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period of time, given that the reaction materials and vessels are
the same.
The design of a mRNA construct for vaccination, once released

into the cytoplasm of a cell, is to efficiently utilize the translational
machinery of the host cell to generate a sufficient quantity of the
encoded immunogen that is presented appropriately to the
immune system. Across the field, several critical quality attributes
have been, and continue to be, the focus of efforts to maximize

gene expression (Fig. 2). First, the purity of the mRNA is a crucial
determinant of yields, and it is known that the DNA-dependent
RNA polymerases yield smaller oligoribonucleotide impurities as a
result of abortive initiation events,11 as well as double-stranded
(ds) RNA generated by self-complementary 3′ extension,12 which
can result in type I interferon and inflammatory cytokine
production through pattern recognition receptors. Karikó et al.13

demonstrated that removal of contaminants in mRNA
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Fig. 1 Two categories of mRNA constructs are being actively evaluated. Non-replicating mRNA (NRM) constructs encode the coding
sequence (CDS), and are flanked by 5′ and 3′ untranslated regions (UTRs), a 5′-cap structure and a 3′-poly-(A) tail. The self-amplifying mRNA
(SAM) construct encodes additional replicase components able to direct intracellular mRNA amplification. (1) NRM and SAM are formulated in
this illustration in lipid nanoparticles (LNPs) that encapsulate the mRNA constructs to protect them from degradation and promote cellular
uptake. (2) Cellular uptake of the mRNA with its delivery system typically exploits membrane-derived endocytic pathways. (3) Endosomal
escape allows release of the mRNA into the cytosol. (4) Cytosol-located NRM constructs are immediately translated by ribosomes to produce
the protein of interest, which undergoes subsequent post-translational modification. (5) SAM constructs can also be immediately translated by
ribosomes to produce the replicase machinery necessary for self-amplification of the mRNA. (6) Self-amplified mRNA constructs are translated
by ribosomes to produce the protein of interest, which undergoes subsequent post-translational modification. (7) The expressed proteins of
interest are generated as secreted, trans-membrane, or intracellular protein. (8) The innate and adaptive immune responses detect the protein
of interest.
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Fig. 2 Critical quality attributes (CQAs) have been identified that dictate the performance of the mRNA construct to express the gene of
interest efficiently. Five principal CQAs include 5′ capping efficiency and structure; UTR structure, length, and regulatory elements;
modification of coding sequence; poly-A-tail properties; mRNA purity.
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Componentes principais da vacina de mRNA:

serine–threonine kinase phosphorylates eukaryotic initiation factor (eIF)-2, inhibiting the translation

of mRNA (Figure 1). Upon binding to OAS, dsRNA induces the production of 20-50-linked oligomers

from ATP that activate an RNase L [22], that, in turn, degrades non-self RNA. The activation of the

majority of RNA-dependent PRRs leads to the production of type I IFN (Figure 1). Type I IFN induces

hundreds of different IFN-stimulated genes (ISGs) that impair mRNA translation and enhance its

degradation, for example, the induction of IFIT (IFN-inducible protein with tetratricoid repeats).

IFIT proteins can bind to uncapped, 50 CAP0, CAP1 RNAs [23] or interact with eIF3, impairing

mRNA translation and protein synthesis.

Therefore, the design of themRNA sequence needs to adequately activate the innate immune system

to initiate the adaptive immune response, averting the toxic overactivation that blocks mRNA trans-

lation and immune responses [15,16,24,25].

Tailoring the mRNA Sequence for a Balanced Immune Response

For the success of mRNA vaccines, different features of mRNA sequences need to be optimized (Fig-

ure 2) [2,26]. Here, we focus on the interaction of in vitro-transcribed mRNA (IVT-mRNA) with PRRs

and the latest mRNA optimization strategies.

mRNA Capping

The 50 cap of mRNAs is characteristic for eukaryotic mRNA and consists of the addition of N7-meth-

ylated guanosine to the first nucleotide of these molecules [27]. Besides its functions in pre-mRNA

5'Cap 5'UTR ORF 3'UTR Poly-A

Biological relevance
 5' UTR

-Recognition by 
translation machinery.
-Recognized and
scanned by ribosomes.
-Important for mRNA
translation and stability.
-RNA Closed-Loop.

-Inclusion of Kozak
 sequence.
-No strong secondary
 structures.
-No other start codon.
-Polysome profiling to
count the ribosome
loading in sequences
in-silico.

Poly A
-Important for mRNA 
stability.
-Recognition by Poly-A 
binding proteins (PABP) 
and recruitment of 
translation factors.
-Important for translation 
initiation
 (RNA Closed-Loop).

-Poly-A sequences of 120 
units.
-Adding a poly-U 
sequence, providing a 
dsRNA in the poly-A, 
increases adjuvant effect. 

Region optimization

Whole molecule optimization
-Avoiding binding sites of miRNAs present in the target cells.
-Uridine depletion to avoid recognition by innate immunity. 
-Production at high temperature (50ºC) using a thermostable polymerase and/or low Mg concentration, to decrease dsRNA levels. 
-mRNA purification using HPLC to decrease dsRNA amount.
-Avoidance of highly stable and long secondary structures that could activate PRRs.

 

2+

Trends in Molecular Medicine

Cap
-Eukaryotic modification
-Important for translation 
initiation, mRNA stability,  
nuclear export. 
-When suboptimal,
recognized as PAMPs
by the innate immunity.
-RNA Closed-Loop.

-Natural Cap-1 to avoid 
PRR recognition and 
enhance translation.
-Enzymatic capping for 
higher capping efficiency.  

ORF
-Sequence encoding
the gene of interest
(GOI), in mRNA vaccine 
encodes the antigen.

-Codon optimization 
increases translation.
-Low optimal codons may 
be important  for 
adequate folding.

3'UTR
-Important for translation
initiation and mRNA
stability.

-Optimal sequences 
derived from highly 
stable mRNA (E-Globin). 
-2x copies in tandem
-RNA Closed-Loop

Figure 2. mRNA Design, from Its Domain Organization to Its Sequence Optimization.

A schematic representation of the major regions 50 cap, 50 untranslated region (UTR), open reading frame (ORF), 30

UTR, and poly-adenylation (Poly-A) of any mRNA is presented at the top of the figure. Below this structure is

indicated the main functions of these regions, their potential interaction with pattern recognition receptors

(PRRs) and possible optimizations. Abbreviation: PAMPs, pathogen-associated molecular patterns.

extracellular membrane and
intracellular vesicles (TLRs, C-type
lectin receptors). Their function is
to recognize and sense PAMPs to
initiate the immune response.
Poly-A tail: confers mRNA stability
and its length has been related to
positively increasing the half-life
of mRNA.
single-stranded RNA (ssRNA):
represented in the cell by mRNA,
rRNA, small interfering (si)RNA,
long noncoding RNA, and tRNA.
ssRNA can form intramolecular
dsRNA secondary structures such
as a helix, stem-loop, or pseu-
doknots and trigger PRRs.
Type I interferon (IFN): group of
cytokines that gather the most
important interferon IFN-a, IFN-b,
but also IFN-ε, -k, -t, -d, -z, -u, -n.
They are produced as an antiviral
response and are responsible for
the activation of hundreds of ISGs,
providing an antiviral cell status of
own cells (autocrine) and sur-
rounding cells (paracrine), which
includes mRNA translation
blockade and its degradation.
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Figure 4. In Vitro Transcribed (IVT) mRNA Production and Formulation.

For a Figure360 author presentation of Figure 4, see the figure legend at https://doi.org/10.1016/j.molmed.2019.

10.002.

(A) Antigen cDNA sequence encoding the targeted pathogenic antigen is used to elaborate either a transcription

vector or a PCR fragment including the full mRNA information plus an upstream T7 RNA promoter. (B) Linearized

plasmid or PCR products are used for IVT-mRNA production using the T7 RNA polymerase enzyme in the presence

or absence of modified nucleosides. mRNA capping is realized either in one-step during transcription in the

presence of CAP analogs (ARCA, Clean-Cap) or in two steps, after IVT-mRNA production, by enzymatic capping

reaction. (C) Then, the reaction products containing DNA template, double-stranded RNA (dsRNA), and capped

and uncapped single-stranded RNA (ssRNA) are purified. During purification, the DNA template is removed with

DNase treatment, 50 ppp uncapped RNAs are dephosphorylated to 5’OH RNAs (if required), dsRNAs are discarded

by HPLC or cellulose purification to obtain a pure and homogeneous solution of the mRNA of interest. (D) The last

step is the formation of an mRNA nanocomplex for efficient cell delivery and translation of the transcript. As an

example, we have built a hypothetic lipid nanoparticle model in which mRNA is entrapped in internal droplets in

the core of a lipid nanoparticle, ensuring both protection from RNases and efficient delivery to the cytosol.

