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In a laboratory setting, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) was inoculated into human bronchial epithelial cells. 
This inoculation, which was performed in a biosafety level 3 facility, had a 

multiplicity of infection (indicating the ratio of virus particles to targeted airway 
cells) of 3:1. These cells were then examined 96 hours after infection with the use 
of scanning electron microscopy. An en face image (Panel A) shows an infected 
ciliated cell with strands of mucus attached to the cilia tips. At higher magnifica-
tion, an image (Panel B) shows the structure and density of SARS-CoV-2 virions 
produced by human airway epithelial cells. Virus production was approximately 
3×106 plaque-forming units per culture, a finding that is consistent with a high 
number of virions produced and released per cell.
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- very high infectivity
- rare severe/letal cases 



Coronaviridae
... ...

Letivirinae
Orthocoronavirinae

a-coronavirus
b-coronavirus
g-coronavirus
d-coronavirus

family

subfamily

genus

can infect mammals, 
including man

infect only birds

}
}

a-CoVs HCov-229E
HCoV-NL63

b-CoVs HCov-OC43
HCoV-HKU1
SARS-CoV-1
MERS-CoV
SARS-CoV-2

enveloped
positive-strand RNA  (+ssRNA)  (capped and polyadenylated)

endemic
non pathogenic

pathogenic

Nidoviralesorder

largest genomes among RNA viruses: 26-32 kb   (Influenza: -ssRNA 13kb)

ACE2

DPP4

ACE2

SARS-CoV-2

Origin of SARS-CoV-2: bats  (closest relative: Bat-CoV-RATG13  96.2% genome identity)

?

man

(2003)

(2012)

(2019)

Tang D, et al. PLoS Pathog 2020;16:e1008536.
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SARS-CoV-2 structural proteins

envelope protein  (75 aa)

spike protein  (1273aa)

nucleocapsid protein  (419 aa)

membrane protein  (222 aa)

100 nm

responsible for the crown-like shape of
CoV viral particles à 'coronaviruses'
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SARS-CoV-2 genome
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ORF1ab that encodes the 16 predicted NSPs as well as the four typical 
structural proteins of coronaviruses, they differ in their complement of 
3′ ORFs: SARS-CoV-2 possesses an ORF3b and ORF10, which have limited 
detectable homology to SARS-CoV proteins1,12 (Extended Data Fig. 1a).

Mature NSPs, with the exception of NSP3 and NSP16, and all pre-
dicted proteins expressed from other SARS-CoV-2 ORFs (27 proteins 
and one mutant) were codon-optimized and cloned into a mammalian 
expression vector that contained a 2×Strep-tag II affinity tag that can 
be used for affinity-purification–mass spectrometry (AP-MS)-based 
proteomics when expressed in HEK-293T/17 cells. High-confidence 
interacting proteins were identified using SAINTexpress and MiST 
scoring algorithms14,15.

To verify the expression of viral proteins, we performed western 
blot using an anti-Strep antibody on the input cell lysate, and with 
the exception of NSP4, NSP6, NSP11, and ORF3b, we observed bands 
consistent with the predicted protein sizes (24 out of 28 constructs) 
(Extended Data Fig. 1b). Despite the lack of detection by western blot, 
we detected expression of viral peptides NSP4, NSP6 and ORF3b in 
the proteomic analysis. The fourth construct not confirmed by west-
ern blot, the small peptide NSP11, had a predicted molecular mass of 
4.8 kDa (including tag) but an apparent mass of approximately 30 kDa 
(Extended Data Fig. 1b).

Alignment of 2,784 SARS-CoV-2 sequences revealed a premature 
stop codon at position 14 of ORF3b in 17.6% of isolates (Extended Data 
Fig. 1c), and two mutations were also observed that resulted in prema-
ture stop codons in ORF9c (Extended Data Fig. 1d). These data suggest 
that ORF3b and ORF9c might not be bona fide SARS-CoV-2 reading 
frames, or are dispensable for replication. Pending a comprehensive 
evaluation of viral protein expression, we nevertheless proceeded with 
the analysis for all possible viral proteins. Out of the 27 bait proteins 
(Fig. 1b), the affinity purification of ORF7b showed an unusually high 
number of background proteins and was therefore excluded from 
protein interaction analysis. We have thus far sent these plasmids to 
almost 300 laboratories in 35 countries.

Analysis of SARS-CoV-2–host protein interactions
Our AP-MS analysis identified 332 high-confidence protein interac-
tions between SARS-CoV-2 proteins and human proteins, observing 
correlations between replicate experiments of each viral bait (Pearson’s 
R = 0.46–0.72) (Extended Data Fig. 2 and Supplementary Tables 1, 2). 
We studied the interacting human proteins with regards to their bio-
logical functions, anatomical expression patterns, expression changes 
during SARS-CoV-2 infection16 and in relation to other maps of host–
pathogen interacting proteins15,17 (Fig. 2a). We analysed each viral pro-
tein for Gene Ontology enrichment (Fig. 2b and Extended Data Fig. 3) 
and identified the major cell processes of the interacting proteins, 

including lipoprotein metabolism (S), nuclear transport (NSP7) and 
ribonucleoprotein complex biogenesis (NSP8). To discover potential 
binding interfaces, we enriched for domain families within the inter-
acting proteins of each viral bait (Extended Data Fig. 4). For instance, 
DNA polymerase domains are enriched among proteins that interact 
with NSP1, and bromodomains and extra-terminal domain (BET) family 
domains are enriched among proteins that interact with E (Supplemen-
tary Discussion and Supplementary Methods).

Although the cell line used for these AP-MS experiments, HEK-293T/17, 
can be infected with the SARS-CoV-2 virus18, it does not represent the 
primary physiological site of infection—lung tissue. From 29 human 
tissues19, we identified the lung as the tissue with the highest expres-
sion of the prey proteins relative to the average proteome (Fig. 2c). 
Consistent with this, the interacting proteins were enriched in the 
lung relative to other tissues (Extended Data Fig. 5a), and compared 
to overall RefSeq gene expression in the lung (median transcripts per 
million (TPM) = 3.198), proteins that interacted with SARS-CoV-2 pro-
teins were expressed at a higher level (median TPM = 25.52, P = 0.0007; 
Student’s t-test) (Extended Data Fig. 5b), supporting the hypothesis 
that SARS-CoV-2 preferentially hijacks proteins that are expressed in 
lung tissue.

We also studied the evolutionary properties of the host proteins 
bound by SARS-CoV-2 (Supplementary Table 3, Supplementary Meth-
ods and Supplementary Discussion). In addition, we analysed changes 
in protein abundance during SARS-CoV-2 infection16. We calculated, 
when possible, the correlation between changes in the abundance of 
viral proteins and their human interaction partners across four time 
points. Interacting pairs typically had stronger correlated changes than 
other pairs of viral–human proteins (Fig. 2d) (Kolmogorov–Smirnov 
test P = 4.8 × 10−5), indicating that the AP-MS-derived interactions are 
relevant for the target tissue and the infection context. We compared 
our SARS-CoV-2 interaction map with those of ten other pathogens 
(Fig. 2e) and found that West Nile virus20 and Mycobacterium tuber-
culosis21 had the most similar host-protein interaction partners. The 
association with M. tuberculosis is of particular interest as it also infects 
lung tissue.

