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The adaptation of SARS-CoV-2 to humans

Eduardo Tosta/*
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The process of adaptation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to humans probably had started
decades ago, when its ancestor diverged from the bat coronavirus. The adaptive process comprises strategies the virus uses to
overcome the respiratory tract defense barriers and replicate and shed in the host cells. These strategies include the impairment of
interferon production, hiding immunogenic motifs, avoiding viral RNA detection, manipulating cell autophagy, triggering host
cell death, inducing lymphocyte exhaustion and depletion, and finally, mutation and escape from immunity. In addition, SARS-
CoV-2 employs strategies to take advantage of host cell resources for its benefits, such as inhibiting the ubiquitin-proteasome
system, hijacking mitochondria functions, and usage of enhancing antibodies. It may be anticipated that as the tradeoffs of
adaptation progress, the virus destructive burden will gradually subside. Some evidence suggests that SARS-CoV-2 will become

part of the human respiratory virome, as had occurred with other coronaviruses, and coevolve with its host.
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Together with the social and economic disruption
produced by the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) pandemic, its impressive death
toll conveys the idea that the virus is inflicting a war
against humankind. That is not the case. Though destruc-
tion is the visible face of the contention, it is not its aim.
The contenders are viral particles from one side, and the
other, cells and molecules of the infected person. These
elements have no volition and, therefore, they cannot dis-
play any intention, including causing harm to each other.
Instead, they act accordingly to biochemical signals that
evolutionary forces have shaped to afford adaptation.

Destruction of the counterpart is harmful to both
sides. If the virus destroys its host, it is destroyed as
well, and if the host causes early elimination of the
virus, immunity is not achieved. The progenitors of
both SARS-CoV-2 and humans have developed, over
evolutionary times, mechanisms whose ultimate aim is
to live in equilibrium and evolve, which implies coad-
aptation and coevolution.">¥ Yet, before an adequate
adaptation level is reached, destruction is inevitable.
Indeed, the SARS-CoV-2 pandemic has caused an
enormous amount of deaths worldwide, and a massive
amount of viruses has been destroyed by those who re-
covered from the infection.

The Greek philosopher Heraclitus observed about
2500 years ago that ‘there is nothing permanent ex-
cept change’. Indeed, all living beings and the physical
landscape where they live are constantly changing, and
adaptation is a major force behind this change. Adapta-
tion depends on tradeoffs between organisms aiming to
improve mutual fitness and survival. It involves two pri-
mary mechanisms, selective pressure and mutation, both
operating on SARS-CoV-2. Gene sequences of SARS-
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CoV-2 isolated from different geographic areas confirm
that genetic changes of the virus are continuously arising,
which ultimately promote adaptation.*> On the other
hand, viruses constrain the host to produce hundreds to
thousands of proteins involved in antiviral defense, virus
replication, and shedding.® These molecular interactions
drive adaptation. This essay discusses the features of the
adaptation process of SARS-CoV-2 to humans, its mech-
anisms, and the virus’s possible evolutionary trajectories.

The process of adaptation of SARS-CoV-2 to humans

The origin and zoonotic route of SARS-CoV-2 to hu-
mans remain speculative.”$%1%1) Several SARS-related
coronaviruses (SARSr-CoVs) have been detected in
Rhinolophus bats from Southern China and have been
considered the most likely ancestors of SARS-CoV-2.
(D Bat-CoV-RaTG13, identified in horseshoe bats (Rhi-
nolophus affinis) in Yunnan, China, exhibits so far the
highest sequence identity to SARS-CoV-2 at the whole-
genome level (96%) and clusters with SARS-CoV-2 in
phylogenetic analyses.'? However, SARSr-CoVs spike
(S) protein diverges in the receptor-binding domain
(RBD) of SARS-CoV-2 and shows substantially lower
affinity to the human angiotensin-converting enzyme 2
(ACE2) receptor.'¥ Phylogenetic comparative analyses
of bat SARSr-CoV and SARS-CoV-2 estimate that they
shared a most recent common ancestor approximately
40-50 years ago, indicating that the lineage giving rise to
SARS-CoV-2 has been circulating unnoticed in bats for
decades.*19 1t is estimated that more than two-thirds of
SARS-CoV-2-like zoonotic events would be self-limited,
dying out without eliciting a pandemic."? The finding of
antibodies to bat coronaviruses in inhabitants of rural ar-
eas of China"!® before the emergence of SARS-CoV-2
in December 2019 gives support to such estimation.

The search for an intermediate host of SARS-CoV-2
has resulted in frustrating outcomes.®!%1%202) A possible
explanation is that this virus has no intermediate host.
Indeed, it is plausible that a progenitor of SARS-CoV-2
had jumped into humans, acquiring its genomic fea-
tures through adaptation during undetected successive
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human-to-human transmissions.®°?? Such adaptation is
not likely to have emerged suddenly but, instead, may
have evolved step by step, each one favored by natural
selection.”) The virus gradually has ‘learned’ how to
overcome the respiratory defense barriers. After this
process, SARS-CoV-2 was possibly prepared to give
rise to full-blown infections and enabled the pandemic
to take off to produce a sufficiently large cluster of cases
to trigger the surveillance system that detected it.®

Moving from bat to human had exposed the virus to
an unfamiliar environment requiring numerous adaptive
changes, such as receptor-specific adjustments, optimis-
ing host factors’ compatibility, and overcoming host an-
tiviral defenses.* This adaptation process relies basi-
cally on mutations. The best-characterised mutation of
SARS-CoV-2 is D614G, a non-synonymous substitution
(nucleotide mutation that alters the amino acid sequence
of a protein), resulting in a replacement of aspartic acid
(D) with glycine (G) at position 614 of the virus’s spike
protein. D614G was first detected in February 2020, and
a few months later, over 97% of isolates of SARS-CoV-2
worldwide were found to contain this mutation.?42529
Structural models predict that D614G variants present
alterations of the S protein conformation so that their
binding and fusion to ACE2 receptors are increased.®®
The D614G mutation is associated with higher viral load
and transmissibility of SARS-CoV-2 but not with greater
severity of the infection, which is consistent with a se-
lective advantage for the virus.@”