Abbreviation: PEG, polyethylene glycol; PRR, pattern recognition receptor.
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with continuous and spectacular advances in immunology and lym-
phatic biology [34–36], consensus is being made that a key requirement
for vaccine efficiency is ability for targeting DCs in lymph nodes. Indeed
DCs are in greater concentration in lymph nodes than in peripheral
tissues and many of them are still immature, so they can still process the
antigen upon targeting and promote germinal center formation
[37–40]. Such targeting requires very small nanocarriers (less than
100 nm), for enabling traveling through the lymphatics directly to
lymph nodes, as showed by pioneer works of Reddy et al. [41]. Finally,
another key requirement increasingly considered in vaccine design is to
promote efficient cytosolic delivery of antigen for eliciting MHC I
presentation and further cellular immune response, which has stimu-
lated the development of pH-sensitive vaccine carriers [42,43].

Among polymer particles, micelles are spherical nano-aggregates
formed from spontaneous entropy driven self-assembly of amphiphilic
copolymers in water, which have emerged as highly attractive candi-
dates for vaccine delivery [44]: (i) they are easy to prepare, with a good
batch-to-batch reproducibility; (ii) their small size (typically less than
100 nm) facilitates the antigen delivery to APCs (e.g. DCs) in the
draining lymph nodes; (iii) they are chemically versatile: hydrophobic/
hydrophilic blocks can be tuned to exhibit favorable features such as
tailored surface charge, sensitivity to temperature or pH (en-
dosomolytic property), and presence of reactive/ionic moieties to im-
mobilize covalently or non-covalently protein/nucleic acid based anti-
gens as well as immunostimulatory molecules (e.g., TLR ligands) in a
controlled manner [37,38,45] (Fig. 1A). This precise engineering has
particularly benefited from the progresses in controlled radical poly-
merization techniques (NMP, RAFT, ATRP) [46,47] and their combi-
nation with other mechanistically distinct polymerization techniques
(e.g. ring opening polymerization, ROP) [48,49], that have con-
siderably extended the range of copolymers achievable, in both archi-
tecture and functionality [50]. Such micellar nano-objects can address
many of the above mentioned issues for designing efficient vaccines. In
this short review, we present the recent advances in micelle-based

carriers for vaccines and their decisive inputs for induction of potent
and protective immune responses (Fig. 1B).

2. Antigen loaded micelle system: background and antigen
loading strategies

2.1. Early works

Pioneer works on very small vaccine antigen carriers were initiated
by the group of Hubbell [41,51], using Pluronic stabilized poly-
propylene sulfide (PPS) nanoparticles (NPs) of different sizes. They
showed that 25 nm-sized particles were internalized by DCs in the
lymph nodes about 10-fold more efficiently than 100 nm counterparts.
These ultra-small sized NPs induced great improvements in cellular and
humoral responses, using a surface conjugated ovalbumin (OVA) as
antigen model through vinylsulfone-thiol chemistry. It was further
showed that these NPs, when conjugated with OVA peptide antigen
through disulfide bonds, i.e. sensitive to reductive environment (pre-
sent in endosomes and cytosol), were more efficient to induce T cell
proliferation than the ones irreversibly conjugated to the antigen (i.e.
through thiol-vinylsulfone reaction) due to enhanced antigen release
and processing [52]. Later works of this group were devoted to poly-
ethylene glycol (PEG)-b-PPS micelles of about 35 nm size after surface
conjugation of OVA antigen through disulfide bonds [53]. When in-
jected intradermally in mice with CpG as co-adjuvant (a TLR 9 ligand,
see following section), the OVA-coupled micelles induced a higher
OVA-specific CD8+ T cells in the blood than did free OVA with CpG.
More recently, this block copolymer was used in a suitable PEG/PPS
composition so as to self-assemble in polymersomes (PSs), which con-
sist in a polymeric bilayer surrounding an aqueous core, in which an-
tigen (OVA) was encapsulated [54]. This carrier was compared with the
PEG-stabilized PPS NP analog with surface coupled antigen. Both na-
nocarriers induced distinct biodistribution of antigen in the lymphoid
organs, resulting in differences in T cell immunity, namely a

Fig. 1. The dual ligand/antigen micellar carrier (A) and its relevancy for immunotherapy through DC targeting and activation (B).
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for LP versus 81 nm for liposomes). In terms of size dispersion, LP suspensions were
found to be more homogeneous than liposomes, with a polydispersity index (PDI) < 0.15.
Interestingly, an inversion of the zeta potential charge was observed from anionic PLA-NP
to cationic LP due to the particulate surface modification by cationic liposomes.

Figure 1. Schematic representation of cationic liposomes (left), an anionic poly(lactic) acid (PLA) nanoparticle (middle),
and a resulting LipoParticle (right). Note that the scale and charge proportions are not respected.

Table 1. Characterization of poly(lactic) acid nanoparticles (PLA-NP), 15/85 mol/mol 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC)/1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) liposomes and LipoParticles (LP). Results
are represented as mean ± SD of different batches (n = 3 for PLA-NP, n = 4 for liposomes and LP).

Type of Vector
Mean Hydrodynamic

Diameter (nm)
Polydispersity Index (PDI) Zeta Potential (mV)

NP-PLA (for LP elaboration) 151 ± 3 0.094 ± 0.013 �64 ± 3
Liposomes (for LP elaboration) 81 ± 3 0.215 ± 0.009 45 ± 4

LipoParticles 245 ± 14 0.135 ± 0.007 58 ± 4

A pLbL strategy was then implemented (Figure 2). This was accomplished via the
immobilization of mRNA and the cationic peptide LAH4-L1 on the surface of the vectors.
As the main goal of our work was to evaluate the in vitro capacity of these assemblies
to deliver any mRNA and to express a functional protein in eukaryotic cells, we initially
focused on the adsorption of mRNA-encoding luciferase enzyme.

Figure 2. Schematic representation of the particulate layer-by-layer formulation strategy used to successively adsorb mRNA
and LAH4-L1 on either a liposome (top) or a LipoParticle (bottom). Note that the scale proportions are not respected.

Linares-Fernández et al 2020 Trends in Mol. Medicine 26:311

Ayad et al 2021 Pharmaceutics 13 Trimaille et al 2019 Eur. J. Pharm. Biopharm 142:232i



Molécula de mRNA: estratégias para 
aumentar a eficiência da tradução



5’Cap:

1a geração 2a geração(ARCA)

3a geração(CleanCap)

mRNAs uncapped ou capped 
incorretamente podem ser
reconhecidos pelos PRRs (ex. 
RIG-1 e IFIT), induzir interferon tipo
1 e bloquear a tradução do mRNA.

Miao et al 2021 Mol. Cancer 20:41



Imunogenicidade:
O sistema imunológico pode reconhecer motifs denominados PAMPs (padrões
moleculares associados com patógenos) pelos receptores de reconhecimento
de padrão (PRRs).

Miao et al 2021 Mol. Cancer 20:41

Esses receptores são expressos em elevada quantidade nas células
apresentadoras de antígenos (células dendríticas) presents no endossomo ou
citoplasma.

Receptores presentes no endossoma: TLR-7 e TLR-8 que ativam MyD88,
interferon tipo-1 e a secreção de citocinas inflamatórias.

Receptores presentes no citoplasma: RIG-I-like (MDA-5) e OAS (oligoadenylate
synthetase) e enzima kinase dependente deRNA(PKR).



Imunogenicidade:
Se PKR for ativada, o fator eucariótico de iniciação da tradução (eIF-2) pode ser
fosforilado e bloquear a tradução domRNA.

Miao et al 2021 Mol. Cancer 20:41



Imunogenicidade:
dsRNApode atrair a ligação de OAS que pode ativar a enzima RNase L e levar
a degradação domRNA

Miao et al 2021 Mol. Cancer 20:41



5’UTR:
Otimização da região 5’UTRpara aumentar a eficiência da tradução

Evitar a presença de AUG ou codon de iniciação não canônico (CUG) na região

5’UTRque podemdiminuir a tradução da regiãoORF.

Evitar a presença de estruturas altamente estáveis na região 5’UTR que podem

prevenir o recrutamento do ribossomo.

5’UTR de a-globina e b-globina de Xenopus laevis ou Homo sapiens são muito
utilizados.

Miao et al 2021 Mol. Cancer 20:41



Otimização de códons:
Otimizar o conteúdo de C e G na região “open reading frame” (ORF) para
aumentar a taxa de síntese durante a tradução domRNA

Adicionar os codons presentes em maiores quantidades encontrados
naturalmente na célula-alvo.

Adicionar codons comabundância de tRNA.

Evitar estruturas altamente estáveis na regiãoORF.

Miao et al 2021 Mol. Cancer 20:41



Cauda poli-A:
Em geral, mRNA de células dendríticas derivadas de monócitos apresentam
entre 120 e 150 nt, enquanto mRNAs de linfócitos T apresentam 300 nt em
comprimento.

A proteína ligante de cauda poliA (PABP) pode interagir com a região 5’ cap e
promover uma estrutura que permitirá umamaior eficiência da tradução.

São necessários estudos adicionais para a compreensão da cinética do
tamanho da cauda poli-Aa nível de tradução domRNA.

