape properties from one lineage with those that enhance
transmissibility (and potentially also virulence) from another. Although
likely not originating from recombination, the emergence events of
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Box 2

Emergence and evolution of SARS-CoV-2 and other human

coronaviruses

Several coronaviruses are known to infect humans seasonally or
have recently emerged from zoonotic sources, the latter akin to

the origin of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) from a sarbecovirus infecting bats. Analysis of the
range of pathogenicities and epidemiologies of these coronaviruses
may potentially offer insights and predictions about the longer-term
patterns of the SARS-CoV-2 pandemic.

The four human seasonal coronaviruses (HCoV-NL63, HCoV-229E,
HCoV-OC43 and HCoV-HKU1) are distributed worldwide, causing
generally mild self-limiting respiratory infections and rounds of
reinfection. Although now established in humans, homologues
of each of these viruses are widely distributed in other mammals,
potentially representing their zoonotic origins. These include viruses
in cows (HCoV-OC43) and camelids (HCoV-229E), and a wider
reservoir of related but more genetically diverse homologues infecting
various species of bats or rodents (HCoV-OC43 and HCoV-HKU1)*%%%%°,

Among more recently emerging coronaviruses in humans,
the highly pathogenic SARS-CoV is genetically closest to
sarbecoviruses infecting bats and various intermediate species
such as civets. MERS-CoV, also a betacoronavirus, has transmitted
multiple times into humans on contact with camels in the Middle
East. These two coronaviruses appear to contrast markedly to the
human seasonal coronaviruses with respect to infection outcomes
and epidemiology. At one extreme, SARS-CoV showed rapid
spread shortly after its emergence in 2003, but control measures
effectively disrupted its sustained chains of transmissions and it
was rapidly eradicated?'®. Infections of MERS-CoV are restricted
in their ability for human-to-human transmission and are present
primarily through repeated spillovers from camels or following
exposures of medics to patients who are infected'®. By contrast,
human seasonal coronaviruses are efficiently transmitted by
respiratory routes, such that there is likely universal exposure and
cycles of infection and reinfection throughout childhood and in
adults”"*. The scope of these outcomes along with understanding
the modulating effect of longer-term adaptive changes in a new
human host may provide insights into the future stages of the
SARS-CoV-2 pandemic.

Dating a phylogenetically inferred split of the HCoV-OC43 lineage
from the closely related bovine coronavirus (BCoV) close to the time
of a historic severe pandemic of transmissible respiratory disease in
1891 (ref. 213) has led to interpretations of the low pathogenicity of
present-day strains of HCoV-OCA43 as a manifestation of a directional
evolution of coronaviruses towards reduced pathogenicity following
zoonotic introduction. Despite appealing to common sense, such

each VOC bear the characteristics of a shift-like event. After what is
believed to have been a long period of cryptic evolution, each VOC
appeared unexpectedly, carried alarge number of mutations and had
considerably altered epidemiological or clinical characteristics. It is

assertions have been largely speculative, based on few data and

not backed by any direct evidence. Furthermore, analyses of
complete genomes point to a time to the most recent ancestor that is
inconsistent with the 1891 outbreak?.

Much of the adaptive evolution of SARS-CoV-2 has centred
around interaction between the viral spike glycoprotein and the
angiotensin-converting enzyme 2 (ACE2) cellular receptor, with many
mutations in variants of concern (VOCs) causing increased binding
or cleavage that correlate with enhanced transmissibility (see main
text). Comparisons of SARS-CoV-2 spike gene sequences with those
of the closest bat-derived sarbecoviruses (for example, RaTG13)
have revealed multiple insertion or deletion events®®, such as the
acquisition of a polybasic furin cleavage site between the S1 (receptor
binding) and S2 (membrane fusion domain) of SARS-CoV-2 (ref. 216)
that mediates post-binding cleavage. Differences between bat and
human ACE2 receptors have similarly necessitated substantial further
changes in the receptor binding domains (RBDs) of the spike protein
of SARS-CoV and SARS-CoV-2 from their bat ancestors to enable
entry into human cells””*"®, Deletions in the SARS-CoV and SARS-
CoV-2 Nsp3 and ORF8 accessory genes”'® may modify interactions
with host-cell defence pathways, perhaps analogous to the attrition
of the ORF8 gene of HCoV-229E and HCoV-NL63 compared with their
presumed immediate zoonotic ancestors.

In theory, many possible parallels could be drawn between the
emergence of SARS-CoV-2 and what has been reconstructed for
the emergence of other coronaviruses in humans. These include
widespread and diverse bat reservoirs of homologues of human
coronaviruses; the frequent existence of intermediate mammalian
hosts that may pre-adapt coronaviruses for human infection; and
evidence for rapid adaptive changes or reorganization in proteins
used for cell entry and host-cell interactions post emergence.
However, very few aspects of these potential parallels are
underpinned by reliable scientific data, which means extrapolations
from our knowledge about other human coronaviruses should
be cautious and that studying the evolution SARS-CoV-2 itself
may be far more informative.

The four seasonal coronaviruses have relatively low pathogenicity in
individuals who are immune competent, with SARS-CoV and MERS at
the other extreme. It is unclear how virulent the seasonal coronaviruses
were when they first emerged in humans, and the degree to which
their current pathogenicity is determined by viral evolution and/or
population immunity. Critically disentangling these processes
from each other could offer insight into the future pathogenicity
of SARS-CoV-2.

difficult to predict which part of viral genetic diversity future major
lineages will originate from and whether they will result from ‘shift-like’
or more gradual, ‘drift-like’ evolution akin to that within the Omicron
clade throughout 2022.
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Other potential rare high-impact evolutionary events that could
occur in the future could radically change the picture, but their like-
lihood is unquantifiable. These include, for example, recombina-
tion between SARS-CoV-2 and another virus, drastically altering the
phenotype; spillback of divergent variants from animal reservoirs into
humans; a complete change in the mode of transmission, akin to the
one observedinthe transmissible gastroenteritis virus, acoronavirus
of animals™°; and novel forms of vaccine escape that rapidly erode
protection against severe disease and death.

In order to map out the repercussions of SARS-CoV-2 evolution for
human health, we need to consider the intersection between its epi-
demiology and evolution. In the absence of eradication, the virus will
likely become endemic, a process that could take years to decades®.
We willbe able to establish that endemic persistence hasbeen reached
if the virus shows repeatable patterns in prevalence year on year, for
example, regular seasonal fluctuations and no out-of-season peaks. The
form this endemic persistence will take remains to be determined®’,
andthe eventual infection prevalence and disease burden will depend
ontherate of emergence of antigenically distinct lineages, our ability
toroll out and update vaccines, and the future trajectory of virulence
(Fig. 4c). The tractability of the SARS-CoV-2 pandemicin the future will
toasignificant extent depend on the intensity of further evolutionary
change, whichin turn will depend onits global infection prevalence.

We have learned a great deal by studying the evolution of SARS-
CoV-2sinceits emergence in humans, and we can certainly make well-
educated guesses about whatis likely or unlikely to happen next, but the
highly multifactorial and stochastic nature of the process will always
keep the future evolutionary trajectory of the virus essentially unknown
in many of its crucial details. Meanwhile, focusing on the epidemiol-
ogy of the pathogen, itisimportant to bear in mind that the transition
from a pandemic to future endemic existence of SARS-CoV-2 is likely
tobelonganderratic, rather thanashort and distinct switch, and that
endemic SARS-CoV-2 is by far not a synonym for safe infections, mild
COVID-19 or alow population mortality and morbidity burden.

Published online: 5 April 2023
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