About 30% of SARS-CoV-2 mutations are synony-
mous, which leads to modification of the target codon
without affecting the associated protein sequence on
mRNA translation. Therefore, over time, the virus has
adapted its codon usage to that of humans through the
accumulation of silent mutations.®®

Over a year into the pandemic, sequencing analyses
show that variants of SARS-CoV-2 are being selected
as the virus continues to circulate widely. The predomi-
nant drivers of genetic variation within SARS-CoV-2 are
single nucleotide polymorphisms caused by polymerase
errors, potential host factor-driven RNA modification,
and insertion/deletions resulting from the discontinuous
nature of viral RNA synthesis.®® Based on the analysis
of 815,402 high-quality SARS-CoV-2 genome sequences
obtained up to March 1, 2021, 8065 single nucleotide vari-
ants, 173 deletions, and 49 insertions were identified.C?

The ongoing evolution of SARS-CoV-2 during the
pandemic is primarily characterised by purifying or
negative selection, which consists of the selective re-
moval of deleterious alleles. Still, a small set of sites
appear to evolve under positive selection.®) Positive or
directional selection is a modality of natural selection
in which advantageous alleles are favored over others,
leading to a shift in allele frequency. The receptor-bind-
ing domain (RBD) of SARS-CoV-2 spike protein and
the region of the nucleocapsid protein associated with
nuclear localisation signals are enriched with positively
selected amino acid replacements.®V

Hence, a plausible picture of the process of adaptation
of SARS-CoV-2 to humans could be drawn. Adaptation
may have started decades ago when the SARS-CoV-2

ancestors in bats might have spilled over to humans
on several occasions. During these contacts, the virus
possibly found opportunities to evolve gradually to im-
prove its access to the novel hosts’ cells, take advantage
of their resources, and overcome their defense mecha-
nisms. Eventually, virus variants had emerged capable
of replicating and shedding in the novel host and being
transmitted to other humans. The adaptation process of
SARS-CoV-2 is still progressing, and its natural trend
is the progressive reduction of the mutual aggressions
between virus and host.

Mechanisms of adaptation of SARS-CoV-2

Months after its emergence, SARS-CoV-2 had in-
fected hundreds of millions of people. That high trans-
missibility denotes the ability to replicate and shed in
humans, which means adaptation. That implies that
SARS-CoV-2 has developed strategies to overcome the
human respiratory defense barriers. These include the
mucus and mucociliary clearance, surfactant proteins,
the respiratory tract microbiota, defensins and lactofer-
rin, secretory IgA antibodies, interferons, innate im-
munity, and adaptive immunity. How the SARS-CoV-2
evades the first five barriers is essentially unknown.
However, the mechanisms used by the virus to overcome
the interferon barrier and the innate and adaptive im-
munity are well established. They can be divided into
two categories: mechanisms of escape and utilisation of
host resources. The strategies of escape of SARS-CoV-2
from the human defense barriers include impairment of
interferon production, hiding of immunogenic motifs,
avoidance of viral RNA detection, manipulation of cell
autophagy, triggering host cell death, induction of lym-
phocyte depletion, induction of lymphocyte exhaustion,
and virus mutation. While the strategies of host resource
usage encompass inhibition of the ubiquitin-proteasome
system, hijacking of mitochondria functions, and usage
of enhancing antibodies (see Table I).

Impairment of interferon production - Types I and
III Interferons (IFNs) are cytokines endowed with po-
tent antiviral and immunomodulatory effects produced
by the innate immune cells and respiratory epithelial
cells.®233 They act by inhibiting virus entry, modulat-
ing membrane lipids to prevent viral release, inducing
apoptosis of infected cells, and regulating transcrip-
tional and posttranscriptional mechanisms, as well as
posttranslational events.®** The immunomodulatory
effects of IFNs rely on their ability to interfere with
virtually all immune cells’ functions.®® They upregu-
late many pattern-recognition receptors,®’*® drive and
amplify pro- and anti-inflammatory responses,®4?
and enhance immune responses by activating and re-
cruiting immune cells.“*>*) The reduced or delayed
production of types I and III IFNs by the respiratory
epithelium and innate immune cells in both SARS-
CoV-149 and SARS-CoV-2 infections® hinders virus
clearance and is probably associated with developing
the cytokine release syndrome, a major cause of mor-
tality of coronavirus disease-19 (COVID-19) and se-
vere acute respiratory syndrome (SARS).“647



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 716, 2021 3|16

TABLE I

Mechanisms of adaptation of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) to humans

Escape from defense barriers

Targets

Impairment of interferon production
Hiding of immunogenic motifs
Avoidance of viral RNA detection
Manipulation of cell autophagy
Triggering of host cell death
Induction of lymphocyte depletion
Induction of lymphocyte exhaustion

Virus mutation

Epithelial cells / Innate immunity cells
Epithelial cells
Epithelial cells
Epithelial cells / Innate immunity cells
Epithelial cells / Innate immunity cells
Adaptive immunity cells
Adaptive immunity cells

Adaptive immunity

Host resource usage

Targets

Inhibition of the ubiquitin-proteasome system
Hijacking of mitochondria functions