The interactome reveals SARS-CoV-2 biology
Our study highlights interactions between SARS-CoV-2 proteins and 
human proteins that are involved in several complexes and biological 
processes (Fig. 3). These included DNA replication (NSP1), epigenetic 
and gene-expression regulators (NSP5, NSP8, NSP13 and E), vesicle 
trafficking (NSP2, NSP6, NSP7, NSP10, NSP13, NSP15, ORF3a, E, M and 
ORF8), lipid modification (S), RNA processing and regulation (NSP8 
and N), ubiquitin ligases (ORF10), signalling (NSP7, NSP8, NSP13, N 
and ORF9b), nuclear transport machinery (NSP9, NSP15 and ORF6), 
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Fig. 1 | AP-MS workflow for the identification of SARS-CoV-2–host protein–
protein interactions. a, SARS-CoV-2 genome annotation. The colour intensity 
is proportional to the protein sequence similarity with SARS-CoV homologues 

(when homologues exist). n = 4 structural proteins; n = 16 NSPs; n = 9 accessory 
factors. b, Experimental workflow for AP-MS studies. MS, mass spectrometry; 
PPI, protein–protein interaction.

two new proteins !
- structural proteins
- proteins required for viral replication and production (in ORF1a and 1b)
- 'accessory factors', functions not completely known, participation in pathogenesis?

single-strand +RNA  (can be immediately translated into proteins by ribosomes)

Gordon D, et al. Nature 2020;583:459–68.
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SARS-CoV-2 spike protein

- ±40 per virion

- 20 nm

- trimer

- heavily
glycosylated

- flexible

(drawn to scale)

Turonova B, et al. Science 2020;370:203-208.



SARS-CoV-2 spike protein

- ±40 per virion
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Figure 1
Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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Monomer of SARS-CoV-2 spike protein

- ±40 per virion

- 20 nm

- trimer

- heavily
glycosylated
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Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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pathway. Because of endosomal acidification, increased H+ ion con-
centration within the endosome forces HA to undergo major con-
formational changes, which allows exposure of the fusion peptide and
its insertion into target cellular membrane. This brings the viral and
endosomal membrane in close proximity. Further conformational
changes of several HA trimers allow merging of the outermost lipid
leaflets forming an intermediate structure called the hemifusion stalk.
This transient structure collapses into an expanding fusion pore al-
lowing release of viral genetic material in the cytoplasm.

In the case of coronaviruses, viral entry into target cells is performed
by the spike (S) envelope glycoprotein, which mediates both host cell
receptor binding and membrane fusion. The S protein is classified as a
class I viral fusion protein (Bosch et al., 2003), which includes the
prototypical influenza virus hemagglutinin (HA) and retrovirus en-
velope (env) proteins (White et al., 2008). Class I viral fusion proteins
form trimers and each monomer can often be divided into two domains,
a receptor-binding domain (e.g. HA1 and gp120 for influenza virus and
HIV, respectively), and a fusion domain (HA2 and gp40). Fusion do-
mains are enriched in alpha-helices and contain regions called heptad
repeats (HR) which are repetitive heptapeptides containing some hy-
drophobic residues and which are involved in the refolding process and
coiling of central helices during membrane fusion. After membrane
fusion has occurred, class I fusion proteins adopt a compact con-
formation, with a well-defined coiled-coil structure called a 6-helix
bundle or 6HB (Belouzard et al., 2012; White et al., 2008). Importantly,
the fusion domain contains a short segment, the fusion peptide (Epand,
2003; Lai et al., 2005; Tamm and Han, 2000; Tamm et al., 2002), ty-
pically composed of 15–25-amino acids, generally hydrophobic in
nature, which becomes anchored to a target membrane when the fusion
protein adopts the pre-hairpin conformation. The fusion peptide plays
an essential role in mediating the membrane fusion reaction as it di-
rectly interacts with lipid bilayers, enabling to disrupt and connect two
apposing membranes. Class I fusion proteins are often proteolytically
activated or primed for fusion by host cell proteases at a specific clea-
vage site that usually forms the boundary between the receptor-binding
and fusion domains (White and Whittaker, 2016). In the case of influ-
enza HA and HIV env proteins, the cleavage event releases the fusion
peptide as it is located at the N-terminal end of the fusion domain.
While coronavirus S proteins possess salient features of class I fusion
proteins, such as being a type I membrane proteins organized in tri-
mers, possessing heptad repeats regions (HR1 and HR2), and requiring
proteolytic cleavage for activation, they differ in several key aspects.
The S proteins form substantially larger trimers, with S monomer size in
the range of 1200–1400 amino acids (~180–200 kDa) compared to
~500 aa for influenza HA and ~800 aa for HIV. Until recently struc-
tural data on the coronavirus S was limited, due mostly to the difficulty
of obtaining X-ray crystallographic structures of intact ectodomains of

S. However, recent advances in cryo-electron microscopy (cryo-EM)
have allowed the determination of the structure covering the majority
of the ectodomain of several coronavirus S proteins in their pre-fusion
conformation such as those of the murine hepatitis virus (MHV) (Walls
et al., 2016a), human coronavirus HCoV-NL63 (Walls et al., 2016b),
HCoV-HKU1 (Kirchdoerfer et al., 2016), MERS-CoV and SARS-CoV (Gui
et al., 2017; Yuan et al., 2017). These efforts and studies constitute a
huge step forward in the field as they uncovered the complexity of
coronavirus S proteins and their highly glycosylated nature. The S
protein can be divided into the S1 receptor-binding subunit and S2
fusion domain, usually separated by a cleavage site (S1/S2). However,
coronavirus S proteins possess an additional cleavage site located
within S2 and called (Belouzard et al., 2009, 2012; Millet and
Whittaker, 2014). Not only are coronaviruses S proteins unusual for
harboring multiple cleavage sites, they are also activated by a wide
variety of host cell proteases (Millet and Whittaker, 2015), spanning
different families such as cathepsins (Simmons et al., 2005), trypsin-like
serine proteases such as members of the transmembrane serine protease
(TTSP) family (Bertram et al., 2013; Gierer et al., 2013; Glowacka et al.,
2011; Matsuyama et al., 2010), and the furin-like proprotein con-
vertases (PCs) (Burkard et al., 2014; Millet and Whittaker, 2014). While
the location of the fusion peptide has been debated, most recent data
appears to argue that the segment immediately downstream of S2′
cleavage site is the bona fide fusion peptide. In the cryo-electron mi-
croscopy structures of coronavirus S, the fusion peptide segment ap-
pears to be exposed at the surface of the protein in the pre-fusion state
(Fig. 1), another unique characteristic setting S proteins apart from
other class I viral fusion proteins like the influenza virus HA. While the
fusion peptides of coronaviruses are not as well characterized as the
ones from other prototypical class I fusion proteins like influenza HA or
HIV env, evidence has been steadily accumulating for the identification
of the bona fide fusion peptide.

In this review, we use SARS-CoV as model for studying the me-
chanism of coronavirus-membrane fusion. We aim to give an overview
of the entry pathway of SARS-CoV and connect this to recent advances
in our understanding of the coronavirus spike fusion peptide, high-
lighting its unique features as well as putting these findings back to
their biological context and the apparently biphasic nature of cor-
onavirus entry. An underlying theme that emerges from these studies is
that the flexible characteristic of coronavirus entry pathways is in some
ways imparted by the unique and special features of the coronavirus
fusion peptide.

2. SARS-CoV mediated entry into cells and the activation of
membrane fusion

As with many viruses, SARS-CoV entry into cells is dictated by the

Fig. 1. Structural model of the SARS-CoV spike in pre-fusion uncleaved and monomeric form, based on pdb 3JCL (MHV spike). SARS-CoV S is colored with the S1 domain in blue and
the S2 domain in orange, and is shown in in three different representations: space-filling, surface mesh and cartoon. The fusion peptide/predicted neutralizing epitope is shown green. The
two proteolytic cleavage sites are shown in magenta, with S1/S2 exposed and the fusion peptide-proximal S2′ site protected. An enlarged cartoon depiction of the fusion peptide region is
shown with key negatively charged and hydrophobic residues indicated.
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Figure 1
Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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deletions in the loops comprising the NTD
binding pocket of representative strains Bat-
SL-CoVZC45, BetaCoV/pangolin/Guangdong/
1/2019, andBetaCoV/pangolin/Guangxi/P4L/
2007 (fig. S4A).
Some human CoVs, including OC43, exclu-

sively use NTD–sialic acid (SA) interactions as
their receptor engagement, whereas others
such as Middle East respiratory syndrome
(MERS) CoV that use the CTD-RBD for pri-
mary receptor binding have also been reported
to bind SA receptors through their NTD to aid

initial attachment to the host cells (23–25).
Structural comparisons of the SARS-CoV-2
NTD dimerization pocket with that of the SA
binding site on MERS spike revealed that
they did not coincide with each other (PDB
ID: 6Q04) (25) (fig. S4B). Computational and
structural studies have proposed residues
on SARS-CoV-2 spike that may be involved
in SA binding (26, 27). Structural comparison
of this putative glycan binding site to the di-
merization site revealed them situated ad-
jacent to one another with residues in loop

