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doi:10.1002/1873-3468.14226 The 2019 outbreak of coronavirus disease (COVID-19) in Wuhan (Hubei

province of China) has given rise to a pandemic spread of virus, more than

240 million incidences and a death toll larger than 5 million people. COVID-

19 has set off large efforts in research, therapy and patient care, as well as

public and private debates in every imaginable form. A number of scientists

used the publication platforms provided by the Federation of the European

Biochemical Societies (FEBS) to present their research data, reviews, opin-

ions and other contributions relating to COVID-19 and severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2). Here, I highlight the recent

COVID-19 papers which have been published and collected in a Virtual Issue

in FEBS Letters, and discuss their implications towards understanding the

molecular, biochemical and cellular mechanisms of SARS-CoV-2 infections,

vaccine development and antiviral discovery strategies.

Introduction

In December 2019, a local outbreak of pneumonia

caused by a previously unknown coronavirus was

reported in Wuhan (Hubei, China) for early discus-

sions in Febs Letters, see [1–3]. Severe acute respira-

tory syndrome coronavirus 2 and its variants have

caused a significant pandemic with several hundred

millions of reported cases and nearly 5 million deaths

across the world, as of October 2021 (https://

coronavirus.jhu.edu/map.html). Coronaviruses had

reached centre stage in 2002/03 when SARS-CoV (of

bat and palm civet origin) caused a limited epidemic

outbreak, and Middle East respiratory syndrome

(MERS) coronavirus (from camels) was first detected

to cause severe human respiratory disease on the Ara-

bian Peninsula in 2012.

CoVs are enveloped viruses of the Coronavirinae

subfamily with a positive (+) sense single-stranded

RNA genome. Based on their genomic and phyloge-

netic structures, the Coronavirinae comprise four gen-

era, a- b-, c- and d-CoV [4]. This genus nomenclature

is not to be confused with the nomenclature for vari-

ants of concern (VoC) recently introduced by the

World Health Organization (WHO). CoVs cause mild

to severe infections of human and animal respiratory

tracts, often with cold-like symptoms, exemplified by

the four endemic human CoVs, 229E (a-CoV, reser-

voirs in bats), NL63 (a-CoV, reservoirs in bats), OC43

(b-CoV, reservoirs in domesticated animals) and

HKU1 (b-CoV, reservoir in mice) [5]. SARS-CoV-2

(b-CoV) may become (or is already considered) the

fifth human endemic CoV, as it continues to infect

humans [6]. It likely originated from bats in South-

East Asia through a yet unknown intermediary host(s)

[7,8]. Unlike SARS-CoV in 2002/03, SARS-CoV-2 is

highly capable of human-to-human transmission,

causes frequent asymptomatic infections and dissemi-

nates through superspreader events. Understanding the

molecular mechanisms of CoV infections is crucial to

tackle not only how the virus infects, spreads and

deregulates the immune system, but also how it per-

sists in infected cells for extended periods of time. The

latter is thought to be important for genetic recombi-

nation and furthering viral divergence. This FEBS Let-

ters collection of SARS-CoV-2 papers addresses

fundamental research questions, drug discovery and

vaccination strategies.
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Infection mechanisms – receptors,
trafficking, replication

All viruses require cell surface receptors for infection,

but not all viruses in a given family use the same

receptor, and often a particular virus uses different

receptors depending on the cell type. Virus–receptor
interactions lead to infection or virus inactivation

[9,10]. Surface receptors provide direct contacts for the

virion with the plasma membrane and trigger virion

uptake or at least uptake of the viral genome into the

cell. The former occurs by receptor-mediated endocy-

tosis and the latter upon fusion of the viral envelope

with the plasma membrane [11]. Attachment factors

are distinct from receptors, as they bind to the virion

but do not lead to infection or clearance [9]. Receptors

and attachment factors are contrasted by a third class

of cell surface molecules, facilitators, which support

the function of receptors (for further discussion, see

[9]). These distinctions are important, as scientists are

increasingly interested in understanding the mecha-

nisms of cell-to-cell variability of virus infections,

which is in part dictated by virus binding to cells, and

the abundance of receptors, attachment factors and

facilitators [12–14].
The early evolution of SARS-CoV-2 in humans gave

rise to a particular point mutation in the receptor-

binding domain (RBD) of the viral spike (S)-protein, a

substitution of asparagine to tyrosine at position 501

(N501Y). N501Y is found in several VoC, including

the alpha, beta and gamma variants. Luan et al. used

all-atom molecular dynamics simulations to explore

why the N501Y S-protein binds better to the hACE2

receptor than the original S-protein [15]. Improved

binding of N501Y was predicted to be due to Y501 p–
p and p–cation interactions with Y41 and K353 of