Usage of enhancing antibodies

Epithelial cells
Epithelial cells / Innate immunity cells

Adaptive immunity

It has been found that SARS-CoV-2 inhibits the
expression of types I and III IFNs in vitro, in cell cul-
tures,® ex vivo, in human lung tissue explants,*” and
in vivo, in individuals with COVID-19.#® IFN inhibition
is higher in those with severe disease associated with
persistent blood virus load and exacerbated inflamma-
tory response.“®*) SARS-CoV-2 uses different proteins
to inhibit IFN production. They include NSP (non-struc-
tural protein) 13 (helicase), NSP14 (exonuclease), NSP15
(endoribonuclease), and accessory protein ORF (open
reading frame) 3b.5%Y However, ORF-6 displays the
strongest antagonistic effect on both IFN production and
signaling.®'3>5) The ability to impair IFN production
depends on the particular SARS-CoV-2 strain. A variant
found in 37 countries worldwide containing a deletion in
the Nspl-coding region (A500-532) induced much lower
serum IFN-f levels in infected individuals than viruses
not showing such deletion.®¥

Hiding of immunogenic motifs - During the ~10 min-
utes, a SARS-CoV-2 particle takes to enter the host cell
and ~10 hours to complete the intracellular replication
to give rise to ~10° virions,® it appears as if a molecu-
lar war is occurring. The ‘combatants’ - the virus and
host cell - use sophisticated attacks and counterattack
strategies to reach their ultimate survival goal. The con-
frontation starts at the point of the contenders’ encounter
- the cell membrane - where the virus’s spike (S) protein
meets angiotensin-converting enzyme 2 (ACE2) mol-
ecules, the receptors for its entry into the cell.

To enter host cells, SARS-CoVs use the two subunits
of S protein: the S1 subunit, where the RBD is located, and
the S2 subunit, which allows the virus to fusion to the cell
membrane after priming by cellular protease.*® SARS-
CoVs’ RBD continually switches between a standing-up
position at the S1 subunit, which enables receptor bind-
ing, and a lying-down position, which does not bind to the
host receptor.®”*® This insignificant molecular detail has

significant consequences for the infectivity, evasiveness,
spreading, pathogenicity, and control of SARS-CoVs.

The distinct RBD positions in SARS-CoV-2 and
SARS-CoV-1 explain some differences between these
viruses. While in SARS-CoV-1, the RBD is mainly in
the standing-up state,*”” in SARS-CoV-2 it is mainly
in a lying-down state.®*) This feature provides an ad-
vantage for the last virus: it hides the most immunogenic
region of S protein from the immune system’s cells.
Hence, it hinders the synthesis of neutralising antibodies
against the virus and makes it difficult to access these
antibodies to the target,® which poses a challenge to
both vaccination and plasma therapy. Thus, the RBD po-
sition acts as a mechanism of evasion of SARS-CoV-2
from the immune response, contributing to increasing
the viral load and the virus’s pathogenicity.®®

Avoidance of viral RNA detection - Depending on the
protease availability and the cell type, SARS-CoV-2 uti-
lises two different routes to infect the host cell: the cell
membrane pathway and the endosomal pathway. When
the cell membrane is rich in transmembrane protease
serine 2 (TMPRSS2), as occurs with respiratory epithe-
lial cells, the membrane pathway is the usual route. TM-
PRSS2 activates the S protein and promotes the virus
fusion to the cell membrane receptor, leading to the viral
RNA’s release into the cytosol.C® In the cell’s interior,
the virus’s components are synthesised in the rough en-
doplasmic reticulum (ER), followed by their assembly in
the ER-Golgi intermediate compartment. Finally, virus
copies are released from the cell.

The endosomal pathway is used when proteases are
not sufficiently available at cell membranes, as frequently
occurs with cells outside the respiratory tract. In this case,
the entire virion is endocytosed. Within the endosome, the
low pH activates cathepsin L that cleaves S protein and
triggers the fusion pathway, leading to the viral RNA’s re-
lease into the cytoplasm, where it follows the same order
of events used in the plasma membrane pathway.®64
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During the hours the virus takes to complete its rep-
lication cycle inside the host cell, several maneuvers of
the ‘molecular war’ between the virus and the cell oc-
cur. The main protagonist of this ‘war’ is the viral RNA
released into the cell cytosol. For the virus, it is the war-
ranty for the production of new viral particles, and for
the cell, it represents a dangerous intruder capable of
interfering with vital cell functions. Host cells need to
recognise and destroy the viral RNA to avoid virus rep-
lication and their destruction by the virus. Conversely,
the virus needs to circumvent its RNA recognition and
destruction to induce a productive infection.®

Cells display several sensors capable of detecting vi-
ral RNA either in endosomes (e.g., Toll-like receptors or
TLRs) or spread in the cytosol (e.g., the retinoic acid-in-
ducible gene I (RIG-I)-like receptors or RLRs). These re-
ceptors’ sensing of viral RNA functions as alarm signals
and gives rise to interferon type I (IFN-I) production,
which has two consequences. First, IFN-I can bind its
cellular receptor to induce a signaling cascade that cul-
minates with the expression of hundreds of IFN-stimulat-
ed genes. These gene products generate an antiviral state
in the cell that hinders virus development and spread.
Second, IFN-I promotes the synthesis of cytokines and
chemokines that attract and activate cells of the innate
immune response endowed with antivirus activity.©67

So crucial is the integrity of the viral nucleoprotein
that SAS-CoVs exhibit different strategies to protect their
RNA molecules to avoid detection by cell RNA sensors
and destruction by IFNs.3%® Viral RNA can be either en-
closed into cell double-membrane vesicles® or mimicked
into cellular mRNA by adding a cell cap structure to its
molecule.®7%"Y Alternatively, the virus uses its endoribo-
nuclease activity to destroy the cell RNA sensors.>737

Manipulation of cell autophagy - SARS-CoVs em-
ploy different strategies to prevent their destruction by
interfering with some critical host cell functions. Ma-
nipulation of cell autophagy is one of them. Autophagy
is a process used by cells to eliminate harmful, super-
fluous, or defective cell components and generate new
macromolecules or bioenergetics reactions. As part of
innate immune defenses, autophagy targets viruses and
viral components for lysosomal degradation and exposes
pathogen-associated molecular patterns to facilitate rec-
ognition.>7¢") Therefore, viruses evolved sophisticated
strategies to antagonise autophagy and even exploit it to
promote their replication.”>777®)

SARS-CoV-2 uses several proteins to manipulate
cell autophagy.””78789 The two more important are
ORF3a, which prevents the fusion between autophago-
somes and lysosomes,””7*8) and ORF7a, which reduces
the acidity of lysosomes.””