Miao et al 2021 Mol. Cancer 20:41



Nucleosídeosmodificados:

TLR3-mediated responses are intact in these cells37, which indicates that 
the trafficking of TLR3 and TLR9 is regulated differently. Macrophages 
deficient in gp96, a member of the ER-resident heat-shock protein 90 
family, have defects in cytokine induction in response to agonists for 
TLR1, TLR2, TLR4, TLR5, TLR7 and TLR9. Furthermore, gp96 has been 
shown to bind TLR9. These findings suggest that gp96 functions as a 
general chaperone for most TLRs, unlike PRAT4, which regulates traf-
ficking of certain TLRs only38.

TLR9 is known to be proteolytically cleaved by intracellular proteases 
in endolysosomes, which generates a functional receptor that mediates 
ligand recognition and initiates signal transduction (Fig. 2). The pro-
teases that potentially mediate TLR9 cleavage include cathepsins, such as 
cathepsin B, cathepsin S, cathepsin L, cathepsin H and cathepsin K, and 
asparaginyl endopeptidase39–43. However, controversy still exists as to the 
functional cleavage of TLR9. The deletion of specific leucine-rich repeats 
in the N-terminal region renders TLR9 unresponsive to its ligand, and 
the positively charged N-terminal region of TLR9 is proposed to mediate 
binding to CpG DNA, which suggests the importance of the full-length 
structure in TLR9 activation44.

TIR domain–containing adaptors in TLR signaling
Individual TLRs trigger specific biological responses. For example, TLR3 
and TLR4 generate both type I interferon and inflammatory cytokine 
responses, whereas cell surface TLR1-TLR2, TLR2-TLR6 and TLR5 
induce mainly inflammatory cytokines (Figs. 1 and 2). These differ-
ences are explained by the discovery of TIR domain–containing adaptor 
molecules, including MyD88, TIRAP (Mal), TRIF and TRAM, which 
are recruited by distinct TLRs and activate distinct signaling pathways 
(Figs. 1 and 2). MyD88, the first identified member of this TIR family, 
is universally used by all TLRs except TLR3, and activates the transcrip-
tion factor NF-KB and mitogen-activated protein kinases (MAPKs) to 
induce inflammatory cytokines3. In contrast, TRIF is used by TLR3 and 
TLR4 and induces alternative pathways that lead to activation of the 
transcription factors IRF3 and NF-KB and the consequent induction of 
type I interferon and inflammatory cytokines. TRAM and TIRAP func-
tion as sorting adaptors that recruit TRIF to TLR4 and MyD88 to TLR2 
and TLR4, respectively. Thus, TLR signaling pathways can be largely 
classified as either MyD88-dependent pathways, which drive the induc-
tion of inflammatory cytokines, or TRIF-dependent pathways, which are 

Figure 2  PAMP recognition by intracellular TLRs. TLR3 recognizes dsRNA derived from viruses or virus-infected cells; dsRNA binds to N- and C-terminal 
sites on the lateral side of the convex surface of the TLR3 ectodomain, which facilitates the formation of a homodimer via the C-terminal region. TLR3 
activates the TRIF-dependent pathway to induce type I interferon and inflammatory cytokines. In pDCs, TLR7 recognizes ssRNA derived from ssRNA viruses 
in endolysosomes and activates NF-KB and IRF7 via MyD88 to induce inflammatory cytokines and type I interferon, respectively. In addition, autophagy is 
involved in delivering ssRNA to TLR7-expressing vesicles. TLR9 recognizes DNA derived from both DNA viruses and bacteria. Proteolytic cleavage of TLR9 by 
cellular proteases is required for downstream signal transduction. TLR9 recruits MyD88 to activate NF-KB and IRF7 in pDCs. TLR3, TLR7 and TLR9 localize 
mainly to the ER in the steady state and traffic to the endolysosomes, where they engage with their ligands. UNC93B1 interacts with these TLRs in the ER 
and is essential for this trafficking.
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Receptores do tipo Toll reconhecem estruturas conservadas nos
patógenos e ativam genes alvos da resposta inata e adaptativa.

Vírus de RNA de fita
simples ou fita-dupla
reconhecem os
receptores do tipo Toll,
TLR7 e TLR3,
respectivamente.

TLR7 ativados induzem
citocinas inflamatórias e
interferon tipo I.
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University of Pennsylvania School of Medicine vate the immune system. It was discovered only re-
cently that secretion of interferon in response to DNAPhiladelphia, Pennsylvania 19104
is mediated by unmethylated CpG motifs acting upon
TLR9 present on immune cells (Hemmi et al., 2000). For

Summary years, bacterial and mammalian DNA were portrayed
as having the same chemical structure, which ham-

DNA and RNA stimulate the mammalian innate im- pered the understanding of why only bacterial, but not
mune system through activation of Toll-like receptors mammalian, DNA is immunogenic. Recently, however,
(TLRs). DNA containing methylated CpG motifs, how- the sequence and structural microheterogeneity of
ever, is not stimulatory. Selected nucleosides in natu- DNA has come to be appreciated. For example, methyl-
rally occurring RNA are also methylated or otherwise ated cytidine in CpG motifs of DNA has proven to be
modified, but the immunomodulatory effects of these the structural basis of recognition for the innate im-
alterations remain untested. We show that RNA sig- mune system. In light of this finding and given that mul-
nals through human TLR3, TLR7, and TLR8, but incor- tiple TLRs respond to RNA, a question emerges as to
poration of modified nucleosides m5C, m6A, m5U, whether the immunogenicity of RNA is under the con-
s2U, or pseudouridine ablates activity. Dendritic cells trol of similar types of modification. This possibility is
(DCs) exposed to such modified RNA express signifi- not unreasonable given that RNA undergoes nearly one
cantly less cytokines and activation markers than hundred different nucleoside modifications (Rozenski
those treated with unmodified RNA. DCs and TLR- et al., 1999). Importantly, the extent and quality of RNA
expressing cells are potently activated by bacterial modifications depend on the RNA subtype and corre-
and mitochondrial RNA, but not by mammalian total late directly with the evolutionary level of the organism
RNA, which is abundant in modified nucleosides. We from which the RNA is isolated. Ribosomal RNA, the
conclude that nucleoside modifications suppress the major constituent (w80%) of cellular RNA, contains sig-
potential of RNA to activate DCs. The innate immune nificantly more nucleoside modifications when ob-
system may therefore detect RNA lacking nucleoside tained from mammalian cells versus bacteria. Human
modification as a means of selectively responding to rRNA, for example, has ten times more pseudouridine
bacteria or necrotic tissue. (Ψ) and 25 times more 2#-O-methylated nucleosides

than bacterial rRNA, whereas rRNA from mitochondria,
Introduction an organelle that is a remnant of eubacteria (Margulis

and Chapman, 1998), has very few modifications (Bach-
The innate immune system is the first line of defense ellerie and Cavaille, 1998). Transfer RNA is the most heav-
against invading pathogens (Medzhitov, 2001). This ily modified subgroup of RNA. In mammalian tRNAs, up
system utilizes TLRs to recognize conserved pathogen- to 25% of the nucleosides are modified, whereas there
associated molecular patterns and orchestrate the initi- are significantly less modifications in prokaryotic tRNAs.
ation of immune responses. TLRs are germ line-encoded Bacterial mRNA contains no nucleoside modifications,
signaling receptors with extracellular leucine-rich re- whereas mammalian mRNAs have modified nucleo-
peats and intracellular signaling domains. In humans, sides such as 5-methylcytidine (m5C), N6-methyladen-
ten distinct TLR family members have been identified, osine (m6A), inosine and many 2#-O-methylated nucle-
and corresponding microbial ligands for most have osides in addition to N7-methylguanosine (m7G), which
been identified. Several TLRs recognize and respond to is part of the 5#-terminal cap (Bokar and Rottman,
nucleic acids. DNA containing unmethylated CpG mo- 1998). The presence of modified nucleosides was also
tifs, characteristic of bacterial and viral DNA, activate demonstrated in the internal regions of many viral
TLR9 (Hemmi et al., 2000). Double-stranded (ds)RNA, a RNAs including influenza, adeno, and herpes simplex;
frequent viral constituent, has been shown to activate surprisingly, modified nucleosides were more frequent
TLR3 (Alexopoulou et al., 2001; Wang et al., 2004), sin- in viral than in cellular mRNAs (Bokar and Rottman,
gle-stranded (ss)RNA activates mouse TLR7 (Diebold 1998). A substantial number of nucleoside modifica-
et al., 2004), and RNA oligonucleotides with phos- tions are uniquely present in either bacterial or mam-
phorothioate internucleotide linkages are ligands of hu- malian RNA, thus providing an additional molecular fea-
man TLR8 (Heil et al., 2004). Based on structural and ture for immune cells to discriminate between microbial
sequence similarities, TLR7, TLR8, and TLR9 form a and host RNA. Considering that cells usually contain
subfamily. Activation of these receptors depends upon five to ten times more RNA than DNA, presence of such
endosomal acidification and leads to interferon produc- distinctive characteristics on RNA could make them a
tion. Human TLR7 and TLR8 are stimulated by the syn- rich molecular source for sampling by the immune sys-

tem, a notion becoming evident by the identification of
multiple TLRs signaling in response to RNA. The role*Correspondence: kariko@mail.med.upenn.edu
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Figure 2. TLR-Dependent Activation by RNA