hACE2, respectively. Gratifyingly, this notion was

then confirmed by direct binding assays including sur-

face plasmon resonance and atomic force microscopy

[16]. Given that the highly prevalent delta VoC lacks

the N501Y mutation, the results raise the question if

S-protein has evolved the maximal strength of binding

to hACE2, or if the S-protein can evolve additional

features to enhance productive binding of SARS-CoV-

2 to hACE2.

The extracellular domain of S has another intriguing

feature, a polybasic furin cleavage site, which has been

subject to much discussion and speculation. While

the MERS S-protein also harbours a furin cleavage

site, the closest relatives of SARS-CoV-2, bat b-
CoVs RaTG13 or BANAL-52 lack this feature

(see https://doi.org/10.21203/rs.3.rs-871965/v1). Furin

cleavage occurs during S-protein biogenesis in acidic

compartments of the secretory pathway and enables S-

protein binding to neuropilin 1 via the C terminus of

the cleaved S1 domain enhancing infection of epithelial

and olfactory neuronal cells low in transmembrane

protease serine subtype 2 (TMPRSS2) [17–19]. Intrigu-
ingly, the S1/S2 cleavage site has been maintained in

human evolution of SARS-CoV-2, suggesting that it

provides a fitness advantage for the virus. On the cell

surface, TMPRSS2 cleaves the furin-activated S-

protein at the proximal S2’ site. In absence of

TMPRSS2 cleavage, the membrane-bound S2 protein

containing the fusion peptide of the incoming virus

particle is proteolysed by cathepsin L in acidic endo-

somes enhancing membrane fusion and infection

(reviewed in [20]). Jennings et al. explored the intracel-

lular trafficking of the S-protein and found that the

cytoplasmic tail of S contains a coatomer protein I

binding motif, which enables S-protein recycling within

the Golgi apparatus, facilitates S-protein cleavage and

glycosylation, and localization of functional S on the

plasma membrane of infected cells [21]. This is key for

S-protein to mediate cell–cell fusion, spreading of sub-

viral complexes including the viral RNA genome, as

well as infectivity of the progeny virions.

Akin to many other viruses, SARS-CoV-2 binds to

multiple cell surface molecules, including receptors and

attachment factors, such as heparan sulphate (HS), a

sulphated glycosaminoglycan (GAG). Watanabe and

colleagues developed highly sensitive fluorescence-

based GAG microarrays and identified the binding of

SARS-CoV-2 S-protein to chondroitin sulphate E

(CSE) and confirmed the binding to HS [22]. Intrigu-

ingly, S1 bound to heparin and S2 to both CSE and

HS (as well as heparin). It will be interesting to

explore the biological significance of these interactions.

Any productive virus infection requires the replication

of the viral genome. While persistent infections make

just a few copies, lytic infections yield hundreds or thou-

sands of copies per cell [23,24]. Viral (+) sense RNA

genomes can be readily translated and replicated on

cytoplasmic organelles, such as ER- or Golgi-derived

membranes [25,26]. For example, the replication mem-

branes grow over time in lytic infections and require the

steady supply of lipids, including phospholipids, such

as phosphatidyl-inositol or phosphatidyl-choline, and

cholesterol furnished by lipid exchange proteins at mem-

brane contact sites between different organelles [for an

example see enteroviruses, [25,27]]. Enterovirus replica-

tion critically requires the exchange protein oxysterol-

binding protein (OSBP) 1, which docks to an ER pro-

tein, the vesicle-associated membrane protein-associated

protein (VAP)-A by virtue of its FFAT motif, and to the

Golgi membrane by its PH domain binding to PI4-
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phosphate (PI4P) [28,29]. OSBP1 shuttles cholesterol

and PI4P between ER and Golgi at membrane contact

sites and drives a counter-current lipid flux for mem-

brane growth. Using in-solution NMR, Furuita and col-

leagues identified an FFAT-like motif in the SARS-

CoV-2 RNA-dependent RNA polymerase (RdRP),

which specifically binds to the major sperm protein

domain of VAP-A [30]. Such mechanism might ensure

appropriate localization of RdRP on the viral replica-

tion membrane. Whether the native RdRP binds to

VAP and how VAP binding contributes to viral replica-

tion awaits future investigations.