70 contributing to both the binding pockets
(fig. S4C).
We next performed cell surface expression

and pseudovirus replication assays with SARS-
CoV-2 wild-type (WT) spike and spikes con-
taining mutations in the 615 to 635 loop and
NTD pocket. Each residue in the loop 621-
PVAIHADQ-628 and residueH146 in the bind-
ing pocket were individually mutated to either
alanine or glycine. Additionally, we made a
spike construct with all eight residues 621-
PVAIHADQ-628 replaced with a glycine-serine

Bangaru et al., Science 370, 1089–1094 (2020) 27 November 2020 3 of 6

Fig. 2. Cryo-EM analy-
sis of SARS-CoV-2 3Q-
2P-FL spikes. (A) Rep-
resentative electron
micrograph and 2D
class averages of 3Q-
2P-FL spikes showing
free trimers and
complexes of trimers.
(B) Side and top views
of the B factor–
sharpened cryo-EM map
of 3Q-2P-FL free trimers
showing the spike in
prefusion state, with the
RBDs in closed confor-
mation. The protomers
are colored in blue,
green, and coral for
clarity. (C) Side and top
view of the atomic
model of free trimer
represented as a ribbon
diagram fit into the map
density. The protomers
are colored in blue,
green, and coral, and
the map is shown as a
transparent gray den-
sity. (D) Comparison of
3Q-2P-FL spike with
published structures
(PDB IDs 6VXX and
6VSB) on a subunit
level. PDB 6VXX is
shown in cyan, PDB
6VSB in blue, and 3Q-
2P-FL spike in coral.
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Figure 1
Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.

www.annualreviews.org • Coronavirus Receptor Recognition and Cell Entry 239

A
nn

u.
 R

ev
. V

iro
l. 

20
16

.3
:2

37
-2

61
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 U

ni
ve

rs
ite

 C
at

ho
liq

ue
 d

e 
Lo

uv
ai

n 
U

C
L 

- B
ib

l. 
de

s S
ci

en
ce

s E
xa

ct
es

 o
n 

11
/1

7/
20

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

A C

B

D

E

(legend on next page)

ll
Article

592 Cell Host & Microbe 28 , 586–601, October 7, 2020

Multiple sites of N-glycosylation

à many proteic epitopes are masked
= virus partial protection against neutralizing antibodies

à protective effect of blood group O

(T323: unique
site of 
O-glycosylation)

Zhao P, et al. Cell Host Microbe 2020;28:586-601.
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The receptor: angiotensin converting enzyme 2 (ACE2)

analogue improved the outcome in 36 out of 53 COVID-19 patients,
placebo-controlled and randomized trials are required to assess the
therapeutic efficacy [81]. Indeed, such studies further testing Re-
mdesivir but also several other therapeutic candidates are currently
ongoing. Table 1 provides a comprehensive overview of potential
COVID-19 therapeutics including their mode of action and their im-
plication for the cardiovascular system.

2. Conclusion

When the world health organization (WHO) announced COVID-19
as an international emergency at the end of January and declared it a
pandemic in March 2020 [82], several efforts were already made to
understand the diagnosis and prognosis of this respiratory syndrome.
Noteworthy, there are regional differences in COVID-19 severity, which
seem to reflect on socio-economic parameters and the readiness of the
healthcare systems to cope with such a challenge. Whether COVID-19

has direct or indirect effects to the young or aged cardiovascular system
is poorly understood so far because we are only at the beginning of
monitoring the COVID-19. This includes specific biomarker discovery to
predict patients at very high risk as well as superior imaging tools to
monitor cardiac remodeling and inflammation (e.g. MRI). Especially
ACE2 abundancy is of high interest in context of SARS-CoV-2 and a
potential impact on cardiac tissue; however, insufficient number of
cases has been reported so far to draw reliable conclusion and rhACE2
is rather considered a therapeutic strategy to limit viral infection, which
will be now investigated in phase-II clinical trials. In addition, clinical
association studies in the early, mid and late phase of COVID-19 are
urgently needed to discuss standard care, in particular for HF patients
who seem to be at highest risk for a severe course of COVID-19.
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Fig. 1. Overview about the role of ACE-2 during SARS CoV-2 infection.
Angiotensin II can either bind to the angiotensin II receptor type I (AT1-R), where it induces vasoconstriction via the phospholipase C (PLC), proteinkinase C (PKC)
pathway, or be processed by angiotensin converting enzyme 2 (ACE2) to generate angiotensin 1–7. Afterwards, angiotensin 1–7 can bind to the MAS-receptor (Mas-
R), which induces a signaling cascade subsequently leading to a vasodilatory effect. During SARS CoV-2 infection, viral spike protein (S) on the surface of the virus
binds to ACE2. After processing of the S-protein by the endogenous transmembrane serine protease 2 (TMPRSS2), the viral particle is endocytosed and acidification of
the endosome leads to viral and cellular membrane fusion and release of viral single-stranded RNA (ssRNA) into the cytosol. There, the ssRNA is replicated and
translated into viral proteins (N, M, E and S). Additional viral mechanisms facilitate the downregulation of endogenous ACE2 and upregulation of ADAM metallo-
peptidase domain 17 (ADAM-17) expression. After vesicular transport to the cell surface, ADAM-17 facilitates its role as a “sheddase” and cleaves the extracellular
domain of ACE2. Moreover, increased extracellular cytokine concentrations (TNFα, IFNγ, IL-4) lead to the activation of cellular proinflammatory pathways by
different cytokine receptors. These pathways further support virus-induced downregulation of ACE2 and upregulation of ADAM-17.
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secondary structure of the RBD fragment that also re-
vealed predominance of b-sheets (data not shown). In
progress are our experiments for the SARS-CoV S-gly-
coprotein RBD crystallization and determination of its
3D structure.

Typically virus receptors contain ridges that bind to
cavities or to structures containing loops, cavities, and
channels in the proteins mediating entry [9]. The model
structure of ACE2 indicates that some or most of the
ridges surrounding the cavity at the top of the molecule
(Fig. 6) could serve as a likely binding region for the S-
glycoprotein for the following reasons. First, the top of
the molecule is far away of the membrane and is likely to
be easier to reach than membrane proximal regions.
Second, protruding structures are likely to be used for
binding by viral proteins; it will also ensure geometric
complementarity with concave surfaces as the S RBD
domain could be based on our illustrative model (Fig. 6).
Third, the negative charges of the ridges complement the
positive charges of the RBD. Fourth, the hydrophobic
patches around the charges could contribute to binding.
Finally, the lack of carbohydrates at the top of the mol-
ecule could ensure high-affinity binding. Experiments
currently in progress will determine the specific amino
acid residues and their relative contribution to the inter-
action of ACE2 with the S-glycoprotein. The ACE2
model developed here, and this proposition of binding
regions could help in the design and analysis of the ex-
perimental data, and the virus binding function of ACE2.
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ACE2 expression profile is key to COVID-19 symptoms

suppressor T cell counts were significantly lower and the TH/TS
ratio was significantly higher in patients who died from infection
as compared to patients who were discharged.

Importantly, most serological and immunological changes
observed in severe cases are associated with disease severity
but cannot necessarily serve as predictive factors, as they may
not have utility in early identification of patients at higher risk. Dis-
covery of truly predictive biomarkers and potential drivers of hy-
perinflammatory processes requires comprehensive profiling of
asymptomatic and mild cases and longitudinal studies that are
limited to date. Confounding variables including age, gender,
and comorbidities may dramatically affect associations
observed. In addition, direct correlation with patient viral load
will be important to provide a greater understanding of underly-
ing causes of morbidity and mortality in COVID-19 and the
contribution of viral infectivity, hyperinflammation, and host
tolerance (Medzhitov et al., 2012).