(A) Aliquots (1 !g) of in vitro-transcribed
RNA-1571 without (none) or with m5C, m6A,
Ψ, m5U, or s2U nucleoside modifications
were analyzed on denaturing agarose gel fol-
lowed by ethidium bromide-staining and UV
illumination.
(B) 293 cells stably expressing human TLR3,
TLR7, TLR8, and control vectors were
treated with lipofectin alone or complexed
with R-848 (1 !g/ml) or the indicated RNA (5
!g/ml). Modified nucleosides present in
RNA-730 and RNA-1571 are noted. 293-
ELAM-luc cells were used as control cells,
but other controls gave similar results.
(C) CpG ODN-2006 (5 !g/ml), LPS (1.0 !g/
ml), and RNA isolates were obtained from rat
liver, mouse cell line (TUBO) and human
spleen (total), or human platelet mitochon-
drial RNA, or from two different E. coli
sources. 293-hTLR9 cells served as control.
After 8 hr, IL-8 was measured in the superna-
tants by ELISA.
Mean values ± SEM are shown. Cell lines
transformed to express hTLR3-targeted siRNA
are indicated with an asterisk. The results are
representative of four independent experi-
ments. N.D., not determined.

transcribed. Modified RNAs analyzed by denaturing gel specific short hairpin (sh)RNA. This newly generated
cell line, which did not respond to poly(I):(C), was usedelectrophoresis were indistinguishable from their non-

modified counterparts in such that all were intact and for further study (Figure 2B). When the 293-hTLR8 cells
expressing TLR3-targeted shRNA were transfected withmigrated as expected based on their sizes (Figure 2A).

We and others recently demonstrated that in vitro- in vitro-transcribed RNAs, they secreted large amounts
of IL-8; however, transfecting RNA containing any oftranscribed RNA activates human TLR3 (Kariko et al.,

2004) and murine TLR7 (Diebold et al., 2004), whereas the nucleoside modifications did not stimulate these
cells (Figure 2B). In some experiments, we observedchemically synthesized oligoribonucleotides (ORNs)

stimulate murine TLR7 and human TLR8 (Heil et al., that m6A modification in the RNA permitted a limited
amount of IL-8 release. Control cells (293, 293-pUNO2004). Therefore, to determine whether modification of

nucleosides influences the RNA-mediated activation of null, 293-TLR3-sh, and 293-hTLR9) did not respond to
RNA transfection. (Figures 2B and 2C and data notTLRs, we utilized human 293 cell lines stably trans-

formed to express human TLR3, TLR7, or TLR8 and shown). To rule out that clonal artifacts were responsi-
ble for RNA-induced stimulation, at least three separatemonitored TLR activation through IL-8 release. First,

TLR3-transformed cells were treated with lipofectin- clones for each TLR-expressing cell line were analyzed
and gave similar results.complexed RNA (RNA-1571, RNA-730, or RNA-1866)

and, as expected based on previous studies (Kariko et In a previous study, human TLR8, but not human
TLR7, was shown to signal in response to guanosine-al., 2004), high levels of IL-8 secretion were measured.

RNA containing m6A or s2U modifications did not in- and uridine-rich ssRNA oligomers with phosphorothi-
oate internucleotide linkages (Heil et al., 2004). Givenduce detectable levels of IL-8 (Figure 2B and data not

shown). The presence of other nucleoside modifica- that TLR7 and TLR8 share R-848 as a ligand, we sought
to determine whether long RNA with natural phospho-tions such as m5C, m5U, Ψ, or m5C/Ψ in the RNA had

a less remarkable suppression or no effect at all on the diester internucleotide linkages was also a shared li-
gand for these human TLRs. All of the in vitro-tran-potential of RNA to activate TLR3 (Figure 2B).

We previously noted that the parental 293 cells ex- scribed RNAs induced IL-8 at levels comparable to
R-848 when transfected into 293-hTLR7 cells express-press a low level of endogenous TLR3 (Kariko et al.,

2004). Therefore, the unwanted expression of endoge- ing TLR3-targeted shRNA. However, transfection of
RNA containing modified nucleosides resulted in no in-nous TLR3 was eliminated by stably transfecting the

293-hTLR8 cell line with a plasmid expressing TLR3- duction of IL-8 (Figure 2B). Experiments performed on

Células 293 expressando receptores do tipo Toll (TLR),
simulando células do sistema immune que apresentam
esses receptores, reconhecem e respondem a ácidos
nucleicos. A ativação desses receptores levam a
produção de interferon. Asíntese demRNAna presença
de nucleotídeos quimicamente modificados modulam o
potencial imunoestimulatório doRNA.

binding is will be answered with the crystallographic anal-
yses of other TLRs.

Based on their primary sequences, TLRs can be further
divided into several subfamilies, each of which recognizes
related PAMPs: the subfamily of TLR1, TLR2, and TLR6
recognizes lipids, whereas the highly related TLR7,
TLR8, and TLR9 recognize nucleic acids (Table 1). How-
ever, the TLRs are unusual in that some can recognize
several structurally unrelated ligands. For example, TLR4
recognizes a very divergent collection of ligands such as
lipopolysaccharide (LPS), the plant diterpene paclitaxel,
the fusion protein of respiratory syncytial virus (RSV), fi-

bronectin, and heat-shock proteins, all of which have dif-
ferent structures.

TLRs are expressed on various immune cells, including
macrophages, dendritic cells (DCs), B cells, specific types
of T cells, and even on nonimmune cells such as fibro-
blasts and epithelial cells. Expression of TLRs is not static
but rather is modulated rapidly in response to pathogens,
a variety of cytokines, and environmental stresses. Fur-
thermore, TLRs may be expressed extra- or intracellularly.
While certain TLRs (TLRs 1, 2, 4, 5, and 6) are expressed
on the cell surface, others (TLRs 3, 7, 8, and 9) are found
almost exclusively in intracellular compartments such as

Table 1. TLR Recognition of Microbial Components

Microbial Components Species TLR Usage

Bacteria

LPS Gram-negative bacteria TLR4

Diacyl lipopeptides Mycoplasma TLR6/TLR2

Triacyl lipopeptides Bacteria and mycobacteria TLR1/TLR2

LTA Group B Streptococcus TLR6/TLR2

PG Gram-positive bacteria TLR2

Porins Neisseria TLR2

Lipoarabinomannan Mycobacteria TLR2

Flagellin Flagellated bacteria TLR5

CpG-DNA Bacteria and mycobacteria TLR9

ND Uropathogenic bacteria TLR11

Fungus

Zymosan Saccharomyces cerevisiae TLR6/TLR2

Phospholipomannan Candida albicans TLR2

Mannan Candida albicans TLR4

Glucuronoxylomannan Cryptococcus neoformans TLR2 and TLR4

Parasites

tGPI-mutin Trypanosoma TLR2

Glycoinositolphospholipids Trypanosoma TLR4

Hemozoin Plasmodium TLR9

Profilin-like molecule Toxoplasma gondii TLR11

Viruses

DNA Viruses TLR9

dsRNA Viruses TLR3

ssRNA RNA viruses TLR7 and TLR8

Envelope proteins RSV, MMTV TLR4

Hemagglutinin protein Measles virus TLR2

ND HCMV, HSV1 TLR2

Host

Heat-shock protein 60, 70 TLR4

Fibrinogen TLR4

ND = not determined. See text for references.
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Modificações: pseudouridina e 5-metilcitidina

Our Company

The mission of CELLSCRIPT™ is to provide the best products and technologies for making and using RNA for translation in cells for
clinical research and therapeutics.

Current products include kits for in vitro transcription, 5' RNA capping using either a cap analog or capping enzymes, and 3' RNA
polyadenylation, as well as all-in-one kits for making capped, poly(A)-tailed mRNA for translation in cells.

CELLSCRIPT™ recently introduced INCOGNITO™ RNA Transcription Kits for in vitro synthesis of RNA that contains modified
nucleosides, such as pseudouridine (Ψ) and/or 5-methylcytidine (m5C) in place of the corresponding U or C canonical nucleosides
(Figure 1). These kits are so-named because the capped, polyadenylated and nucleoside-modified RNA products (called "INCOGNITO
mRNAs") are disguised so they do not induce innate immune responses to the same extent as the corresponding unmodified mRNAs
when transfected into mammalian cells that express a variety of RNA sensors.