Triggering of host cell death - Host cell death is a
common outcome of virus infection. In some cases, it
curbs virus replication; in others, cell death promotes
virus dissemination and contributes to tissue injury and
disease. Viruses can elicit three forms of cell death:
apoptosis, necroptosis, and pyroptosis. Recent works
have introduced the term PANoptosis to encompass the
three frequently associated mechanisms.®!-8?

Apoptosis is the most extensively studied cell death
mechanism in virus infections. Cells undergoing apop-
tosis induced by different caspases exhibit characteristic
features, including condensation of chromatin, fragmen-
tation of DNA, exposure of phosphatidylserine on the
plasma membrane, and formation of apoptotic bodies
with contents of the cell enclosed within a membrane.®?
Usually, apoptosis is an antiviral pathway activated by
host cells to limit virus replication.

Depending on the virus, proapoptotic signaling can
be initiated at any stage of infection: at the viral attach-
ment to the host cell; during viral entry; by viral nucleic
acids present in the cytosol, mitochondria, or nuclear
compartments; and by viral gene expression.® While the
induction of apoptosis may favor viral dissemination at
the late stages of infection, viruses inhibit it at the early
steps of the infectious cycle, thereby avoiding premature
cell death and allowing virus replication. For that, viruses
have developed a battery of Bcl-2 homologs by which
they mimic the major antiapoptotic system of host cells.
However, they can employ several other mechanisms for
inhibiting cell apoptosis.®? Conversely, viruses may take
advantage of stimulating apoptosis through the activation
of caspases, either to kill uninfected cells of the immune
system or to induce the breakdown of infected cells, in
that way either favoring viral dissemination.®%¢

Coronaviruses can either induce cell apopto-
sis®7888) or inhibit it,°**) depending on the viral load
and the subcellular localisation of viral RNA.“? The
accessory protein ORF3a encoded both by SARS-
CoV-1,%% and SARS-CoV-2¢399 can efficiently in-
duce apoptosis in cell cultures. SARS-CoV-2 ORF3a
induces the cleavage/activation of caspase-8, whereas
Bcl-2 expression levels were not affected, a hallmark of
the extrinsic apoptotic pathway.>

Apoptosis inhibition can trigger another host defense
response, antiviral necroptosis.®® Necroptosis, or pro-
grammed necrosis, shares the same TNF receptor with
apoptosis but, different from the latter in which the cas-
pase pathway is activated, it is inhibited.©” Necropto-
sis consists of swelling of organelles and rupture of the
plasma membrane to release intracellular contents and
requires the activity of receptor-interacting protein ki-
nases 1 and 3 (RIPK1, RIPK3).5%%99 Furthermore, un-
like apoptosis, which leads to a noninflammatory effect,
necroptosis releases cellular factors that promote the
recruitment and activation of immune cells.*1%) De-
pending on the virus and its interactions with the cell,
necroptosis can either suppress or promote viral growth.
Accordingly, in certain circumstances, the virus can fa-
cilitate it, and in others, inhibit it.®%19? Little is known
about the occurrence of necroptosis during SARS-CoV
infections. However, the lung inflammatory syndrome
associated with SARS-CoV-1¢9 and SARS-CoV-2U% is
probably triggered by necroptosis.

The third form of cell death as a reaction to virus
infection is pyroptosis. Pyroptosis exhibits features of
both apoptosis and necroptosis and is observed mainly
in phagocytes. Cells undergoing pyroptosis expose
phosphatidylserine in the plasma membrane and have
condensed chromatin as apoptotic cells. However, akin



to necroptotic cells, they display leak cytoplasmic con-
tents due to damage to the plasma membrane. Caspases,
specifically caspase-1, are central players in the induc-
tion of pyroptosis since they dimerize within large cy-
toplasmic complexes - the inflammasomes - that initi-
ate the process of cell death.®*!*Y The NOD-, LRR-, and
pyrin domain-containing 3 (NLRP3) inflammasome are
the most extensively studied among the inflammasomes.
It plays a crucial role in both inflammation and antiviral
responses. It is activated by sensing viral components
and cytosolic danger signals, such as mitochondria inju-
ry, protein aggregates, and aberrant ion concentrations,
all of which can be produced by viral infections.%

The activation of the NRLP3 inflammasome requires
two steps. The first, or priming step, is triggered by the
binding of viral components to pattern recognition recep-
tors (or TNF or IFN to their cell receptors), leading to the
activation of the NF-kB pathway, followed by the expres-
sion of NLRP3, pro-IL-1beta, and pro-IL-18. The second
step, or activation step, is triggered by the sensing of viral
nucleoproteins and cellular byproducts of the infection
by cytosolic sensors. This step results in the assembly
and oligomerisation of the inflammasome complex and
auto-cleavage of pro-caspase-1. Next, caspases 1, 4, and
5 are activated and mediate the proteolytic processing of
pro-1L-1beta, pro-IL-18, and propyroptotic factor gasder-
min-D (GSDMD). GSDMD forms pores in the plasma
membrane of infected cells, facilitating the release of the
proinflammatory cytokines IL-1beta and IL-18 and hence
completing the process of pyroptosis. 105106107

Both SARS-CoV-100810%110 apnd  SARS-CoV-201D
encode viroporins, which activate the NLRP3 inflam-
masome and induce cell death by pyroptosis.!!*!!? This
activation is detrimental for the viruses since it inhibits
viral replication and promotes viral clearance. SARS-
CoV-2 developed a way to overcome it. Its non-structural
proteins (NSPs) NSP1 and NSP13 can significantly re-
duce NLRP3-inflammasome-induced caspase-1 activity
and IL-1beta secretion.!"?