In summary, lymphopenia, increases in proinflammatory
markers and cytokines, and potential blood hypercoagulability
characterize severe COVID-19 cases with features reminiscent
of cytokine release syndromes. This correlates with a diverse
clinical spectrum ranging from asymptomatic to severe and crit-
ical cases. During the incubation period and early phase of the
disease, leukocyte and lymphocyte counts are normal or slightly
reduced. After SARS-CoV-2 binds to ACE2 overexpressing or-
gans, such as the gastrointestinal tracts and kidneys, increases
in non-specific inflammation markers are observed. In more se-
vere cases, a marked systemic release of inflammatory media-
tors and cytokines occurs, with corresponding worsening of lym-
phopenia and potential atrophy of lymphoid organs, impairing
lymphocyte turnover (Terpos et al., 2020).

Antivirals
Antivirals are a class of small molecules that function as
inhibitors of one or more stages of a virus life cycle. Because

Figure 5. ACE2 Expression in Organs and
Systems Most Frequently Implicated in
COVID-19 Complications
The gastrointestinal tract, kidneys, and testis have
the highest ACE2 expressions. In some organs,
different cell types have remarkably distinct ex-
pressions; e.g., in the lungs, alveolar epithelial cells
have higher ACE2 expression levels than bronchial
epithelial cells; in the liver, ACE2 is not expressed
in hepatocytes, Kupffer cells, or endothelial cells
but is detected in cholangiocytes, which can
explain liver injury to some extent. Furthermore,
ACE2 expression is enriched on enterocytes of the
small intestine compared to the colon.
ACE2, angiotensin-converting enzyme 2; BNP, B-
type natriuretic peptide; CRP, C-reactive protein;
IL, interleukin; N/L, neutrophil-to-lymphocyte ratio;
PT, prothrombin time; aPTT, activated partial
thromboplastin time.

of similarities between different virus
replication mechanisms, some antivirals
can be repurposed against various viral
infections. Currently, most of the available
antiviral drugs tested against SARS-
CoV-2 are small molecules previously

developed against SARS-CoV-1, MERS-CoV, or other RNA
and DNA viruses.
Broad-Spectrum Antivirals
A number of small molecules with known antiviral activity against
other human RNA viruses are being evaluated for efficacy in
treating SARS-CoV-2. The ribonucleoside analog b-D-N4-hy-
droxycytidine (NHC) reduced viral titers and lung injury in mice
infected with SARS-CoV-2 via introduction of mutations in viral
RNA (Sheahan et al., 2017). Further, an inhibitor of host DHODH,
a rate-limiting enzyme in pyrimidine synthesis, was able to inhibit
SARS-CoV-2 growth in vitrowith greater efficacy than remdesivir
or chloroquine (Wang et al., 2020e; Xiong et al., 2020). Merime-
podib, a non-competitive inhibitor of the enzyme inosine-50-
monophosphate dehydrogenase (IMPDH), involved in host gua-
nosine biosynthesis, is able to suppress SARS-CoV-2 replication
in vitro (Bukreyeva et al., 2020). Finally, N-(2-hydroxypropyl)-3-
trimethylammonium chitosan chloride (HTCC), which was previ-
ously shown to efficiently reduce infection by the less-patho-
genic human CoV HCoV-NL63, was also found to inhibit
MERS-CoV and pseudotyped SARS-CoV-2 in human airway
epithelial cells (Milewska et al., 2020).
Protease Inhibitors
Much of the antiviral computational and experimental data
currently available for SARS-CoV-2 focus on targeting the 3CL
orMain protease (Mpro). Two prominent drug candidates target-
ing the SARS-CoV-2 Mpro were designed and synthesized by
analyzing the substrate binding pocket of Mpro (Dai et al.,
2020). The X-ray crystal structures of the novel inhibitors in
complex with SARS-CoV-2 Mpro were resolved at 1.5 Å. Both
compounds showed good pharmacokinetic activity in vitro,
and one exhibited limited toxicity in vivo (Dai et al., 2020).
Multiple studies also aimed to repurpose protease inhibitors to
reduce SARS-CoV-2 titers. Nine existing HIV protease inhibitors
(nelfinavir, lopinavir, ritonavir, saquinavir, atazanavir, tipranavir,
amprenavir, darunavir, and indinavir) were evaluated for their
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Figure 1
Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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Figure 1
Introduction to coronaviruses and their spike proteins. (a) Classification of coronaviruses. Representative coronaviruses in each genus
are human coronavirus NL63 (HCoV-NL63), porcine transmissible gastroenteritis coronavirus (TGEV), porcine epidemic diarrhea
coronavirus (PEDV ), and porcine respiratory coronavirus (PRCV) in the genus Alphacoronavirus; severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), bat coronavirus HKU4, mouse
hepatitis coronavirus (MHV), bovine coronavirus (BCoV), and human coronavirus OC43 in the genus Betacoronavirus; avian infectious
bronchitis coronavirus (IBV) in the genus Gammacoronavirus; and porcine deltacoronavirus (PdCV) in the genus Deltacoronavirus.
(b) Schematic of the overall structure of prefusion coronavirus spikes. Shown are the receptor-binding subunit S1, the membrane-fusion
subunit S2, the transmembrane anchor (TM), the intracellular tail (IC), and the viral envelope. (c) Schematic of the domain structure of
coronavirus spikes, including the S1 N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and
heptad repeat regions N and C (HR-N and HR-C). Scissors indicate two proteolysis sites in coronavirus spikes. (d ) Summary of the
structures and functions of coronavirus spikes. Host receptors recognized by either of the S1 domains are angiotensin-converting
enzyme 2 (ACE2), aminopeptidase N (APN), dipeptidyl peptidase 4 (DPP4), carcinoembryonic antigen-related cell adhesion molecule
1 (CEACAM1), and sugar. The available crystal structures of S1 domains and S2 HRs are shown. Their PDB IDs are 3KBH for
HCoV-NL63 S1-CTD, 4F5C for PRCV S1-CTD, 2AJF for SARS-CoV S1-CTD, 4KR0 for MERS-CoV S1-CTD, 3R4D for MHV
S1-NTD, 4H14 for BCoV S1-NTD, 2IEQ for HCoV-NL63 HRs, 1WYY for SARS-CoV HRs, 4NJL for MERS-CoV HRs, and
1WDF for MHV HRs.
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SARS-CoV-2 spike protein: processing required for virus entry

VI03CH11-Li ARI 16 September 2016 9:45

a
S1-CTD

S1-NTD

HR-N

FPFP

b

S1/S2

S2'

Figure 2
Cryo–electron microscopy structures of prefusion trimeric coronavirus spikes. (a) Trimeric mouse hepatitis
coronavirus (MHV) spike (PDB ID: 3JCL) (16). Three monomers are shown (magenta, cyan, and green).
(b) One monomer from the trimeric MHV spike. The important functional elements of the spike [the S1
N-terminal domain (S1-NTD), the S1 C-terminal domain (S1-CTD), the fusion peptide (FP), and the
heptad repeat (HR-N)] are colored in the same way as in Figure 1 c. The dotted curve indicates a disordered
loop. Scissors indicate two critical proteolysis sites.

zinc peptidase angiotensin-converting enzyme 2 (ACE2) (20, 21). Moreover, HCoV-NL63 and
other alphacoronaviruses recognize different receptors: other alphacoronaviruses such as TGEV,
PEDV, and PRCV recognize another zinc peptidase, aminopeptidase N (APN) (22–25). Sim-
ilarly, SARS-CoV and other betacoronaviruses recognize different receptors: MERS-CoV and
HKU4 recognize a serine peptidase, dipeptidyl peptidase 4 (DPP4) (26, 27); MHV recognizes a
cell adhesion molecule, carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1)
(28, 29); BCoV and OC43 recognize sugar (30). The alphacoronaviruses TGEV and PEDV and
the gammacoronavirus IBV also use sugar as receptors or coreceptors (23, 31–34). Other than
their role in viral attachment, these coronavirus receptors have their own physiological func-
tions (35–41). The diversity of receptor usage is an outstanding feature of coronaviruses. To
further compound the complexity of the issue, the S1 subunits from different genera share little
sequence similarity, whereas those from the same genus have significant sequence similarity (42).
Therefore, the following questions have been raised regarding receptor recognition by coron-
aviruses: (a) How do coronaviruses from different genera recognize the same receptor protein?
(b) How do coronaviruses from the same genus recognize different receptor proteins? (c) What
is the molecular basis for coronavirus spikes to recognize sugar receptors and function as viral
lectins?