As documented in journal articles1–3 and patent applications,4 the technologies on which INCOGNITO RNA kits and other products are
based were invented by Professors Katalin Karikó and Drew Weissman at the University of Pennsylvania and exclusively licensed to
CELLSCRIPT™ for all fields of use. Drs. Weissman and Karikó showed that INCOGNITO mRNA, besides being less immunogenic, is
translated into protein at much higher levels than the corresponding mRNA that does not contain modified nucleosides, both in cultured
cells (Figure 2) and in whole organisms (Figure 3). INCOGNITO-type Ψ- and m5C-modified mRNA encoding KLF4, LIN28, cMYC,
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3.3. LNP stability 

Besides mRNA integrity, stability of LNPs is critical for the quality of 
mRNA-LNP vaccines. No information on LNP stability tests could be 
found for the present mRNA COVID-19 vaccines, but the siRNA-LNP 
formulation of Onpattro (patisaran) has a three-year shelf life when 
kept between 2◦ and 8 ◦C (EMA, 2018). There is a warning in this SMPC 
text that the dispersion should not be frozen. The composition of the 
Onpattro LNP system is: DLin-MC3-DMA, as ionizable cationic lipid: 
DSPC: cholesterol: PEG2000-C-DMG (see table 1) (mol-ratio 
50:10:38.5:1.5 mol%); they are composition-wise similar to the LNPs in 
Comirnaty and mRNA-1273. A study on siRNA-LNPs composed of the 
lipidoid 306O13 instead of DLin-MC3-DMA, showed that in aqueous 
conditions the formulation remained stable at 2 ◦C for 156 days at pH 7 
(Ball et al., 2016). Particle size and siRNA encapsulation for this 
formulation did not significantly change. Complementary research by 
Suzuki et al. showed that siRNA-LNPs are stable over the experimental 
period, i.e. 1.5 years, at 4 ◦C (Suzuki et al., 2015). Altogether, these data 
strongly indicate that instability of the mRNA, rather than LNP insta-
bility, determines the storage conditions and shelf life of the current 
mRNA-LNP COVID-19 vaccines. 

The stability and quality attributes of liposomes and LNPs have been 
reviewed by Fan et al. (Fan et al., 2021). LNPs can undergo chemical and 
physical instability. Chemical instability comprises the degradation of 
the lipids in the LNPs that are susceptible to hydrolysis and oxidation. 
Lipid oxidation can occur in unsaturated fatty acid moieties (not present 
in Comirnaty and mRNA-1273) and with cholesterol, potentially as a 
result of a hydroperoxide attack, an impurity present in the PEG-group 
of PEG2000-C-DMG (Jaeger et al., 1994; Wang et al., 2019). Oxidative 
impurities may also result in oxidation of encapsulated mRNA. The 
carboxylic ester bonds in lipids, such as DSPC and the ionizable cationic 
lipids, are susceptible to temperature- and pH-dependent hydrolysis 
(Fig. 6). 

Another key aspect of LNP stability is physical degradation. There 
are three main types of physical instability that can occur: aggregation, 
fusion, and leakage of the encapsulated pharmaceutical ingredient. 
Aggregation of LNPs during storage and fusion of LNPs has been re-
ported (Ayat et al., 2019; Ball et al., 2016). To increase stability on the 
shelf, LNPs are often formulated with PEG-lipids (Burke et al., 2013; 
Ryals et al., 2020). The PEG-molecules at the surface prevent the indi-
vidual LNPs from aggregating. The other type of physical degradation 
–leakage of the mRNA– mainly affects the stability of the encapsulated 
product. Of note, encapsulation efficiencies are typically > 90% and 
release of the RNA payload from LNPs during storage has not been re-
ported (as measured with the RiboGreen test). mRNA that is not 
encapsulated (‘naked mRNA’) is hardly taken up by cells; besides, it 
degrades rapidly and is, therefore, not available for translation. 

Hypersensitivity reactions –rarely observed upon intramuscular 

injection of the mRNA-LNP COVID-19 vaccines– may be related to the 
PEG-lipids. Therefore, alternative lipids to prevent aggregate formation 
have been investigated. Introduction of polysarcosine-modified lipids 
stabilized lipid-based systems against aggregation while reducing the 
immunostimulatory response (Nogueira et al., 2020). Additional testing 
is needed to establish whether such PEG-lipid alternatives improve the 
mRNA stability (e.g., owing to lack of peroxides). 

3.4. Analyzing LNP stability 

Analytical methods to monitor the stability of LNPs have been 
expertly reviewed in the previously mentioned article by Fan et al. and 
Kim et al. and we refer the interested reader to this literature source (Fan 
et al., 2021; Kim et al., 2021). 

3.5. Which mRNA-LNP component is more unstable: The mRNA, the 
lipids, or the combination? 

To date, several studies have investigated ways to stabilize mRNA 
and to stabilize LNPs during storage (Ball et al., 2016; Jones et al., 
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is the bottleneck for stability. Is it the mRNA that degrades when the 
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problem, or is it the combination of mRNA with the LNPs? 

LNP systems entrapping chemically modified and highly stable 
siRNA molecules (e.g. Onpattro) have significantly longer shelf lives as 
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rent view of mRNA instability. The existing body of research on the long- 
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dried in order to stay stable for longer periods of time. 

In 2009, Roesler et al. show that the translation efficacy of mRNA 
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Fig. 6. Lipids used in the mRNA-LNP COVID-19 vaccines BNT162b2 (Comirnaty) and mRNA-1273.  
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binding modes have been distinguished previously for pheno-
thiazinium dyes binding to DNA (22) and RNA (23). The op-
tical signatures of Fig. 1 b are consistent with the RNA/dye
ratio-dependent signatures of these binding modes reported
for transfer RNA (24). To characterize dye permeation into
the LNP, we added LNP to an excess of thionine solution
(Fig. 1 c). Scanning kinetics show spectral changes indicative
of electrostatic binding (Fig. 1 c), with two isosbestic points as
direct evidence of a two-state system comprising free and
bound dye at any wavelength. The spectral change follows
first-order kinetics, which we interpret as indicative of thio-
nine permeation into the LNP via passive diffusion. A nano-
particle tracking analysis (NTA) of LNPs in the presence
and absence of thionine indicates highly comparable particle
size and z potential distributions (Fig. 1 d). We infer from
the z potential result that thionine binding to themRNAwithin
theLNPdoes not perturb surface charge and likelyoccurs via a
counterion exchange process.

The binding specificity of thionine for mRNA, together
with its ability to permeate the LNP, raised the possibility
of exploiting these properties for cryo-EM contrast enhance-
ment. A cryo-EM image of mRNA with thionine shows a
branched character consistent with the secondary structural
nature of large single-stranded RNA molecules (25),
whereas poorly resolved images were obtained under the
same imaging conditions in the absence of thionine
(Fig. 2). To examine the LNP structure, we selected a proto-
typical set of morphological variants for characterization in
the presence and absence of thionine (Fig. 3, a–c). These
images show that thionine enhanced the contrast of a spe-
cific region of the LNP, whereas the rest of the particle re-
mained unchanged. Taken together with the calorimetric
and spectroscopic data herein, these images provide strong
evidence of an RNA-specific contrast enhancement effect
of thionine. As a control, cryo-EM images of LNPs prepared
in the absence of mRNA showed no enhancement when
stained with thionine (Data S1). Furthermore, it is apparent
from the dye-stained image of the nonspherical LNP spec-
imen (Fig. 3 a) that mRNA resides inside the bleb compart-
ment and that the distinctive mottled mass density apparent
in the nondye image can now be assigned to mRNA. This
interpretation differs from that of Leung and co-workers
(11), who reported a strikingly similar cryo-EM image yet
assigned the mRNA location to the body of the particle ad-
joined to the solvent-filled bleb. To gain further evidence
that this distinctive mottled cryo-EM motif may be assigned
to mRNA, the LNP of Fig. 3 a was dialyzed overnight into
pH 5 buffer, causing a major change to its overall
morphology (Fig. 3 d). Now recognizing that the mottled
mass density inside the bleb corresponds to mRNA, it is
apparent that the pH 5 condition caused the mRNA to reas-
sociate with the lipidic body of the LNP, leaving the bleb
compartment empty. This observation aligns with the widely
accepted understanding of a charge-driven basis for LNP

FIGURE 2 Visualizing free mRNA. Images show contrast
enhancement using thionine of a 4000 nucleotide mRNA mole-
cule. In the absence of dye (left), the resolution is comparable
to published examples (25), whereas in the presence of
0.1 mM thionine (right), extended strand and molecular branch-
ing is more clearly discernible.

FIGURE 3 Locating encapsulated mRNA in
LNPs by cryo-EM. The effect of thionine on
mRNA-LNPs of different morphologies re-
veals that lipid-dissociated mRNA may
reside in bleb compartments (a) or may be
more lipid-associated in spherical (b) or
less prominently blebbed particles (c). The
black arrow in (a) indicates the distinctive
mottled mass density of mRNA inside the
bleb cavity, which itself is distinguished by
a thick, dark periphery. The blue arrow indi-
cates the significant contrast enhancement
that occurs when thionine dye is present,
thereby identifying mRNA within the bleb.
(d) Charge-driven migration of mRNA from
the bleb into the body of the LNP. When
the mRNA-LNP sample of (a) (no dye) was
dialyzed into pH 5 buffer, the images of (d)
resulted. The mottled density is now associ-

ated with the body of the LNP (green arrow), leaving the bleb cavity devoid of mRNA (white arrow). Addition of thionine to this sample
produced no notable contrast change (right), indicating that thionine did not displace lipid.
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Figure 4. In Vitro Transcribed (IVT) mRNA Production and Formulation.

For a Figure360 author presentation of Figure 4, see the figure legend at https://doi.org/10.1016/j.molmed.2019.

10.002.