Induction of lymphocyte depletion - SARS-CoV-2
can cause both quantitative®*!1519 and function-
al1718.119) glterations of lymphocytes. Lymphocyte de-
pletion is detected in over 70% of hospitalised patients
of COVID-19 and is more accentuated in severe than in
mild infection. It encompasses all lymphocyte subsets,
such as CD4+ and CDS8+ T cells, B cells, and natural
killer (NK) cells.!*” Furthermore, lymphocyte deple-
tion has been demonstrated in infected individuals’
blood, spleen, and lymph nodes.?” The reasons for this
dramatic destruction of lymphocytes in SARS-CoV-2
infection is a matter of discussion.

Lymphocytes express ACE2(24122 and CD147 mole-
cules, 2129 which act as receptors for SARS-CoV-2. The
finding that lymphocytes can be infected either in vi-
tro or in vivo and can sustain virus replication'?® points
to a possible direct effect of SARS-CoV-2 on cell de-
struction. However, the fact that lymphocytes contain-
ing virus nucleoprotein are rarely detected in infected
individuals’ tissues'?? indicates that the direct effect of
SARS-CoV-2 is possibly not an effective mechanism of
lymphocyte destruction.
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The temporal association between lymphocyte
depletion and the heightened levels of proinflamma-
tory cytokines, including TNF, IL-6, IL-1beta, IL-12,
IL-18, IL-33, and IFN-I, points to the possibility of a
cause-effect relationship.1316119120.126) Ty fact, it has
been found that pro-inflammatory cytokines can inhibit
lymphopoiesis?712812% and exhibit antiproliferative and
proapoptotic effects on lymphocytes, 3013113213334 par.
ticularly CD8+ T cells,*"3 the most depleted popula-
tion in SARS-CoV-2 infection. Other possible factors
involved in lymphocyte depletion are increased gluco-
corticoid,*>139 and lactic acid concentrations®*” that oc-
cur during infection.

Induction of lymphocyte exhaustion - The second
mechanism that has been suggested to explain SARS-
CoV-2 evasion of the immune response is lymphocyte
exhaustion. Lymphocyte exhaustion is a dysfunction
that arises when the immune cells are exposed to high
antigenic loads during infections, transplantation, or
cancer.(38139:140° A poor effector function characterises
it with the sustained expression of inhibitory recep-
tors and a transcriptional and epigenetic state distinct
from that presented by functional effector and memory
lymphocytes.!3!*) During the process of exhaustion,
the loss of function of lymphocytes occurs hierarchi-
cally. It starts with the impairment of IL-2 production
and proliferative capacity, followed by the decline of
TNF, IFN-y, and beta-chemokine synthesis, reduced
responsiveness to inflammatory cytokines, and the
complete loss of functionality of the cell and eventually
its deletion.!**? These stepwise dysfunctions are ac-
companied by a progressive increase in the amount and
diversity of expression of inhibitory receptors, includ-
ing PD-1 (CD279), CTLA-4 (CD152), LAG-3 (CD223),
Tim-3, 2B4 (CD244), CD160, and TIGIT.(13140.142.149) The
exhaustion process includes critical metabolic changes
in lymphocytes characterised by shifting from glycolyt-
ic toward oxidative phosphorylation pathways and the
disruption of mitochondrial organisation and function,
which impact their long-term survival and contribute to
the failure to establishing immune memory.!**"*4 Lym-
phocyte exhaustion can affect T and B lymphocytes and
NK cells. It is driven by different factors that include
persistent or intense antigen exposure, deficient CD4
lymphocyte help, low dendritic cell activation, the ex-
aggerated effect of regulatory T lymphocytes, reduced
co-stimulation, increased IL-10 and TGF-f, diminished
IL-2, IL-7, IL-21 signals, persistent IFN-I and TNF sig-
nals, and exaggerated action of NK cells.(143:145.146)

Several authors have interpreted the up-regulation
of inhibitory receptors by CD8+, CD4+, and B lympho-
cytes and NK cells in SARS-CoV-2 infection to indi-
cate cell exhaustion.>!"147-15) However, this conclusion
should be interpreted with caution since up-regulation of
inhibitory receptors is a bona fide marker of lymphocyte
activation and does not necessarily indicate the lympho-
cyte dysfunction characteristic of exhaustion.!¥ None-
theless, lymphocyte functional impairment has been
recently described in SARS-CoV-2-infected individuals
with severe disease,’*> as shown in other viral respira-
tory infections.(156:157.158.159)
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Virus mutation and escape from immunity - Muta-
tion of its antigenic repertoire is another mechanism of
SARS-CoV-2 evasion from the host immune response.
Mutations are inevitable consequences of being a virus.
Viruses depend on mutations to fuel their variability
and thus enable adaptability and evolutionary changes.
Based on their effects on fitness, mutations can be di-
vided into three broad categories: the ‘good’ or advanta-
geous that increase fitness, the ‘bad’ or deleterious that
decrease it, and the ‘indifferent’ or neutral that are not
affected by selection because their effects are too small.
(169 Most mutations are neutral or deleterious, and only a
few are beneficial for viruses.6*1®D The beneficial muta-
tions include those that allow viruses to evade immune
responses.192163169 Hence, viruses showing high muta-
tion rates tend to evade immunity more efficiently.!%>