Antiviral compounds targeting the
virus

Arguably, antiviral drug development is a top priority

in the management of COVID-19. It has received

many-fold contributions from academic as well as

small and medium enterprises, and increasingly also

big pharma. Two principal approaches to identify

antiviral drugs are feasible. One is repurposing existing

chemical compounds approved for human use outside

of COVID-19 [see, e.g., 31,32], and another one is de

novo drug development, including biologicals, but also

small chemical compounds against viral enzymes, such

as the viral RNA polymerase and its two proteases

(nsp3 PLpro and nsp5 Mpro) cleaving the viral polypro-

tein, and also host proteins, including ubiquitin

thereby blunting antiviral host defence. Hijikata et al.

constructed structural atomic models of SARS-CoV-2

proteins in complex with drug-like template molecules

and compared the results with approved or experimen-

tal compounds, including natural medicines [33].

Results suggested several molecules for further studies

against SARS-CoV-2, including carfilzomib, sine-

fungin, tecadenoson and trabodenoson.

Padhi and colleagues used computational methods to

model the favipiravir-binding site in SARS-CoV-2

RdRP and thereby uncovered potential mutations con-

ferring drug resistance [34]. Favipiravir is an antiviral

drug approved in Japan to treat pandemic influenza

virus infections. The phosphorylated prodrug is incor-

porated by viral RdRP enzymes and functions as an

RNA mutagen [35]. Upon pretreatment, favipiravir

showed antiviral efficacy against SARS-CoV-2 in ham-

sters [36]. Favipiravir is in clinical trials against mild and

intermediate forms of COVID-19 [37]. Padhi et al.

focussed on chain-termination induced by favipiravir.

They used a high-throughput interface-based protein

design to generate more than 100’000 variations of the

favipiravir-binding site on the RdRP. They identified

mutational hot spots and showed that just a few

mutations in RdRP suffice to confer favipiravir resis-

tance. Strikingly, the calculations also implied that

dozens of drug resistance mutations exist in SARS-

CoV-2 genomes in the CoV-GLUE database. This

implies that drug-resistant viruses circulate in humans,

even in the absence of significant drug selection

pressure.

For direct antivirals to be effective against SARS-

CoV-2 on the long run, multiple antiviral treatments are

likely required, akin to the highly successful combo-

therapy, essentially curing hepatitis C virus infections

[38]. One of these targets is the virus interaction with the

ACE2 receptor. To identify an allosteric druggable site

within the RBD of the SARS-CoV-2 S-protein, Bhat-

tacharjee et al. used molecular dynamics simulations of

the apo-RBD and the ACE2 receptor-bound RBD and

could reveal how correlated motions and electrostatic

energy are part of the allosteric crosstalk in the RBD

upon receptor binding [39]. In particular, electrostatic

energy perturbations appeared to determine favourable

pairwise crosstalk within the RBD residues upon bind-

ing to ACE2. It was interesting to note that the allosteric

path in the RBD comprises evolutionarily conserved res-

idues present in closely related coronaviruses, suggesting

that targeting these residues with chemical agents may

have potential for antiviral treatment. On the short run,

direct topical antiviral therapies may also be considered,

as sketched out in a conceptual paper by Honarmand

Ebrahimi, who proposed to engineer upper respiratory

tract bacteria, such that they secrete SARS-CoV-2 S-

protein binding proteins, neutralize virus and thereby

reduce infection [40].

Host-directed antivirals

Identifying and developing antivirals has been chal-

lenging for SARS-CoV-2 and most other viruses for

two main reasons. One is that direct antiviral com-

pounds give rise to drug-resistant mutants, and two

that severe COVID cases not only exhibit high viral

load but also strongly dysregulate the inflammatory

response, and cause cytokine storms [41]. The latter

includes transforming growth factor (TGF) beta 1,

possibly depending on the TGF-beta1 activator

THBS3, which is genetically associated with severe

COVID-19 cases, as suggested by the COVID-19 Host

Genetics Initiative (https://www.covid19hg.org). This

topic is highlighted in the study by Wang et al. [42].