(A) Antigen cDNA sequence encoding the targeted pathogenic antigen is used to elaborate either a transcription

vector or a PCR fragment including the full mRNA information plus an upstream T7 RNA promoter. (B) Linearized

plasmid or PCR products are used for IVT-mRNA production using the T7 RNA polymerase enzyme in the presence

or absence of modified nucleosides. mRNA capping is realized either in one-step during transcription in the

presence of CAP analogs (ARCA, Clean-Cap) or in two steps, after IVT-mRNA production, by enzymatic capping

reaction. (C) Then, the reaction products containing DNA template, double-stranded RNA (dsRNA), and capped

and uncapped single-stranded RNA (ssRNA) are purified. During purification, the DNA template is removed with

DNase treatment, 50 ppp uncapped RNAs are dephosphorylated to 5’OH RNAs (if required), dsRNAs are discarded

by HPLC or cellulose purification to obtain a pure and homogeneous solution of the mRNA of interest. (D) The last

step is the formation of an mRNA nanocomplex for efficient cell delivery and translation of the transcript. As an

example, we have built a hypothetic lipid nanoparticle model in which mRNA is entrapped in internal droplets in

the core of a lipid nanoparticle, ensuring both protection from RNases and efficient delivery to the cytosol.

Abbreviation: PEG, polyethylene glycol; PRR, pattern recognition receptor.
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ABSTRACT
The year 2020 has seen a major and sustained outbreak 
of a novel betacoronavirus (severe acute respiratory 
syndrome (SARS)- coronavirus (CoV)-2) infection that 
causes fever, severe respiratory illness and pneumonia, 
a disease called COVID-19. At the time of writing, the 
death toll was greater than 120 000 worldwide with 
more than 2 million documented infections. The genome 
of the CoV encodes a number of structural proteins that 
facilitate cellular entry and assembly of virions, of which 
the spike protein S appears to be critical for cellular 
entry. The spike protein guides the virus to attach to the 
host cell. The spike protein contains a receptor- binding 
domain (RBD), a fusion domain and a transmembrane 
domain. The RBD of spike protein S binds to Angiotensin 
Converting Enzyme 2 (ACE2) to initiate cellular entry. 
The spike protein of SARS- CoV-2 shows more than 
90% amino acid similarity to the pangolin and bat 
CoVs and these also use ACE2 as a receptor. Binding 
of the spike protein to ACE2 exposes the cleavage sites 
to cellular proteases. Cleavage of the spike protein by 
transmembrane protease serine 2 and other cellular 
proteases initiates fusion and endocytosis. The spike 
protein contains an addition furin cleavage site that may 
allow it to be ’preactivated’ and highly infectious after 
replication. The fundamental role of the spike protein 
in infectivity suggests that it is an important target for 
vaccine development, blocking therapy with antibodies 
and diagnostic antigen- based tests. This review briefly 
outlines the structure and function of the 2019 novel 
CoV/SARS- CoV-2 spike protein S.

INTRODUCTION
The pathogen severe acute respiratory syndrome 

(SARS)- coronavirus (CoV)-2 is a newly discov-

ered member of the genus Betacoronavirus and 

is related to SARS- CoV but has been found to 

be readily transmitted between humans leading 

WHO to declare initially a Public Health Emer-

gency of Immediate Concern and then later, a 

pandemic. In the new millennium, several CoVs 

have crossed species to cause severe and often fatal 

pneumonia: SARS- CoV; Middle- East respiratory 

syndrome (MERS)- CoV and the 2019 novel CoV/

SARS- CoV-2. SARS- CoV-2 originated from Wuhan 

in the Hubei province of China and was first identi-

fied in December 2019. SARS- CoV-2 is the seventh 

CoV that has been shown to infect humans.
1

CoVs are lipid enveloped and spherical with a 

size of approximately 100–120 nM (figure 1A). 

The nucleocapsid houses the single- stranded non- 

segmented positive- sense RNA genome.
2
 The 

name Coronavirus is derived from the appearance 

of the virus—there are large petal- shaped spikes 

protruding from the envelope—this is the spike 

glycoprotein which is 20–40 nm long. In some 

betacoronaviruses, there is a second shorter projec-

tion which is the haemagglutinin (HA) esterase 

protein
3
 (figure 1A). The most abundant protein, 

the M protein, provides structural support. The E 

protein is a small membrane protein that is essential 

for the assembly and release of virions.

The genome sequence of SARS- CoV-2 was 

elucidated in January 2020.
4–7

 The SARS- CoV-2 

genome is 96% identical to that of the bat corona-

virus (BatCoV) RaTG13 and 80% identical to the 

SARS- CoV genome.
7
 The positive single- stranded 

RNA genome contains 29.3 kilobases
4 6

 (figure 2). 

A unique feature of the CoV family is the synthesis 

of a nested set of subgenomic mRNAs that are tran-

scribed from negative strand RNAs. The subgenomic 

RNAs all contain a leader sequence from the 5′ end 

of the genome. The genome is transcribed in a non- 

contiguous manner where the viral RNA- dependent 

RNA polymerase (RdRp) skips across from one part 

of the genome to the next to generate the RNAs.
8 9

 

The basis of the most commonly used nucleic acid 

detection tests for SARS- CoV-2 is centred around 

the real- time- PCR detection of the RdRp, E (enve-

lope) and N (nucleocapsid) genes (figure 2).
10 11

In common with other viruses, the genome of 

the virus encodes for proteins that facilitate cellular 

entry (figure 3). In the case of SARS- CoV-2 (and 

other CoVs), this is the spike protein (S), a 1273 

amino acid homotrimeric class I fusion protein that 

allows the viral membrane to fuse with the host cell 

membrane.
12

 (A class I viral fusion protein is a viral 
protein primed by cleavage of a single- chain precursor 
that exists as a trimer. The classical example of a 
type 1 fusion protein is influenza virus HA. Other 
examples include Ebola and paramyxovirus.) The 

third open reading frame in the genome encodes 

the spike protein
5
 (figure 2). Each monomer of the 

spike protein trimer is approximately 180 kDa. 

The S protein is the largest protein in the group 

of four structural proteins (including, M, E and N 

proteins). The spike protein of SARS- CoV-2 has 

76% amino acid sequence identity with SARS- CoV 

suggesting that it interacts with similar protein 

targets. The spike protein of SARS- CoV-2 shows 

93% and 97% amino acid identity with that of the 

BatCoV RaTG13 and Pangolin- CoV, respectively, 

strongly hinting at the origin of the intermediate 

hosts of SARS- CoV-2.
4 7 13 14

 Owing to the strong 

conservation of residues and binding to the recep-

tors, immunity to SARS- CoV can confer some very 

limited immunity to SARS- CoV-2 based on the 

observation that SARS- CoV antibodies are able 
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syndrome (SARS)- coronavirus (CoV)-2) infection that 
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more than 2 million documented infections. The genome 
of the CoV encodes a number of structural proteins that 
facilitate cellular entry and assembly of virions, of which 
the spike protein S appears to be critical for cellular 
entry. The spike protein guides the virus to attach to the 
host cell. The spike protein contains a receptor- binding 
domain (RBD), a fusion domain and a transmembrane 
domain. The RBD of spike protein S binds to Angiotensin 
Converting Enzyme 2 (ACE2) to initiate cellular entry. 
The spike protein of SARS- CoV-2 shows more than 
90% amino acid similarity to the pangolin and bat 
CoVs and these also use ACE2 as a receptor. Binding 
of the spike protein to ACE2 exposes the cleavage sites 
to cellular proteases. Cleavage of the spike protein by 
transmembrane protease serine 2 and other cellular 
proteases initiates fusion and endocytosis. The spike 
protein contains an addition furin cleavage site that may 
allow it to be ’preactivated’ and highly infectious after 
replication. The fundamental role of the spike protein 
in infectivity suggests that it is an important target for 
vaccine development, blocking therapy with antibodies 
and diagnostic antigen- based tests. This review briefly 
outlines the structure and function of the 2019 novel 
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Figure 1 Structure of the (A) novel coronavirus severe acute 
respiratory syndrome- CoV-2 and the (B) spike protein.

Figure 2 Figure 2 Schematic diagram of thegenomic structure of the 
29.3 kilobase 2019- novel coronavirus (nCoV)gene and domain structure 
of the1273amino acidspike glycoprotein S (not to scale).E,envelope 
protein gene; M, membrane protein gene; N, nucleocapsid protein 
gene;RBM, receptor- binding motif;RdRP, RNA- dependent RNA 
polymerase; S, spike protein gene.

Figure 3 Cellular entry of severe acute respiratory syndrome 
coronavirus 2 requires ACE2 and a cellular protease such as TMPRSS2.

to prevent the entry of SARS- CoV-2 into cells15 16 using either 
convalescent sera or immunised rabbit sera.16 However, in spite 
of the sequence identity, the electrostatic surface potential, anti-
genicity and epitopes of the spike glycoproteins from different 
CoV proteins are distinct, even though they use the same ACE2 
receptor protein.17

The spike protein can be divided into a number of regions 
or functional domains or subunits. First, the globular head 
(or ‘petal’) contains the longer S1 N- terminal RBD. The stem 
contains the C- terminal membrane fusion domain (S2) followed 

by the two heptad regions (HR1 and HR2), the transmembrane 
(TM) domain and cytosolic tail2 (figure 2). The RBD of S1 is 
approximately 200 amino acids long. The binding of the S1 
domain exposes regions within the S2 domain.18

There are significant post- translational modifications in 
the S protein. The spike protein ectodomain is heavily glyco-
sylated with heterogeneous N- linked glycans19 and exists in a 
prefusion and a postfusion conformation. The oligosaccharides 
could influence priming by host proteases and determine anti-
body recognition. Cysteine residues in the cytosolic tail undergo 
palmitoylation.19 The switch in conformations is triggered by 
binding to its cellular receptor, ACE2 (figure 3).