Two major domains in coronavirus S1, N-terminal domain (S1-NTD) and C-terminal do-
main (S1-CTD), have been identified (Figure 1 c,d ). One or both of these S1 domains potentially
bind receptors and function as the receptor-binding domain (RBD). S1-NTDs are responsible
for binding sugar (23, 34, 43, 44), with the only known exception being betacoronavirus MHV
S1-NTD that recognizes a protein receptor CEACAM1 (45). S1-CTDs are responsible for rec-
ognizing protein receptors ACE2, APN, and DPP4 (23, 46–51). Crystal structures have been
determined for a number of S1 domains complexed with their respective receptor (Figure 1 d ).
These structures, along with functional studies, have addressed many of the puzzles surrounding
receptor recognition by coronaviruses.
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- ß-coronavirus S protein requires 2 proteolytic cleavages:

- between domains S1 and S2

to favor changes of S1 conformations:
closed conformation: RBD buried
open conformation: RBD accessible to ACE2

to allow for the detachment of S1, unmasking S2

- upstream of the fusion peptide, to allow its insertion
in the plasma membrane 

- efficacy and extent of these activation steps regulate cellular tropism
and viral pathogenesis

Li F, et al. Annu Rev Virol 2016;3:237-61; Coutard B, et al. Antiviral Res 2020;176:104742.

C-terminal domain

heptad
repeat



Host factor: TMPRSS2

- transmembrane serine protease 2

- cleaves at S1/S2 and at S2'

- surface co-expression of ACE2 and TMPRSS2 on the same cells (in cis) appears optimal for 
SARS-CoV-2 infection of human cell lines in vitro

in vivo, coexpression by nasal epithelial cells, bronchial transient secretory cells 
(Lukassen et al.  2020  EMBO J  e105114) (Sungnak et al.  2020  Nat Med  26:681) 

- ACE2 and TMPRSS2 genes are induced in various proinflammatory conditions (obesity, diabetes, ...)

Gkogkou et al.  2020  Redox Biol  36:101615



A unique feature of SARS-CoV-2, absent in other members of its clade

- insertion of 12 nucleotides upstream of S1/S2 in SARS-CoV-2

- absent in SARS-CoV-1, MERS-CoV and Bat-CoV-RATG13

- creates a furin-like cleavage site
(furin: endoprotease in the secretory pathway compartments)

- furin is highly expressed in lungs

- participates in SARS-CoV-2 pathogenesis ?  (very high contagiousness and rapid spread)

severe cases and 1,114 deaths (WHO, 2020). Infections were
also detected in 24 countries outside China and were associated
with international travel. At present, it is unknown whether the
sequence similarities between SARS-CoV-2 and SARS-CoV
translate into similar biological properties, including pandemic
potential (Munster et al., 2020).

The spike (S) protein of coronaviruses facilitates viral entry into
target cells. Entry depends on binding of the surface unit, S1, of
the S protein to a cellular receptor, which facilitates viral attach-
ment to the surface of target cells. In addition, entry requires S
protein priming by cellular proteases, which entails S protein
cleavage at the S1/S2 and the S2’ site and allows fusion of viral
and cellular membranes, a process driven by the S2 subunit (Fig-
ure 1A). SARS-S engages angiotensin-converting enzyme 2
(ACE2) as the entry receptor (Li et al., 2003) and employs the

cellular serine protease TMPRSS2 for S protein priming (Glo-
wacka et al., 2011; Matsuyama et al., 2010; Shulla et al., 2011).
The SARS-S/ACE2 interface has been elucidated at the atomic
level, and the efficiency of ACE2 usage was found to be a key
determinant of SARS-CoV transmissibility (Li et al., 2005a,
2005b). SARS-S und SARS-2-S share !76% amino acid iden-
tity. However, it is unknown whether SARS-2-S like SARS-S em-
ploys ACE2 and TMPRSS2 for host cell entry.

RESULTS

Evidence for Efficient Proteolytic Processing
of SARS-2-S
The goal of our study was to obtain insights into how SARS-2-S
facilitates viral entry into target cells and how this process can be

Figure 1. SARS-2-S and SARS-S Facilitate Entry into a Similar Panel of Mammalian Cell Lines
(A) Schematic illustration of SARS-S including functional domains (RBD, receptor binding domain; RBM, receptor bindingmotif; TD, transmembrane domain) and

proteolytic cleavage sites (S1/S2, S20 ). Amino acid sequences around the two protease recognition sites (red) are indicated for SARS-S and SARS-2-S (asterisks

indicate conserved residues). Arrow heads indicate the cleavage site.

(B) Analysis of SARS-2-S expression (upper panel) and pseudotype incorporation (lower panel) by western blot using an antibody directed against the C-terminal

hemagglutinin (HA) tag added to the viral S proteins analyzed. Shown are representative blots from three experiments. b-Actin (cell lysates) and VSV-M (particles)

served as loading controls (M, matrix protein). Black arrow heads indicate bands corresponding to uncleaved S proteins (S0) whereas gray arrow heads indicate

bands corresponding to the S2 subunit.

(C) Cell lines of human and animal origin were inoculated with pseudotyped VSV harboring VSV-G, SARS-S, or SARS-2-S. At 16 h postinoculation, pseudotype

entry was analyzed by determining luciferase activity in cell lysates. Signals obtained for particles bearing no envelope protein were used for normalization. The

average of three independent experiments is shown. Error bars indicate SEM. Unprocessed data from a single experiment are presented in Figure S1.

272 Cell 181, 271–280, April 16, 2020

Coutard B, et al. Antiviral Res 2020;176:104742; Johnson B, et al. bioRxiv 2020;2020.08.26.268854.



Host factor: neuropilin 1

- neuropilins (NRP1 and NRP2):
- surface receptor for semaphorins and VEGF
- highly expressed in almost all pulmonary and olfactory cells
- highest levels of expression in endothelial cells   

severe cases and 1,114 deaths (WHO, 2020). Infections were
also detected in 24 countries outside China and were associated
with international travel. At present, it is unknown whether the
sequence similarities between SARS-CoV-2 and SARS-CoV
translate into similar biological properties, including pandemic
potential (Munster et al., 2020).

The spike (S) protein of coronaviruses facilitates viral entry into
target cells. Entry depends on binding of the surface unit, S1, of
the S protein to a cellular receptor, which facilitates viral attach-
ment to the surface of target cells. In addition, entry requires S
protein priming by cellular proteases, which entails S protein
cleavage at the S1/S2 and the S2’ site and allows fusion of viral
and cellular membranes, a process driven by the S2 subunit (Fig-
ure 1A). SARS-S engages angiotensin-converting enzyme 2
(ACE2) as the entry receptor (Li et al., 2003) and employs the

cellular serine protease TMPRSS2 for S protein priming (Glo-
wacka et al., 2011; Matsuyama et al., 2010; Shulla et al., 2011).
The SARS-S/ACE2 interface has been elucidated at the atomic
level, and the efficiency of ACE2 usage was found to be a key
determinant of SARS-CoV transmissibility (Li et al., 2005a,
2005b). SARS-S und SARS-2-S share !76% amino acid iden-
tity. However, it is unknown whether SARS-2-S like SARS-S em-
ploys ACE2 and TMPRSS2 for host cell entry.