Whether it relates to the increased COVID-19 risk in

patients suffering from inheritable mucopolysacchari-

dosis (MPS) and thickened mucus in the lungs is

unknown. Intriguingly, however, results from Pierzy-

nowska et al. obtained with MPS cell lines suggest
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that several genes involved in SARS-CoV-2 biogenesis

and antiviral defence are expressed at reduced and

increased levels, respectively, compared to non-MPS

cells, suggesting that these cells are less susceptible to

SARS-CoV-2 than control cells [43]. To understand

these observations, mechanistic studies are now

required.

An interesting conceptual contribution was provided

by Yaneske and colleagues who developed genome-

wide metabolic modelling based on pre-existing tran-

scriptomic and proteomic data to show that SARS-

CoV-2 infection of cancer cells goes along with a met-

abolic shift to glycolytic energy production [44]. The

work predicts intriguing roles of translation, ribosomal

RNA metabolism and fatty acid biosynthesis in rewir-

ing cytokine secretion, and energy production path-

ways. Targeting cell metabolism, and in particular

fatty acid synthesis, appears to be a particularly inter-

esting strategy to explore broadly acting antiviral

treatments beyond coronaviruses, as shown by

ground-breaking work with cytomegalovirus a number

of years ago [45]. In fact, inhibition of fatty acid syn-

thase by highly specific chemicals was shown to be

effective against respiratory syncytial virus, human

parainfluenza and rhinovirus in proof-of-concept stud-

ies [46,47].

The concept of targeting the host rather than the

virus may have several advantages, including a much

broader range of antiviral effects and higher viral evo-

lutionary cost for evasion of the antiviral action. The

latter was recently demonstrated with rhinovirus (com-

mon cold causing agent), which adapts to endosomal

acidification inhibitors, such as the antiparasitic salicy-

lanilide niclosamide, by evolving critical capsid muta-

tions in its interprotomeric interface [48]. These

mutations destabilize the virion and reduce viral fit-

ness. They are necessary (as shown by reproducible

evolution experiments) and sufficient (shown by

reverse genetics) for the virus to infect cells lacking

acidic endosomal pH, which is a critical uncoating cue

for wild-type infections. These results support host-

directed antiviral treatments. Of note, niclosamide is

used to treat, for example, human tapeworm infections

[49] and is a candidate for inhalation treatment of

COVID-19 [50].

COVID vaccines and mRNA

As of today, the most effective measure against

COVID-19 is vaccination. Immunization by vaccina-

tion drives the immune system to generate cellular and

antibody-based responses against the antigen of inter-

est, while passive immunization delivers therapeutic

antibodies directly into the body [51]. The latter may

be of benefit to individuals in need of acute treatment,

but broad applications are limited by availability and

high cost.

The most widely used vaccines against COVID-19

are virus vectors as well as mRNA-based therapies.

The former is mostly driven by adenovirus-based vec-

tors delivering the gene encoding the S-protein to the

nucleus for transcription, and cytoplasmic protein syn-

thesis and surface antigen presentation to immune cells

[52], while the latter is based on injection of mRNA

encoding the S-protein, bypassing the nuclear step

[53,54]. One of the early proponents of the mRNA

technology, Drew Weissman, has shared his personal

insights into mRNA vaccines in an interview with

Daniela Ruffell [55]. An important early observation

was that chemical RNA modification attenuates the

activation of dendritic cells. The key modification

turned out to be the replacement of uridine residues

with pseudouridine (Psi), the most common RNA

modification, for example occurring in nonimmuno-

genic RNAs, such as transfer RNAs or ribosomal

RNAs [56]. At the molecular level, Lin and colleagues

showed that Psi residues establish additional bonds

with neighbouring atoms and thereby strengthen

RNA–RNA and RNA–protein interactions [57]. In

case of messenger RNA, the presence of Psi sites

enhances the lifetime and the translation efficiency of

the mRNA and reduces unwanted innate immune

reactions, such as inflammation.

One limitation of the currently approved SARS-

CoV-2 vaccines has been that multiple doses were

required for optimal protection against COVID-19.

Salzer and colleagues used a ferritin-like iron binding

protein as a scaffold to chemically couple the SARS-

CoV-2 RBD and thereby provide stable multivalent

dodecameric vaccine nanoparticles [58]. The investiga-

tors could show that single-dose immunization with a

multimerized SARS-CoV-2 receptor-binding domain

(RBD) induced a higher antibody titre and enhanced

neutralizing antibody response compared to mono-

meric RBD. It protected hACE2-expressing mice from

serious illness and led to viral clearance from the lungs

upon SARS-CoV-2 infection. This argues that multi-

merization of SARS-CoV-2 subunits on a highly stable

scaffold provides an interesting protein-based vaccine

platform against COVID-19.