PROTEOLYTIC CONVERSION AND ACTIVATION OF THE SPIKE 
PROTEIN PRIOR TO FUSION
Entry of the virus is dependent on proteolytic activation of the 
spike protein. In the process of viral infection involving attach-
ment of the virus and entry into cells, the spike protein is cleaved 
at the protease cleavage sites into the S1 and S2 subunits and 
the S2 subunit is released.17 18 20 There are several steps: these 
include binding of the virus to the cell surface; alteration of 
the conformation of the spike protein; proteolysis of the spike 
protein; release of the S2 subunit which then mediates fusion of 
the virion and endocytosis.21 22

The first step in the process of cellular entry is the binding of 
the spike protein to the cell surface receptor, ACE2 mediated by 
the RBD of S1.16–18 20 23 24 The critical function of the S protein 
in facilitating the interaction with the cell membrane indicates 
that it could be a target for therapy using antibodies or chemical 
compounds, as well as a vaccine target. Attachment of the S1 
RBD to the ACE2 enzyme exposes a cleavage site on S2 that is 
acted on by host cell proteases such as TMPSSR2 to initiate the 
process of cellular entry.12 16

The RBD binds to the carboxypeptidase domain of ACE2. 
The RBD moves like a hinge between two conformations (‘up’ 
or ‘down’) to expose or hide the residues that bind the ACE2 
receptor.25 Within the RBD, there is a receptor binding motif 
(RBM) which makes the primary contact with the peptidase 
domain of ACE2.26 27 The spike protein RBM is conserved 
(50%) between SARS- S and SARS- CoV2- S and these residues are 
absent from SARS- related- CoVs which do not use ACE2.

The cleavage process of the spike protein takes place in 
two steps: a ‘priming’ cleavage and and then an ‘activation’ 
cleavage21 22 at a cleavage site between the S1 and S2 domains 
as well as the S2′ site. Most CoVs spike proteins are cleaved 
at the junction between S1 and S2. The cleavage site between 
the S1/S2 domains contains multibasic arginine residues. 
Although SARS- CoV also uses the ACE2 receptor, SARS- CoV2 
has a distinct furin cleavage site (Arg- Arg- Ala- Arg) at residues 
682–685, between the S1 and S2 domains (figure 2) not found 
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were measured by aligning with the SARS-CoV spike protein (Fig. 3)
(Yuan et al., 2017; Gui et al., 2017). From the sequence identity matrix,
26 unique variants among unique SARS-CoV-2 spike glycoprotein se-
quences were identified to have 25 substitutions and a deletion (Fig. 4A
and Supplementary Table 3). 215 sequences were found identical with
SARS-CoV-2 S protein reference sequence (YP_009724390) while 64
sequences were identical with the same variation of D614G (Supple-
mentary Table 4, 5). Among all the variations, twelve (Y28N, T29I,
H49Y, L54F, N74K, E96D, D111N, Y145Del, F157L, G181V, S221W,
and S247R) were located at the N-terminal domain (NTD). Another 6
variations (A348T, R408I, G476S, V483A, H519Q, A520S) were found
at the receptor-binding domain (RBD) while only two variations
(A930V, and D936Y) were found at the heptad repeat 1 (HR1) domain.
Single variations were found in signal peptide (L5F) domain, sub-do-
main-2 (D614G), sub-domain-3 (A1078V), heptad repeat 2 domain
(D1168H), and cytoplasmic tail domain (D1259H) each. Notably, the
substitution of Cystine by Phenylalanine was observed at 19 amino

acids upstream of the fusion peptide domain (Fig. 4A). The mutation of
Aspartic acid to Glycine at position 614 was observed 71 times with
entropy value over 0.5 among the available 320 SARS-CoV-2 spike
protein sequences (Supplementary Fig. 2).

Alterations of amino acid residual charge from positive to neutral
(H49Y, R408I, H519Q), negative to neutral (D111N, D614G, D936Y),
negative to positive (D1168H, D1259H), and neutral to positive (N74K,
S247R) were seen in variants QHW06059, QHS34546, QIS61422,
QIS61338, QIK50427, QIS30615, QIS60978, QIS60582, QIO04367, and
QHR84449 respectively due to the substitution of amino acids that
differs in charge. The remaining 15 variants were mutated with the
amino acids that are similar in charge (Fig. 4 A). The SARS-CoV-2 spike
protein variants were superposed with the cryo-electron microscopic
structure of SARS-CoV-2 spike protein (Wrapp et al., 2020). L5F, N74K,
E96D, F157L, G181V, S247R, G476S, V483A, D1168H, and D1259H
variants were excluded from superposition due to absence of respective
residues in the 3D structure of the template (PDB: 6VSB). The

Fig. 3. Overall architecture of the SARS-CoV-2 S glycoprotein. A.Schematic diagram of the SARS-CoV S glycoprotein showing domain organization (Reconstructed
from Y. Yuan et al., 2017 and M. Gui et al., 2017). B. Schematic domain organization diagram of the SARS-CoV-2 S glycoprotein constructed by aligning with SARS-
CoV S protein domain. C. Homology model of SARS-CoV-2 S protein reference sequence YP_009724390 with PDB:6VSB. S protein trimer with two protomers surface
shadowed (left). Ribbon diagram of SARS-CoV-2 S glycoprotein monomer from B. Here, NTD: N-terminal domain; RBD: receptor-binding domain; SD: subdomain; CR:
connecting region; HR: heptad repeat; CH: central helix; BH: β-hairpin; FP: fusion peptide; TM: transmembrane domain; CT: cytoplasmic tail.
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for viral entry into host cells which consists of two functional subunits
namely S1 and S2. The S1 subunit recognizes and binds to the host
receptor through the receptor-binding domain (RBD) whereas S2 is
responsible for fusion with the host cell membrane (Wrapp et al., 2020;
Walls et al., 2020; Chen et al., 2020). MERS-CoV uses dipeptidyl pep-
tidase-4 (DPP4) as an entry receptor (Raj et al., 2013) whereas SARS-
CoV and SARS-CoV-2 utilize ACE-2 (angiotensin-converting enzyme 2)
(Li et al., 2003), abundantly available in lung alveolar epithelial cells
and enterocytes, suggesting S glycoprotein as a potential drug target to
halt the entry of SARS-CoV-2 (Letko et al., 2020).

According to recent reports, neutralizing antibodies are generated in
response to the entry and fusion of surface-exposed S protein (mainly
RBD domain) which is predicted to be an important target for vaccine
candidates (Chen et al., 2020; Hoffmann et al., 2020; Tian et al., 2020).
However, SARS-CoV-2 has emerged with remarkable properties like
glutamine-rich 42 aa long exclusive molecular signature (DSQQTVG-
QQDGSEDNQTTTIQTIVEVQPQLEMELTPVVQTIE) in position
983–1024 of polyprotein 1ab (pp1ab) (Cárdenas-Conejo et al., 2020),
diversified receptor-binding domain (RBD), unique furin cleavage site
(PRRAR↓SV) at S1/S2 boundary in S glycoprotein which could play
roles in viral pathogenesis, diagnosis, and treatment (Coutard et al.,
2020). To date, few genomic variations of SARS-CoV-2 are reported
(Ceraolo and Giorgi, 2020; Lu et al., 2020). There are growing evi-
dences that spike protein, a 1273 amino acid long glycoprotein having
multiple domains, possibly plays a major role in SARS-CoV-2 patho-
genesis. Viral entry to the host cell is initiated by the receptor-binding
domain (RBD) of S1 head. Upon receptor-binding, proteolytic cleavage
occurs at S1/S2 cleavage site and two heptad repeats (HR) of S2 stalk
form a six-helix bundle structure triggering the release of the fusion
peptide. As it comes into close proximity to the transmembrane anchor
(TM), the TM domain facilitates membrane destabilization required for
fusion between virus-host membranes (Bosch et al., 2003; Liu et al.,
2004). Insights into the sequence variations of S glycoprotein among
available genomes are key to understanding the biology of SARS-CoV-2
infection, developing antiviral treatments and vaccines. In this study,
we have analyzed 320 genomic sequences of SARS-CoV-2 to identify
mutations between the available genomes followed by the amino acid
variations in the glycoprotein S to foresee their impact on the viral
entry to host cell from the structural biology viewpoint.