SARS-CoVs are single-stranded RNA viruses that
are especially apt to take advantage of mutations to adapt
to new hosts and environments. RNA viruses mutate
faster than DNA viruses, and single-stranded viruses
mutate faster than double-stranded viruses.(6'%9 High
mutation rates can be advantageous or detrimental for
the virus. On the one hand, it may enhance virulence and
evolvability. But, on the other hand, it may cause viral
extinction due to the accumulation of mutations during
copying cycles.!¢"¢) While RNA viruses have long been
considered unable to correct errors during replication,
SARS-CoVs are important exceptions since they encode
an exoribonuclease that prevents or removes misincor-
porated nucleotides during mutagenesis.'®® Mutations
detected in SARS-CoV-2 spike surface glycoproteins
may change their antigenicity, increase viral load and
transmission, and facilitate virus evasion.®'®>170:17D T jn-
eages of heavily mutated viruses containing such detri-
mental mutations represent public health hazards and are
termed ‘variants of concern’. Table II displays the main
features of SARS-CoV-2 variants of concern.

As highly deleterious mutations are rapidly purged,
most observed mutations are either neutral or mildly del-
eterious.!”® Mutations contributing to the virus fitness
advantage tend to be a minority compared with low- or
no-effect neutral amino acid changes.'™ Such mutations
may alter various aspects of virus biology, as pathoge-
nicity, infectivity, transmissibility, and antigenicity.

It is well established that SARS-CoV-2 variants may
escape immunity.\”>17617%178) However, to which extent
can active (post-infection or post-vaccination) or passive
(convalescent plasma or monoclonal antibodies) immuni-
ty drive mutations by inducing viral antigenic changes or
selecting virus variants? Phylogenetics, bioinformatics,
and mathematical processing have estimated that dur-
ing SARS-CoV-2 infection, over 95% of virus samples
show within-host mutations."”” Discrete genetic variants
appear de novo, and, over time, some variants disappear
due to purifying selection against nonsense mutations,
while others persist and are transmitted."%9 It has been
found low within-host diversity when viral loads are
high.®9 If one considers the immune system’s role, this
apparent paradox can be solved. Indeed, during early in-
fection, the viral load is high, and the virus diversity is
low. However, as long as the immune system is activated

during the infection, it may control the viral load!s"18?
and exert selective pressure on the virus population, thus
increasing its diversity.($3184185180 Mutations likely arise
when the SARS-CoV-2 is put under selective pressure by
antibodies that limit but do not eliminate viral replica-
tion. Under these conditions, the virus might find a way
to escape this pressure and restore its reproduction ability
more efficiently."®” Immune-induced SARS-CoV-2 mu-
tations have been described in association with convales-
cent plasma in vitro'®® and in vivo3%19019L192) a5 well as
with the anti-COVID-19 vaccine.!®?

Inhibition of the ubiquitin-proteasome system - The
ubiquitin-proteasome system (UPS) plays a central role
in a wide range of fundamental cellular functions by en-
suring protein quality control and maintaining a critical
level of regulatory proteins.*® It modulates many fun-
damental cellular processes, including cell cycle, signal
transduction, transcriptional regulation, antigen pro-
cessing, and apoptosis.’*> The UPS plays opposite roles
in viral infection. On the one hand, it benefits the virus
by controlling viral proteins’ stability. On the other, the
UPS mediates viral protein degradation and the produc-
tion of antiviral molecules such as interferons.**1°®

Viruses use two strategies for manipulating the UPS
for their benefit. First, they target key host immune mol-
ecules (e.g., type I interferon and class | MHC) for pro-
teasomal degradation. Second, they prevent the destruc-
tion of inhibitors of transcription factors critical for the
immune response as NFkB.9

Both SARS-CoV-1¥71% and SARS-CoV-20? en-
code a papain-like protease endowed with the capac-
ity to inhibit both ubiquitin and ubiquitin-like (ISG15)
activities and, hence, counteract the posttranslational
modification of signaling molecules that activate an an-
tiviral response.

Hijacking of mitochondria functions - Mitochondria
are essential cell organelles involved in various func-
tions, from energy production and fatty acid oxidation
to cell cycle regulation and death. They carry out criti-
cal signaling processes in the synthesis of anti-infectious
molecules such as reactive oxygen species, interferons,
and proinflammatory cytokines.?*” Therefore, several
infectious agents developed strategies to disrupt mito-
chondria functions to preserve themselves.?292 As ob-
ligate intracellular pathogens, viruses primarily depend
on mitochondria functions and are vulnerable to their
anti-infectious effects. Hence, they have developed vari-
ous mechanisms aiming to optimise or inhibit mitochon-
dria’s functions for their benefit. They include regula-
tion of mitochondrial membrane potential and calcium
homeostasis, control of oxidative stress, hijacking of
mitochondrial proteins, alteration of mitochondria dis-
tribution, depletion of mitochondrial DNA, mimicking
of mitochondrial proteins, triggering and manipulation
of mitophagy, and regulation of apoptosis.2>2%3

Both in vitro cell infections and computational model-
ing show that SARS-CoV-2 can sequester mitochondrial
functions. By comparing hundreds of SARS-CoV-2 ge-
nomes to the human transcriptome, it was found that the
viral RNA is enriched in the host mitochondrial matrix
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TABLE 11

Main features of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern and of interest