Conclusion

Considering the large diversity of coronaviruses and

their zoonotic and anthroponotic transmissions [4], the

prediction is that these viruses (besides other viruses)
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will continue to be significant threats to human health.

From a scientific point of view, it makes sense to

enhance virus surveillance efforts at the interface

between humans and animals and develop innovative

strategies for studying thus far unknown aspects of

viruses and their intricate interactions with hosts. All

this will be helpful to reduce the threats from SARS-

CoV-2 VoC, as well as viruses emerging in the future.

The scientific community is well advised to work

together in all disciplines and share information as

effectively as in the current situation. I have no doubt

that this strategy is not only doable, but will con-

tribute to increase resilience of societies and respectful

human behaviour.

Acknowledgements

I thank Dr.’s Romain Volle, Luca Murer and Maarit

Suomalainen for their comments. Research in the

author’s laboratory has been supported by grants from

the Swiss National Science Foundation (31CA30_

196177/1; 31003A_179256/1; CRSII5_170929/1) and

the University of Z€urich. Open Access Funding pro-

vided by Universitat Zurich.

References

1 Ruffell D (2020) Coronavirus SARS-CoV-2: filtering

fact from fiction in the infodemic: Q&A with virologist

Professor Urs Greber. FEBS Lett 594, 1127–1131.
2 Ruffell D (2020) Transforming a research institute into

a COVID diagnostic centre - scientists step forward to

protect public health during the coronavirus pandemic.

FEBS Lett 594, 1811–1817.
3 Governing Council of the Italian Society of B.,

Molecular B. & Board of the Italian Professors of B

(2020) Basic and applied science at the time of COVID-

19. FEBS Lett 594, 2933–2934.
4 Cui J, Li F and Shi ZL (2019) Origin and evolution of

pathogenic coronaviruses.Nat Rev Microbiol 17, 181–192.
5 Corman VM, Muth D, Niemeyer D and Drosten C

(2018) Hosts and sources of endemic human

coronaviruses. Adv Virus Res 100, 163–188.
6 Oreshkova N, Molenaar RJ, Vreman S, Harders F,

Oude Munnink BB, Hakze-van der Honing RW,

Gerhards N, Tolsma P, Bouwstra R, Sikkema RS et al.

(2020) SARS-CoV-2 infection in farmed minks, the

Netherlands, April and May 2020, Euro Surveill 25, 18.

7 Lytras S, Xia W, Hughes J, Jiang X and Robertson DL

(2021) The animal origin of SARS-CoV-2. Science 373,

968–970.
8 Zhou H, Ji J, Chen X, Bi Y, Li J, Wang Q, Hu T, Song

H, Zhao R, Chen Y et al. (2021) Identification of novel

bat coronaviruses sheds light on the evolutionary

origins of SARS-CoV-2 and related viruses. Cell 184,

4380–4391.
9 Yamauchi Y and Greber UF (2016) Principles of virus

uncoating: cues and the snooker ball. Traffic 17, 569–
592.

10 Maginnis MS (2018) Virus-receptor interactions: the

key to cellular invasion. J Mol Biol 430, 2590–2611.
11 Cossart P and Helenius A (2014) Endocytosis of viruses

and bacteria. Cold Spring Harb Perspect Biol 6,

a016972.

12 Snijder B, Sacher R, Ramo P, Liberali P, Mench K,

Wolfrum N, Burleigh L, Scott CC, Verheije MH,

Mercer J et al. (2012) Single-cell analysis of population

context advances RNAi screening at multiple levels.

Mol Syst Biol 8, 579.

13 Snijder B, Sacher R, Ramo P, Damm EM, Liberali P

and Pelkmans L (2009) Population context determines

cell-to-cell variability in endocytosis and virus infection.

Nature 461, 520–523.
14 Suomalainen M and Greber UF (2021) Virus infection

variability by single-cell profiling. Viruses 13, 1568.

15 Luan B, Wang H and Huynh T (2021) Enhanced

binding of the N501Y-mutated SARS-CoV-2 spike

protein to the human ACE2 receptor: insights from

molecular dynamics simulations. FEBS Lett 595, 1454–
1461.