RESULTS

Evidence for Efficient Proteolytic Processing
of SARS-2-S
The goal of our study was to obtain insights into how SARS-2-S
facilitates viral entry into target cells and how this process can be

Figure 1. SARS-2-S and SARS-S Facilitate Entry into a Similar Panel of Mammalian Cell Lines
(A) Schematic illustration of SARS-S including functional domains (RBD, receptor binding domain; RBM, receptor bindingmotif; TD, transmembrane domain) and

proteolytic cleavage sites (S1/S2, S20 ). Amino acid sequences around the two protease recognition sites (red) are indicated for SARS-S and SARS-2-S (asterisks

indicate conserved residues). Arrow heads indicate the cleavage site.

(B) Analysis of SARS-2-S expression (upper panel) and pseudotype incorporation (lower panel) by western blot using an antibody directed against the C-terminal

hemagglutinin (HA) tag added to the viral S proteins analyzed. Shown are representative blots from three experiments. b-Actin (cell lysates) and VSV-M (particles)

served as loading controls (M, matrix protein). Black arrow heads indicate bands corresponding to uncleaved S proteins (S0) whereas gray arrow heads indicate

bands corresponding to the S2 subunit.

(C) Cell lines of human and animal origin were inoculated with pseudotyped VSV harboring VSV-G, SARS-S, or SARS-2-S. At 16 h postinoculation, pseudotype

entry was analyzed by determining luciferase activity in cell lysates. Signals obtained for particles bearing no envelope protein were used for normalization. The

average of three independent experiments is shown. Error bars indicate SEM. Unprocessed data from a single experiment are presented in Figure S1.

272 Cell 181, 271–280, April 16, 2020

- neuropilin 1 binds furin-cleaved sustrates  (the polybasic RRAR carboxyterminal sequence on S1)

- blocking this interaction reduces SARS-CoV-2 infectivity in vitro

INSIGHTS   |   PERSPECTIVES
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Daly et al. and Cantuti-Castelvetri et al. 

found that the sequence of the S1-S2 junc-

tion of virus isolates from human patients 

suggested that they fit the C-end rule, with 

Arg-Arg-Ala-Arg (RRAR) predicted to form 

the carboxyl-terminal sequence of the furin-

cleaved S1. They showed that NRP1 pro-

moted infection of human cell lines by SARS-

CoV-2 and by lentivirus pseudotypes that 

contained the SARS-CoV-2 S protein on their 

surface. NRP1 was not the only host factor 

that promoted SARS-CoV-2 infection, but 

even when both ACE2 and TMPRSS2 were 

present, NRP1 gave an additional increase. 

This was due to an increase in virus uptake 

into the cell rather than an increase in virus 

binding to the cell surface. The promotion 

of virus infection by NRP1 was inhibited by 

the addition of a soluble NRP1 or by an an-

tibody that mapped to the binding pocket 

on NRP1. Further analyses revealed that S1 

or its carboxyl-terminal region interact with 

NRP1, and this was inhibited by mutations 

in the NRP b1 pocket. SARS-CoV-2 mutants 

in which the polybasic cleavage site was de-

leted or S was made resistant to furin cleav-

age were insensitive to NRP1 expression. 

Daly et al. showed that a peptide derived 

from the S1 carboxyl terminus binds to the 

NRP1 b1 domain with micromolar affinity. 

They solved the crystal structure of the com-

plex, which revealed that the peptide is po-

sitioned in the b1 pocket, similar to a VEGF 

peptide that was crystallized with b1 (9). A 

small-molecule antagonist of NRP1 that in-

hibits VEGF binding (11) also inhibited the 

b1-S1 peptide interaction and virus infection. 

C-end rule peptides had previously been 

shown to mediate uptake of particles or bac-

teriophages by cells and tissues (10). Cantuti-

Castelvetri et al. conjugated the S1 peptide 

onto nanoparticles and administered them 

intranasally to mice. The mouse olfactory 

epithelium expresses NRP1, and the authors 

observed significant uptake of the peptide-

conjugated particles in this site. Similar to 

previous results (10), the S1 peptide–coated 

particles were observed to also travel into 

the neurons and blood vessels of the cortex. 

To address the possible role of NRP1 in hu-

man SARS-CoV-2 infection, the authors used 

available data to confirm expression of both 

NRP1 and NRP2 RNA in human lung and 

olfactory epithelial tissue. They also showed 

that five out of six autopsy samples of olfac-

tory epithelia from human COVID-19 pa-

tients were positive for both S protein and 

NRP1. These results from mice and humans 

are intriguing given that many COVID-19 pa-

tients lose their sense of smell. 

Together, these papers establish NRP1 as 

a host factor for SARS-CoV-2 and suggest in-

teresting parallels and differences with the 

roles of NRPs in infection by other viruses. 

For example, both the human T cell lym-

photropic virus SU protein and the Epstein 

Barr virus (EBV) gB protein are processed 

by furin, and infection by these viruses is 

promoted by NRP1 (12, 13). EBV, which in-

fects nasopharyngeal epithelial cells, shows 

an apparent reciprocal effect in which NRP1 

promotes infection, whereas NRP2 inhib-

its it (13). Although Daly et al. showed that 

S1 protein can also bind NRP2, its role in 

SARS-CoV-2 infection is unknown. NRP2 is 

a receptor for Lujo virus, but this does not 

involve binding to the b1 pocket (14). These 

and other examples indicate that a number 

of viruses have evolved to use NRPs during 

infection, but much remains unclear. 

There is more to learn about the promo-

tion of SARS-CoV-2 infection by NRP1. The 

virus can propagate in the absence of furin 

cleavage in some cultured cells, where ca-

thepsin cleavage may be sufficient, but in 

vivo, the virus relies on furin processing, 

which enhances viral pathogenesis in a ham-

ster model (15). How does NRP1 binding af-

fect the virus internalization pathway, and 

does it act as a co-receptor with ACE2? C-end 

rule peptide binding to NRP1 can promote 

vascular leakage and tissue penetration, es-

pecially when the peptides are presented 

on a multivalent particle (10). Does NRP1 

similarly help to promote SARS-CoV-2 dis-

semination and spread? Together, Daly et al. 

and Cantuti-Castelvetri et al. show that furin 

processing, which has an important role in 

the maturation and fusion activity of the 

SARS-CoV-2 S protein, also acts to generate 

ligands on the virus particle that bind NRP1. 

The availability of small molecule inhibi-

tors of the NRP1-C-end rule peptide interac-

tion suggests a potential antiviral strategy. 

Defining the importance of this interaction 

in vivo will be a vital next step. j
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ACE2, angiotensin-converting enzyme 2; NRP1, neuropilin 1; S, spike; 
SARS-CoV, severe acute respiratory syndrome coronavirus; TMPRSS2, transmembrane protease serine 2.

Endosome

Model for SARS-CoV-2 processing and entry 
Proteolytic processing of SARS-CoV and SARS-CoV-2 S proteins facilitates virus entry. SARS-CoV and SARS-
CoV-2 bind to ACE2 at a region on S1. Furin cleavage at the S1-S2 junction exposes the C-end rule peptide on 
SARS-CoV-2 S1 and allows binding to NRP1. Subsequent processing by cathepsins and TMPRSS2 allows S2 
fusion peptide–mediated membrane insertion and merging of membranes. The absence of a furin cleavage site 
 in SARS-CoV S1 and a SARS-CoV-2 S1 mutant prevents binding to NRP1 and limits virus entry and infection.
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- The virus: SARS-CoV-2

- The Spike protein

- Receptor and host factors

- The disease: COVID-19

- Innate and adaptive immune responses

- Vaccines



COVID-19

Fig 2 | After the initial exposure, patients typically develop symptoms within 5-6 days (incubation period). SARS-CoV-2 generates a diverse range of clinical manifestations,
ranging from mild infection to severe disease accompanied by high mortality. In patients with mild infection, initial host immune response is capable of controlling the
infection. In severe disease, excessive immune response leads to organ damage, intensive care admission, or death. The viral load peaks in the first week of infection, declines
thereafter gradually, while the antibody response gradually increases and is often detectable by day 14 (figure adapted with permission from https://www.sciencedirect.com/sci-
ence/article/pii/S009286742030475X; https://www.thelancet.com/journals/lanres/article/PIIS2213-2600(20)30230-7/fulltext)