Pango lineages WHO label First documented Features

o M, )ity 07
B.135 Beta South Afrca Sigificant reduction of netsalsation eficiency
gigi;lz Iétﬁfaa India Reduction of neutralisation efficiency
i iy (1007 s 60
E}g; Epsilon USA ModerateI:-I rieggjzttii;n(s)rfnrilsesui‘?rizﬁga(jgg/oe)fficiency

Adapted from Soh et al.07

and nucleolus, where the virus can hijack the existing cell
machinery for its replication and escape from detection
by cytosol RNA sensors.?*” The association of SARS-
CoV-2 with the mitochondrial matrix and nuclear com-
partments is much higher than other coronaviruses and
could play a role in its greater infectivity.?*+2%9 Different
ORF products of SARS-CoV-2 can induce mitochondrial
DNA (mtDNA) release in infected cells’ cytoplasm and
activate mtDNA-induced inflammasome, which inter-
feres with both the innate and the adaptive immunity.?%®

Usage of enhancing antibodies - The antibody-de-
pendent enhancement (ADE) phenomenon facilitates
viral entry into host cells and enhances the infection’s
breadth.?®” ADE occurs in coronavirus infections, in-
cluding MERS-CoV,?® SARS-CoV-1,%%219 and SARS-
CoV-2 infections.@!212213:214219) It ensues when antibodies
binding to the virion fail to efficiently neutralise the vi-
rus, either because they bind to viral epitopes other than
those involved in cell attachment and entry or due to the
presence of sub-neutralising concentrations of antibod-
ies.? The complex virus-antibody (IgG, IgM, or IgA),
with or without complement, is internalised into those
cells expressing Fc or C receptors, such as lymphocytes,
monocytes, macrophages, dendritic cells, granulocytes,
and endothelial cells. Viruses’ ability to gain access to
ACE2-negative cells significantly augments viral loads,
broadens their capability to exploit new resources, and
causes functional alteration of infected cells, which ulti-
mately exacerbates viral pathogenesis and contributes to
disease severity.!¢:217)

The ability of SARS-CoVs to invade cells that ex-
press Fc or C receptors has been demonstrated both in
vitro and in vivo.(125210218219 Although replication does
not always occur at a sustained high level, the virus’s
simple presence in the host cell’s interior can alter its
function and viability.?20221:222229 ADE possibly plays a
role in SARS-CoV infection pathological mechanisms,
such as lymphopenia, cytokine storm, and lung involve-
ment.?22.229 The demonstration of the second peak
of throat and nasal virus load after the 9th day post-
infection, when antibodies to SARS-CoV-2 start to be

detected®? and the association between seroconversion
and worsening of the clinical condition®>2*) are highly
suggestive of the involvement of the ADE phenomenon.

The possible evolutionary trajectories of SARS-CoV-2

Different evolutionary trajectories of coronaviruses -
Human coronaviruses are zoonotic pathogens that cause
either mild endemic and seasonal common cold (HCoV-
229E, HCoV-0OC43, HCoV-NL63, and HCoV-HKUI) or
severe epidemic disease (SARS-CoV-1, MERS-CoV, and
SARS-CoV-2). Several factors explain these clinical and
epidemiological differences. A critical aspect is how long
the viruses had emerged from their animal hosts. Molecu-
lar clock analyses estimate that the endemic coronavirus-
es are much older than the epidemic ones. HCoV-HKUI
probably emerged in the early 1950s, while HCoV-OC43
diverged roughly 120 years ago, HCoV-229E about 200
years, and HCoV-NL63 is predicted to have existed for
560 to 820 years.??7228229 Within the epidemic corona-
viruses, SARS-CoV-1 had probably diverged from 4 to
17 years before the 2002 epidemic, MERS-CoV about
2006,%*7 and SARS-CoV-2 between mid-October and
mid-November 2019.09 These different evolutionary
times help explain why the ‘old’ common cold coronavi-
ruses are well adapted while the ‘young” SARS-CoV-2 is
in its destructive trajectory, despite vaccination.

The evolutionary trajectories also widely differ with-
in the same group of ‘young’ coronavirus. MERS-CoV,
first isolated in Saudi Arabia in 2012, had infected, sev-
en years later, 2574 individuals from 27 countries (75%
from Saudi Arabia) and caused 858 deaths (case fatality
rate of 33%). The transmission by dromedary camels is
kept locally active, and the infection follows an endemic
pattern.®*#) The trajectory of SARS-CoV-1 was quite
unexpected. The major outbreak started in November
2002 as a rapid epidemic in China, spread through 29
regions worldwide, and resulted in more than 8000
cases and 774 deaths.®*» The epidemic was effectively
controlled under vigorous quarantine measures, and no
new case was reported after July 2003. Six months af-
ter its disappearance, SARS-CoV-1 re-emerged as four
sporadic cases in Guangdong Province, China, causing
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no fatality or secondary transmission.**¥ The prompt
action of the Chinese authorities in the isolation of sus-
pect cases and in instigating contact tracing and quar-
antine measures served to contain the virus effectively.
239 However, health authorities were helped by two
biological characteristics of SARS-CoV-1 infection: its
low transmissibility and the absence of transmission by
asymptomatic individuals, which enabled effective diag-
nosis and isolation.®

Thus, three related coronaviruses followed three
completely different evolutionary trajectories: MERS-
CoV gave rise to a restricted and prolonged endemic,
SARS-CoV-1 to a rapidly eliminated epidemic, and
SARS-CoV-2 to a hardly contained pandemic.

Possible future scenarios for SARS-CoV-2 and CO-
VID-19 - What is to be expected about the future of
SARS-CoV-2 and COVID-19? Will the virus become
more virulent and make the pandemic worse? Or will it
be eliminated, as has happened with SARS-CoV-1? Or,
will COVID-19 become an endemic disease with sea-
sonal outbreaks, as occurs with common cold coronavi-
ruses? Or, finally, will SARS-CoV-2 become part of the
respiratory virome and coevolve with humans?