16 Tian F, Tong B, Sun L, Shi S, Zheng B, Wang Z,

Dong X and Zheng P. (2021) N501Y mutation of spike

protein in SARS-CoV-2 strengthens its binding to

receptor ACE2. eLife 10, 21.

17 Daly JL, Simonetti B, Klein K, Chen KE, Williamson

MK, Anton-Plagaro C, Shoemark DK, Simon-Gracia

L, Bauer M, Hollandi R et al. (2020) Neuropilin-1 is a

host factor for SARS-CoV-2 infection. Science 370,

861–865.
18 Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian

M, Franz J, Kuivanen S, van der Meer F, Kallio K,

Kaya T, Anastasina M et al. (2020) Neuropilin-1

facilitates SARS-CoV-2 cell entry and infectivity.

Science 370, 856–860.
19 Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N,

Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu

NH, Nitsche A et al. (2020) SARS-CoV-2 cell entry

depends on ACE2 and TMPRSS2 and is blocked by a

clinically proven protease inhibitor. Cell 181, 271–280.
20 Jackson CB, Farzan M, Chen B and Choe H (2021)

Mechanisms of SARS-CoV-2 entry into cells. Nat Rev

Mol Cell Biol 18, 418.

21 Jennings BC, Kornfeld S and Doray B (2021) A weak

COPI binding motif in the cytoplasmic tail of SARS-

CoV-2 spike glycoprotein is necessary for its cleavage,

glycosylation, and localization. FEBS Lett 595, 1758–
1767.

22 Watanabe T, Takeda K, Hiemori K, Minamisawa T

and Tateno H (2021) A glycosaminoglycan microarray

2851FEBS Letters 595 (2021) 2847–2853 ª 2021 The Author. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Commentary



identifies the binding of SARS-CoV-2 spike protein to

chondroitin sulfate E. FEBS Lett 595, 2341–2349.
23 Greber UF (2020) Adenoviruses - Infection,

pathogenesis and therapy. FEBS Lett 594, 1818–1827.
24 Greber UF and Gomez-Gonzalez A (2021) Adenovirus

- a blueprint for gene delivery. Curr Opin Virol 48, 49–
56.

25 Belov GA (2016) Dynamic lipid landscape of

picornavirus replication organelles. Curr Opin Virol 19,

1–6.
26 Neufeldt CJ, Cortese M, Acosta EG and

Bartenschlager R (2018) Rewiring cellular networks by

members of the Flaviviridae family. Nat Rev Microbiol

16, 125–142.
27 Roulin PS, Murer L and Greber UF (2018) A single

point mutation in the rhinovirus 2B protein reduces the

requirement for phosphatidylinositol 4-kinase class

3beta in viral replication. J Virol 62, 1492.

28 Roulin PS, Lotzerich M, Torta F, Tanner LB, van

Kuppeveld FJ, Wenk MR and Greber UF (2014)

Rhinovirus uses a phosphatidylinositol 4-

phosphate/cholesterol counter-current for the formation

of replication compartments at the ER-golgi interface.

Cell Host Microbe 16, 677–690.
29 Mesmin B, Bigay J, Moser von Filseck J, Lacas-Gervais

S, Drin G and Antonny B (2013) A four-step cycle

driven by PI(4)P hydrolysis directs sterol/PI(4)P

exchange by the ER-Golgi tether OSBP. Cell 155, 830–
843.

30 Furuita K, Hiraoka M, Hanada K, Fujiwara T and

Kojima C (2021) Sequence requirements of the FFAT-

like motif for specific binding to VAP-A are revealed by

NMR. FEBS Lett 595, 2248–2256.
31 Bakowski MA, Beutler N, Wolff KC, Kirkpatrick MG,

Chen E, Nguyen TH, Riva L, Shaabani N, Parren M,

Ricketts J et al. (2021) Drug repurposing screens

identify chemical entities for the development of

COVID-19 interventions. Nat Commun 12, 3309.

32 Murer L, Volle R, Andriasyan V, Meili N, Yang L,

Sequeira D, Gomez-Gonzalez A, Petkidis A, Olszewski

D, Bauer M et al. (2021) Arrayed multicycle drug

screens identify broadly acting chemical inhibitors for

repurposing against SARS CoV 2. bioRxiv

[PREPRINT].