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) technology can detect viral SARS-CoV-2 RNA in the upper
respiratory tract for a mean of 17 days (maximum 83 days) after
symptom onset.7 However, detection of viral RNA by qRT-PCR does
not necessarily equate to infectiousness, and viral culture from PCR
positive upper respiratory tract samples has been rarely positive
beyond nine days of illness.5 This corresponds to what is known
about transmission based on contact tracing studies, which is that
transmission capacity is maximal in the first week of illness, and
that transmission after this period has not been documented.8
Severely ill or immune-compromised patients may have relatively
prolonged virus shedding, and some patients may have intermittent
RNA shedding; however, low level results close to the detection
limit may not constitute infectious viral particles. While
asymptomatic individuals (those with no symptoms throughout the
infection) can transmit the infection, their relative degree of
infectiousness seems to be limited.9 -11 People with mild symptoms
(paucisymptomatic) and those whose symptom have not yet
appeared still carry large amounts of virus in the upper respiratory
tract, which might contribute to the easy and rapid spread of
SARS-CoV-2.7 Symptomatic and pre-symptomatic transmission (one
to two days before symptom onset) is likely to play a greater role in
the spread of SARS-CoV-2.10 12 A combination of preventive
measures, such as physical distancing and testing, tracing, and
self-isolation, continue to be needed.

Route of transmission and transmission dynamics
Like other coronaviruses, the primary mechanism of transmission
of SARS-CoV-2 is via infected respiratory droplets, with viral

infection occurring by direct or indirect contact with nasal,
conjunctival, or oral mucosa, when respiratory particles are inhaled
or deposited on these mucous membranes.6 Target host receptors
are found mainly in the human respiratory tract epithelium,
including the oropharynx and upper airway. The conjunctiva and
gastrointestinal tracts are also susceptible to infection and may
serve as transmission portals.6

Transmission risk depends on factors such as contact pattern,
environment, infectiousness of the host, and socioeconomic factors,
as described elsewhere.12 Most transmission occurs through close
range contact (such as 15 minutes face to face and within 2 m),13

and spread is especially efficient within households and through
gatherings of family and friends.12 Household secondary attack
rates (the proportion of susceptible individuals who become infected
within a group of susceptible contacts with a primary case) ranges
from 4% to 35%.12 Sleeping in the same room as, or being a spouse
of an infected individual increases the risk of infection, but isolation
of the infected person away from the family is related to lower risk
of infection.12 Other activities identified as high risk include dining
in close proximity with the infected person, sharing food, and taking
part in group activities 12 The risk of infection substantially increases
in enclosed environments compared with outdoor settings.12 For
example, a systematic review of transmission clusters found that
most superspreading events occurred indoors.11 Aerosol
transmission can still factor during prolonged stay in crowded,
poorly ventilated indoor settings (meaning transmission could occur
at a distance >2 m).12 14 -17
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Innate immune response to viruses

- detection by cells of pathogen-associated molecular patterns (PAMP) 

- main sensor for SARS-CoV-2: TLR3 

- detected PAMP: virus-specific aberrant RNA structures (dsRNA, ...)

- transcriptional response: two antiviral programs

- type-I (IFN-a, IFN-b) and type-III interferons (IFN-l) à cellular antiviral defenses

- chemokines à recruitment and coordination of subsets of leukocytes

too little, too slow

too much

COVID-19

Blanco-Melo D, et al. Cell 2020;181:1036-1045.



Viral resistance to innate immunity

specific IFN-stimulated genes (ISGs) that mediate these protec-
tive effects are still being elucidated. Lymphocyte antigen 6
complex locus E (LY6E) has been shown to interfere with
SARS-CoV-2 spike (S) protein-mediated membrane fusion
(Pfaender et al., 2020; Zhao et al., 2020c). Likely, the IFN-
induced transmembrane family (IFITM) proteins inhibit SARS-
CoV-2 entry, as demonstrated for SARS-CoV-1 (Huang et al.,
2011b), although their action in promoting infection has also
been described for other CoVs (Zhao et al., 2014, 2018).
Evasion of Innate Sensing by Coronaviruses
As these cytokines represent a major barrier to viral infection,
CoVs have evolved several mechanisms to inhibit IFN-I induction
and signaling. Numerous studies have demonstrated that SARS-
CoV-1 suppresses IFN release in vitro and in vivo (Cameron et al.,
2012; Minakshi et al., 2009; Siu et al., 2009; Wathelet et al.,
2007). SARS-CoV-2 likely achieves a similar effect, as suggested
by the lack of robust type I/III IFN signatures from infected cell
lines, primary bronchial cells, and a ferret model (Blanco-Melo
et al., 2020). In fact, patients with severe COVID-19 demonstrate
remarkably impaired IFN-I signatures as compared to mild or
moderate cases (Hadjadj et al., 2020). As is often the case, there
are multiple mechanisms of evasion for CoVs, with viral factors
antagonizing each step of the pathway from PRR sensing and
cytokine secretion to IFN signal transduction (Figure 1).
CoV-mediated antagonism of innate immunity begins with

evasion of PRR sensing. ssRNA viruses, like CoVs, form dsRNA
intermediates during their replication, which can be detected by
TLR3 in the endosome and RIG-I, MDA5, and PKR in the cytosol.
ssRNA may also be detected by TLR7 or TLR8 and potentially
RIG-I and PKR. CoVs are known to avoid PRR activation by
either avoiding recognition altogether or antagonizing PRR ac-
tion (Bouvet et al., 2010; Chen et al., 2009; Deng et al., 2017;
Hackbart et al., 2020; Ivanov et al., 2004; Knoops et al., 2008).
To evade PRRs, dsRNA is first shielded by membrane-bound
compartments that form during viral replication of SARS-
CoV-1 (Knoops et al., 2008). In addition, viral RNA is guano-
sine-capped and methylated at the 50 end by CoVs non-
structural proteins (NSPs) 10, 13, 14, and 16 (Bouvet et al.,
2010; Chen et al., 2009; Ivanov et al., 2004), thereby resembling

Figure 1. Mechanisms of Host Innate
Immune Response and Coronaviruses
Antagonism
Overview of innate immune sensing (left) and
interferon signaling (right), annotated with the
known mechanisms by which SARS-CoV-1 and
MERS-CoV antagonize the pathways (red).

host mRNA to promote translation, pre-
vent degradation, and evade RLR
sensing. Finally, CoVs also encode an
endoribonuclease, NSP15, that cleaves
50 polyuridines formed during viral repli-
cation, which would otherwise be de-
tected by MDA5 (Deng et al., 2017; Hack-
bart et al., 2020). CoVs have evolved
additional strategies to impede acti-
vation of PRRs. SARS-CoV-1 N-protein
prevents TRIM25 activation of RIG-I

(Hu et al., 2017). Likewise, MERS-CoV NS4a, which itself binds
dsRNA, impedes PKR activation (Comar et al., 2019; Rabouw
et al., 2016) and inhibits PACT, an activator of RLRs (Niemeyer
et al., 2013; Siu et al., 2014). Additionally, MERS-CoV NS4b an-
tagonizes RNaseL, another activator of RLRs (Thornbrough
et al., 2016). The role of other PRRs remains unclear. For
example, SARS-CoV-1 papain-like protease (PLP) antagonizes
STING, suggesting that self-DNA may also represent an impor-
tant trigger (Sun et al., 2012). The extent to which SARS-CoV-2
homologs overlap in these functions is currently unknown.
Following activation, RLR and TLRs induce signaling cas-