Virulence, understood as the severity or harmful-
ness of a pathogen,* evolves with the virus. However,
notwithstanding the extensive research of evolutionary
biologists, the rules commanding the evolution of viru-
lence have not been firmly established. Therefore, the
ability to make robust predictions is minimal. A basic
tenet as the evolution of virulence following the jump
of a virus to a new host species continues to be conten-
tious.® It is known that the severity of disease caused
by SARS-CoV-2 is bound to decrease with increasing
population immunity.®*® However, that is the expression
of the efficiency of immunity, and little informs about
the virus virulence.

The virulence of a pathogen is usually inferred by the
mortality it causes in the host.?*” The enormous casual-
ties associated with COVID-19 are frequently interpreted
as indicating SARS-CoV-2 high mortality rates. That is
misleading. The baseline estimates of SARS-CoV-2 in-
fection-fatality ratio for those below 70 years old is 2.9%
(2.4%-3.5%),%*® much lower than that of SARS-CoV-1,
MERS-CoV, or influenza. Therefore, SARS-CoV-2
should be considered a low-virulence pathogen. The
increased virulence of some virus variants is regarded
as a transitory phenomenon due to host immunity con-
straints.®” Since, at present, there is a lack of compelling
evidence of an overall increase of SARS-CoV-2 viru-
lence,40-241:242.243) there is no plausible reason to expect a
future worsening of the COVID-19 pandemic.

The second possible scenario for SARS-CoV-2 is to
be eliminated, as has happened with the SARS-CoV-1.
Disease elimination is the absence of sustained endemic
transmission in a country or other geographical region,
whereas eradication is the global reduction of infec-
tion to zero cases. The only infectious disease that has
been so far eradicated was smallpox. The fact that it
had no intermediate host or reservoir was decisive. Both
eradication and elimination require favorable epidemio-

logical and immunological conditions and a plethora of
financial and organisational resources. However, the
more restricted area involved in elimination makes it a
more achievable goal.

The severe acute respiratory syndrome (SARS) epi-
demic of 2003 caused by SARS-CoV-1 was rapidly con-
tained through syndromic surveillance, prompt isolation
of patients, strict enforcement of quarantine of all con-
tacts, and in some areas, top-down enforcement of com-
munity quarantine. By interrupting all human-to-human
transmission, SARS was effectively eliminated.®*» CO-
VID-19 differs from SARS in terms of the infectious
period, clinical severity, transmissibility, and extent of
community spread.**¥ These profound differences
impede the application to SARS-CoV-2, the same strate-
gies successfully used to eliminate SARS-CoV-1.

The fourth scenario is that COVID-19 will become
an endemic disease capable of causing seasonal out-
breaks like the common cold coronaviruses. This adap-
tive trajectory has been previously followed by the 2009
influenza pandemic HINI virus and the four known
seasonal coronaviruses,?*2% and, according to mathe-
matical modeling studies, the same will soon occur with
SARS-CoV-2.%472% A model predicts that the initial
SARS-CoV-2 outbreak of severe, high-shedding infec-
tions will be followed by an endemic state characterised
by mild, low-shedding infections like the seasonal coro-
naviruses.?*® Experimental evidence shows that SARS-
CoV-2 is environmentally sensitive and, therefore, this
characteristic could affect its transmission.?*

Finally, the last possible scenario is that SARS-CoV-2
becomes part of the respiratory virome and eventually
coevolve with humans. The prevailing paradigm in im-
munology assumes that an effective immune response
acts on the infectious agent to avoid the infection’s suc-
cess. A novel proposal has challenged this concept: im-
munity aims to facilitate the permanence of infectious
agents in the organism with minimal harm and provide
mutual adaptation.’®? That means transforming patho-
gens into microbiota and, thus, promoting symbiosis
(“living together”) and coadaptation. Through this state
of coadaptation, conditions are created for promoting
coevolution.??3%25) Therefore, the immune system acts
to integrate microbes into the animal-cell community.
In the case of SARS-CoV-2, to transform it into virome.

At its arrival to the respiratory virome, SARS-CoV-2
will find all four common-cold coronaviruses still there,
as inhabitants of both the upper and lower respiratory
tract.(252:253.254.255.236) However, even before that, SARS-
CoV-2 was suffering the effects of the coronaviruses
from the respiratory virome. These viruses contribute
to forming the long-lasting memory B-cell pool that
contributes to the early production of anti-SARS-CoV-2
neutralising antibodies.®7»*® In short, they were per-
forming their coevolutionary role.

In conclusion - SARS-CoV-2 displays several mech-
anisms of adaptation that enable it to escape the human
defense barriers and take advantage of host cell re-
sources for its profit. Like other RNA viruses, it shows a
high proneness to mutate and, therefore, to adapt to new



hosts and environments. Since zoonotic pathogens are
often poorly adapted following a host shift,>*? they are
expected to cause severe damage to humans during the
initial phase of adaptation to the novel host, as have oc-
curred with avian flu, Ebola, and Zika viruses.?*® Evo-
lutionary models indicate that SARS-CoV-2 suffers a ro-
bust natural selection as it spreads in the human host. Its
high transmission rate, characteristic of this adaptation
phase, tends to speed up virus fitness through mutations.
240 Although several variants of the virus have been de-
tected worldwide, some associated with increased viral
loads and transmissibility, there is so far no compelling
evidence of an overall increase of SARS-CoV-2 viru-
lence capable of leading to a worsening of the pandemic.
(240,241,242,243,259,260)

The most plausible scenario for SARS-CoV-2 evolu-
tion is to become part of the respiratory tract virome and
occasionally give rise to seasonal outbreaks of common
cold, as happens with the four other coronaviruses.
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