33 Hijikata A, Shionyu-Mitsuyama C, Nakae S, Shionyu

M, Ota M, Kanaya S and Shirai T (2020) Knowledge-

based structural models of SARS-CoV-2 proteins and

their complexes with potential drugs. FEBS Lett 594,

1960–1973.
34 Padhi AK, Dandapat J, Saudagar P, Uversky VN and

Tripathi T (2021) Interface-based design of the

favipiravir-binding site in SARS-CoV-2 RNA-

dependent RNA polymerase reveals mutations

conferring resistance to chain termination. FEBS Lett

595, 2366–2382.

35 Delang L, Abdelnabi R and Neyts J (2018) Favipiravir

as a potential countermeasure against neglected and

emerging RNA viruses. Antiviral Res 153, 85–94.
36 Driouich JS, Cochin M, Lingas G, Moureau G, Touret

F, Petit PR, Piorkowski G, Barthelemy K, Laprie C,

Coutard B et al. (2021) Favipiravir antiviral efficacy

against SARS-CoV-2 in a hamster model. Nat Commun

12, 1735.

37 Joshi S, Parkar J, Ansari A, Vora A, Talwar D,

Tiwaskar M, Patil S and Barkate H (2021) Role of

favipiravir in the treatment of COVID-19. Int J Infect

Dis 102, 501–508.
38 Kish T, Aziz A and Sorio M (2017) Hepatitis C in a

new era: a review of current therapies. PT 42, 316–329.
39 Bhattacharjee S, Bhattacharyya R and Sengupta J

(2021) Dynamics and electrostatics define an allosteric

druggable site within the receptor-binding domain of

SARS-CoV-2 spike protein. FEBS Lett 595, 442–451.
40 Honarmand Ebrahimi K (2020) SARS-CoV-2 spike

glycoprotein-binding proteins expressed by upper

respiratory tract bacteria may prevent severe viral

infection. FEBS Lett 594, 1651–1660.
41 Coperchini F, Chiovato L, Croce L, Magri F and

Rotondi M (2020) The cytokine storm in COVID-19:

An overview of the involvement of the chemokine/

chemokine-receptor system. Cytokine Growth Factor

Rev 53, 25–32.
42 Wang EY, Chen H, Sun BQ, Wang H, Qu HQ, Liu Y,

Sun XZ, Qu J, Fang ZF, Tian L et al. (2021) Serum

levels of the IgA isotype switch factor TGF-beta1 are

elevated in patients with COVID-19. FEBS Lett 595,

1819–1824.
43 Pierzynowska K, Gaffke L and Wegrzyn G (2020)

Transcriptomic analyses suggest that

mucopolysaccharidosis patients may be less susceptible

to COVID-19. FEBS Lett 594, 3363–3370.
44 Yaneske E, Zampieri G, Bertoldi L, Benvenuto G and

Angione C (2021) Genome-scale metabolic modelling of

SARS-CoV-2 in cancer cells reveals an increased shift

to glycolytic energy production. FEBS Lett 595, 2350–
2365.

45 Munger J, Bennett BD, Parikh A, Feng XJ, McArdle J,

Rabitz HA, Shenk T and Rabinowitz JD (2008)

Systems-level metabolic flux profiling identifies fatty

acid synthesis as a target for antiviral therapy. Nat

Biotechnol 26, 1179–1186.
46 Ohol YM, Wang Z, Kemble G and Duke G (2015)

Direct inhibition of cellular fatty acid synthase impairs

replication of respiratory syncytial virus and other

respiratory viruses. PLoS One 10, e0144648.

47 Ventura R, Mordec K, Waszczuk J, Wang Z, Lai J,

Fridlib M, Buckley D, Kemble G and Heuer TS (2015)

Inhibition of de novo palmitate synthesis by fatty acid

synthase induces apoptosis in tumor cells by remodeling

cell membranes, inhibiting signaling pathways, and

2852 FEBS Letters 595 (2021) 2847–2853 ª 2021 The Author. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Commentary



reprogramming gene expression. EBioMedicine 2, 808–
824.

48 Murer L, Petkidis A, Vallet T, Vignuzzi M and Greber

UF (2021) Chemical evolution of Rhinovirus identifies

capsid-destabilizing mutations driving low pH-

independent genome uncoating. J Virol I01, 6021.