cades, leading to the phosphorylation of transcription factors,
such as NF-kB and the interferon-regulatory factor family (IRF),
ultimately leading to transcription of IFN and proinflammatory
cytokines. Although no experimental studies have delineated
the precise functions of SARS-CoV-2 proteins, proteomic
studies have demonstrated interactions between viral proteins
and PRR signaling cascades. SARS-CoV-2 ORF9b indirectly in-
teracts with the signaling adaptor MAVS via its association with
Tom70 (Gordon et al., 2020), consistent with prior reports that
SARS-CoV-1 ORF9b suppresses MAVS signaling (Shi et al.,
2014). Furthermore, SARS-CoV-2NSP13 interactswith signaling
intermediate TBK1, and NSP15 is associated with RNF41, an
activator of TBK1 and IRF3 (Gordon et al., 2020). Similarly,
SARS-CoV-1 M protein is known to inhibit the TBK1 signaling
complex (Siu et al., 2009), as does MERS-CoV ORF4b (Yang
et al., 2015). Other proteins, including SARS-CoV-1 PLP, N,
ORF3b, and ORF6, block IRF3 phosphorylation and nuclear
translocation (Devaraj et al., 2007; Kopecky-Bromberg et al.,
2007). NF-kB is also inhibited by CoV proteins. These include
SARS-CoV-1 PLP (Frieman et al., 2009) and MERS-CoV
ORF4b and ORF5 (Canton et al., 2018; Menachery et al.,
2017). Finally, SARS-CoV-1 NSP1 (Huang et al., 2011a; Kamitani
et al., 2009) and MERS-CoV NSP1 (Lokugamage et al., 2015)
initiate general inhibition of host transcription and translation,
thus limiting antiviral defenses nonspecifically.
To prevent signaling downstream of IFN release, CoV proteins

inhibit several steps of the signal transduction pathway that
bridge the receptor subunits (IFNAR1 and IFNAR2) to the STAT

ll

Immunity 52, June 16, 2020 911

Review
- all pathogens, viruses and others, have acquired mechanisms to partially resist immunity (innate and adaptive) 

- several known mechanisms of IFN-resistance
in coronaviruses

- SARS-CoV-2 is probably even more resistant than
SARS-CoV-1 and MERS-CoV

mechanism(s) ?

Using in vitro infection of human cell lines, most authors report
higher infection rates and lower IFN-I production with SARS-CoV-2
than with SARS-CoV-1 or MERS-CoV. inhibition of 

IFN induction
resistance to the

effects of IFN

infected cell neighboring cells

Vabret N, et al. Immunity 2020;52:910-41.



Inflammatory cells

- local (lungs) production of inflammatory cytokines (IL-1ß, IL-6, TNF, ...) and chemokines

levels of gene and protein expression are correlated with disease severity

- followed by the accumulation of inflammatory cells, including neutrophils, in the lungs

especially in severe cases: associated with impaired type I IFN responses  (comparisons with RSV of influenza A)

Altman DM, et al. Sci Immunol 2020;5:eabd6160; Hadjadj J, et al. Science 2020;369:718.

immature myeloid cells found in blood (reactive myelopoiesis)

'cytokine storm' and viral production remain present in the inflamed lungs of deceased patients 

- the higher level of basal inflammation associated with age ('inflammaging') or obesity (inflammasome
activation) might be risk factors



Adaptive immunity to viruses

present

COVID-19

present

present

- stronger and broader responses in severe cases, assumed to have had higher viral burden

- long term protective effects of these responses ?

- T lymphodepletion at late sages of disease (observed also in sepsis from other causes)

Altman DM, et al. Sci Immunol 2020;5:eabd6160

- activation of B cells production of IgM - production of IgA and IgG
- higher affinity of antibodies (somatic mutations in IgV regions)
- memory B cells

- activation of CD4 T cells 'help' to B cells

- activation of CD8 T cells cytolysis of SARS-CoV-2-infected cells



Adaptive immunity to SARS-CoV-2

- activation of B cells production of IgM - production of IgA and IgG
- higher affinity of antibodies (somatic mutations in IgV regions)
- memory B cells

- activation of CD4 T cells 'help' to B cells

- activation of CD8 T cells cytolysis of SARS-CoV-2-infected cells

- antibodies against a dozen of viral proteins, not only S
- a fraction of these antibodies are neutralizing, mostly anti-S

prevent infection of cells

Altman DM, et al. Sci Immunol 2020;5:eabd6160



Is there something 'immunologically' remarkable with SARS-CoV-2 ?

- For the immunologist, SARS-CoV-2 is a perfectly normal virus

It induces innate and adaptive immunity with classical effector mechanisms to which it partially resists.

- Today, the peculiarity of SARS-CoV-2 appears to be a proportionally low IFN-I response.

This low IFN response is responsible for more viruses during a longer time, and these viruses 
continue to trigger the inflammatory response (chemokines and inflammatory cytokines).

Together, these mediators continue to recruit innate immune cells (of myeloid origin) at sites of 
virus production, notably the lungs. 

N.B. Inborn errors of IFN-I induction or signalling were found in adult patients (n=23/659) with life-threatening COVID-19 pneumonia, 
but these genotypes were  silent until infection with SARS-CoV-2. These pathways are however known to be associated with influenza
respiratory distress. Thus we appear to depend more on IFN-I to control SARS-CoV-2 than other viruses.

Zhang Q, et al. Science 2020;370:eabd4570.



- The virus: SARS-CoV-2

- The Spike protein

- Receptor and host factors

- The disease: COVID-19

- Innate and adaptive immune responses

- Vaccines (therapeutic antibodies are not discussed here)



SARS-CoV-2 vaccines

Objective:
Stimulate the production of neutralizing anti-SARS-CoV-2 antibodies    (the other option is to transfer such antibodies)

Method:
Inoculate the antigen(s) in such a way that they are immunogenic (stimulate an in vivo adaptive immune response)

Vaccination modality is a key factor for immunogenicity: 
- either co-inject antigen and immunological adjuvants (increase antigen half-life and induce local inflammation)

- or inject DNA or RNA encoding the antigen, which is then produced by the vaccinee's own cells

DNA or RNA has to be 'packaged' (lipid nanoparticles, recombinant viruses)
Roles of packaging: protect against DNAse/RNAse and promote entry into cells

All currently proposed vaccines aim at inducing anti-Spike protein antibodies



SARS-CoV-2 vaccines for Belgium  (dec 2020)
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r SARS-C
oV-2 vaccin
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 schem

atic
 of t

he structu
ral p

rote
in

s of t
he SARS-C

oV-2 virio
n, in

clu
din

g  

th
e lip

id
 m

em
brane, th

e genom
ic RNA covered by th

e nucleoprote
in

 on th
e 
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sid

e, th
e envelo

pe and m
atrix

 prote
in

s w
ith

in
 th

e m
em

brane, a
nd th

e spike 

prote
in

 on th
e surfa

ce of t
he virus. b

, T
he structu

re of t
he spike prote

in
; o

ne 

m
onom

er is
 hig

hlig
hte

d in
 dark brown and th

e RBD is
 shown in

 red. c
–l, C

urrent 

SARS-C
oV-2 vaccin

e candid
ate

s in
clu

de in
activ

ate
d virus vaccin

es (c
), l

ive 

atte
nuate

d vaccin
es (d

), r
ecom

bin
ant p

rote
in

 vaccin
es based on th

e spike 

prote
in

 (e
), t

he RBD (f
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ke partic
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s (g), r

eplic
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n-in
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nt 

vecto
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), r

eplic
atio

n-c
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, in

activ
ate
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isplay th
e spike prote

in
 on th

eir surfa
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NA 

vaccin
es (k

) a
nd RNA vaccin

es (l
).
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Thus far, no major differences 
between the immunological 
or clinical efficacies of these
vaccines.

DNA

DNA

(after the first injection, production of neutralizing
antibodies against the virus)

(low seroprevalence to Ad26, contrary to Ad5)
(russian vaccine: prime Ad26 boost Ad35)

Krammer F. Nature 2020;586:516-27.



Expected immune responses with (SARS-CoV-2) vaccines

Krammer F. Nature 2020;586:516-27.

B cells CD4 T cells CD8 T cells

mRNA + + +

replication-incompetent
adenovirus

+ + +

protein + adj + + -

inactivated virion + adj + + -

Pfizer-BioNTech
Moderna
Curevac

AstraZeneca
Janssen
Gamaleya (Spoutnik V)

GSK-Sanofi
Novavax

Sinovac Biotech

live attenuated virus + + +
Pasteur-Merck

Measles-spike prot
Pasteur-TheraVectys

Lentivirus-spike prot

not for immunocompromised individuals

?