49 Craig P and Ito A (2007) Intestinal cestodes. Curr Opin

Infect Dis 20, 524–532.
50 Backer V, Sjobring U, Sonne J, Weiss A, Hostrup M,

Johansen HK, Becker V, Sonne DP, Balchen T,

Jellingso M et al. (2021) A randomized, double-blind,

placebo-controlled phase 1 trial of inhaled and

intranasal niclosamide: A broad spectrum antiviral

candidate for treatment of COVID-19. Lancet Reg

Health Eur 4, 100084.

51 Abraham J (2020) Passive antibody therapy in COVID-

19. Nat Rev Immunol 20, 401–403.
52 Mendonca SA, Lorincz R, Boucher P and Curiel DT

(2021) Adenoviral vector vaccine platforms in the

SARS-CoV-2 pandemic. NPJ Vaccines 6, 97.

53 Chaudhary N, Weissman D and Whitehead KA (2021)

mRNA vaccines for infectious diseases: principles,

delivery and clinical translation. Nat Rev Drug Discov

20, 817–838.
54 Heinz FX and Stiasny K (2021) Distinguishing features

of current COVID-19 vaccines: knowns and unknowns

of antigen presentation and modes of action. NPJ

Vaccines 6, 104.

55 Ruffell D (2021) The future in an RNA molecule: from

mRNA vaccines to therapeutics - An interview with

Drew Weissman. FEBS Lett 595, 2305–2309.
56 Kariko K, Buckstein M, Ni H and Weissman D (2005)

Suppression of RNA recognition by Toll-like receptors:

the impact of nucleoside modification and the

evolutionary origin of RNA. Immunity 23, 165–175.
57 Lin TY, Mehta R and Glatt S (2021) Pseudouridines in

RNAs: switching atoms means shifting paradigms.

FEBS Lett 595, 2310–2322.
58 Salzer R, Clark JJ, Vaysburd M, Chang VT, Albecka

A, Kiss L, Sharma P, Gonzalez Llamazares A, Kipar

A, Hiscox JA et al. (2021) Single-dose immunisation

with a multimerised SARS-CoV-2 receptor binding

domain (RBD) induces an enhanced and protective

response in mice. FEBS Lett 595, 2323–2340.

2853FEBS Letters 595 (2021) 2847–2853 ª 2021 The Author. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Commentary


	Outline placeholder
	feb214226-aff-0001

	 Intro�duc�tion
	 Infec�tion mech�a�nisms - recep�tors, traf�fick�ing, repli�ca�tion
	 Antivi�ral com�pounds tar�get�ing the virus
	 Host-di�rected antivi�rals
	 COVID vac�ci�nes and mRNA
	 Con�clu�sion
	 Acknowl�edge�ments
	feb214226-bib-0001
	feb214226-bib-0002
	feb214226-bib-0003
	feb214226-bib-0004
	feb214226-bib-0005
	feb214226-bib-0006
	feb214226-bib-0007
	feb214226-bib-0008
	feb214226-bib-0009
	feb214226-bib-0010
	feb214226-bib-0011
	feb214226-bib-0012
	feb214226-bib-0013
	feb214226-bib-0014
	feb214226-bib-0015
	feb214226-bib-0016
	feb214226-bib-0017
	feb214226-bib-0018
	feb214226-bib-0019
	feb214226-bib-0020
	feb214226-bib-0021
	feb214226-bib-0022
	feb214226-bib-0023
	feb214226-bib-0024
	feb214226-bib-0025
	feb214226-bib-0026
	feb214226-bib-0027
	feb214226-bib-0028
	feb214226-bib-0029
	feb214226-bib-0030
	feb214226-bib-0031
	feb214226-bib-0032
	feb214226-bib-0033
	feb214226-bib-0034
	feb214226-bib-0035
	feb214226-bib-0036
	feb214226-bib-0037
	feb214226-bib-0038
	feb214226-bib-0039
	feb214226-bib-0040
	feb214226-bib-0041
	feb214226-bib-0042
	feb214226-bib-0043
	feb214226-bib-0044
	feb214226-bib-0045
	feb214226-bib-0046
	feb214226-bib-0047
	feb214226-bib-0048
	feb214226-bib-0049
	feb214226-bib-0050
	feb214226-bib-0051
	feb214226-bib-0052
	feb214226-bib-0053
	feb214226-bib-0054
	feb214226-bib-0055
	feb214226-bib-0056
	feb214226-bib-0057
	feb214226-bib-0058