2. Methods and materials

2.1. Dataset

All available sequences (320 whole genome and surface glycopro-
tein amino acid sequences of SARS-CoV-2) related to the COVID-19
pandemic were retrieved from NCBI Virus Variation Resource re-
pository (https://www.ncbi.nlm.nih.gov/labs/virus/) (Hatcher et al.,
2017). Among the protein sequences, 11 were discarded due to in-
complete sequence coverage. In addition, all 40 S glycoprotein se-
quences from different coronavirus families were retrieved for phylo-
genetic analysis. The NCBI reference sequence of SARS-CoV-2 S
glycoprotein, accession number YP_009724390 was used as the cano-
nical sequence for the analyses of spike protein variants.

2.2. Phylogenetic analysis

Variant analyses of SARS-CoV-2 genomes were performed in the
Genome Detective Coronavirus Typing Tool Version 1.13 which is
specially designed for this virus (https://www.genomedetective.com/
app/typingtool/cov/) (Cleemput et al., 2020). For multiple sequence
alignment (MSA), Genome Detective Coronavirus Typing Tool uses a
reference dataset of 431 whole genome sequences (WGS) where 386
WGS were from known nine coronavirus species. The dataset was then
aligned with MUSCLE (Edgar, 2004). Entropy (H(x)) plot of nucleotide
variations in SARS-CoV-2 genome was constructed using BioEdit (Hall

et al., 1999). MEGA X (version 10.1.7) was used to construct the MSAs
and the phylogenetic tree using pairwise alignment and neighbor-
joining methods in ClustalW (Kumar et al., 2018; Saitou and Nei, 1987).
Tree structure was validated by running the analysis on 1000 bootstraps
(Efron et al., 1996) replications dataset and the evolutionary distances
were calculated using the Poisson correction method (Zuckerkandl and
Pauling, 1965).

2.3. Homology modeling of S glycoprotein

Variant sequences of SARS-CoV-2 were modeled in Swiss-Model
(Andrew et al., 2018) using the Cryo-EM spike protein structure of
SARS-CoV-2 (PDB ID 6VSB; (Wrapp et al., 2020)) as a template. The
overall quality of models was assessed in RAMPAGE server (Prisant
et al., 2003) by generating Ramachandran plots (Supplementary
Table 1). PyMol and BIOVIA Discovery Studio were used for structure
visualization and superpose (DeLano et al., 2002).

3. Results

3.1. Genomic variations of SARS-CoV-2

Multiple sequence alignment of the available 320 genomes of SARS-
CoV-2 were performed and 483 variations were found throughout the
29,903 bp long SARS-CoV-2 genome with in total 115 variations in UTR
region, 130 synonymous variations that cause no amino acid alteration,
228 non-synonymous variations causing change in amino acid residue,
16 INDELs, and 2 variations in non-coding region (Supplementary
Table 2). Among the 483 variations, 40 variations (14 synonymous, 25
non-synonymous mutations and one deletion) were observed in the
region of ORF S that encodes S glycoprotein which is responsible for
viral fusion and entry into the host cell (Li, 2015). Notably, most of the
SARS-CoV-2 genome sequences were deposited from the USA (250) and
China (50) (Supplementary Fig. 1). Positional variability of the SARS-
CoV-2 genomes was calculated from the MSA of 320 SARS-CoV-2 whole
genomes as a measure of Entropy value (H(x)) (Manaresi et al., 2017).
Excluding 5′ and 3′ UTR, ten hotspots of hypervariable positions were
identified, of which seven were located at ORF1ab (1059C > T,
3037C > T, 8782C > T, 14408C > T, 17747C > T, 17858A > G,
18060C > T), and one at ORF S (23403A > G), ORF3a
(25563G > T), and ORF8 (28,144 T > C), respectively. The varia-
bility at position 8782 and 28,144 were found to be the highest among
the other hotspots (Fig. 1).

3.2. Phylogenetic analysis of S glycoprotein

The phylogenetic analysis of a total of 66 sequences (26 unique
SARS-CoV-2 and 40 different coronavirus S glycoprotein sequences)
was performed. The evolutionary distances showed that all the SARS-
CoV-2 spike proteins cluster in the same node of the phylogenetic tree
confirming the sequences were similar to Refseq YP_009724390
(Fig. 2). Bat coronaviruses have a close evolutionary relationship as
different strains were found in the nearest outgroups and clades (Bat
coronavirus BM48–31, Bat hp-beta coronavirus, Bat coronavirus HKU9)
conferring that coronavirus has a vast geographical spread and bat is
the most prevalent host (Fig. 2). In other clades, the clusters were
speculated through different hosts which may describe the evolutionary
changes of surface glycoprotein due to cross-species transmission. Viral
hosts reported from different spots at different times are indicative of
possible recombination.

3.3. SARS-CoV-2 spike protein variation analysis

The S glycoprotein sequences of SARS-CoV-2 were retrieved from
the NCBI Virus Variation Resource repository and aligned using
ClustalW. The relative positions of SARS-CoV-2 spike protein domains
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were measured by aligning with the SARS-CoV spike protein (Fig. 3)
(Yuan et al., 2017; Gui et al., 2017). From the sequence identity matrix,
26 unique variants among unique SARS-CoV-2 spike glycoprotein se-
quences were identified to have 25 substitutions and a deletion (Fig. 4A
and Supplementary Table 3). 215 sequences were found identical with
SARS-CoV-2 S protein reference sequence (YP_009724390) while 64
sequences were identical with the same variation of D614G (Supple-
mentary Table 4, 5). Among all the variations, twelve (Y28N, T29I,
H49Y, L54F, N74K, E96D, D111N, Y145Del, F157L, G181V, S221W,
and S247R) were located at the N-terminal domain (NTD). Another 6
variations (A348T, R408I, G476S, V483A, H519Q, A520S) were found
at the receptor-binding domain (RBD) while only two variations
(A930V, and D936Y) were found at the heptad repeat 1 (HR1) domain.
Single variations were found in signal peptide (L5F) domain, sub-do-
main-2 (D614G), sub-domain-3 (A1078V), heptad repeat 2 domain
(D1168H), and cytoplasmic tail domain (D1259H) each. Notably, the
substitution of Cystine by Phenylalanine was observed at 19 amino

acids upstream of the fusion peptide domain (Fig. 4A). The mutation of
Aspartic acid to Glycine at position 614 was observed 71 times with
entropy value over 0.5 among the available 320 SARS-CoV-2 spike
protein sequences (Supplementary Fig. 2).

Alterations of amino acid residual charge from positive to neutral
(H49Y, R408I, H519Q), negative to neutral (D111N, D614G, D936Y),
negative to positive (D1168H, D1259H), and neutral to positive (N74K,
S247R) were seen in variants QHW06059, QHS34546, QIS61422,
QIS61338, QIK50427, QIS30615, QIS60978, QIS60582, QIO04367, and
QHR84449 respectively due to the substitution of amino acids that
differs in charge. The remaining 15 variants were mutated with the
amino acids that are similar in charge (Fig. 4 A). The SARS-CoV-2 spike
protein variants were superposed with the cryo-electron microscopic
structure of SARS-CoV-2 spike protein (Wrapp et al., 2020). L5F, N74K,
E96D, F157L, G181V, S247R, G476S, V483A, D1168H, and D1259H
variants were excluded from superposition due to absence of respective
residues in the 3D structure of the template (PDB: 6VSB). The

Fig. 3. Overall architecture of the SARS-CoV-2 S glycoprotein. A.Schematic diagram of the SARS-CoV S glycoprotein showing domain organization (Reconstructed
from Y. Yuan et al., 2017 and M. Gui et al., 2017). B. Schematic domain organization diagram of the SARS-CoV-2 S glycoprotein constructed by aligning with SARS-
CoV S protein domain. C. Homology model of SARS-CoV-2 S protein reference sequence YP_009724390 with PDB:6VSB. S protein trimer with two protomers surface
shadowed (left). Ribbon diagram of SARS-CoV-2 S glycoprotein monomer from B. Here, NTD: N-terminal domain; RBD: receptor-binding domain; SD: subdomain; CR:
connecting region; HR: heptad repeat; CH: central helix; BH: β-hairpin; FP: fusion peptide; TM: transmembrane domain; CT: cytoplasmic tail.
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A B S T R A C T

The newly identified SARS-CoV-2 has now been reported from around 185 countries with more than a million
confirmed human cases including more than 120,000 deaths. The genomes of SARS-COV-2 strains isolated from
different parts of the world are now available and the unique features of constituent genes and proteins need to
be explored to understand the biology of the virus. Spike glycoprotein is one of the major targets to be explored
because of its role during the entry of coronaviruses into host cells. We analyzed 320 whole-genome sequences
and 320 spike protein sequences of SARS-CoV-2 using multiple sequence alignment. In this study, 483 unique
variations have been identified among the genomes of SARS-CoV-2 including 25 nonsynonymous mutations and
one deletion in the spike (S) protein. Among the 26 variations detected in S, 12 variations were located at the N-
terminal domain (NTD) and 6 variations at the receptor-binding domain (RBD) which might alter the interaction
of S protein with the host receptor angiotensin-converting enzyme 2 (ACE2). Besides, 22 amino acid insertions
were identified in the spike protein of SARS-CoV-2 in comparison with that of SARS-CoV. Phylogenetic analyses
of spike protein revealed that Bat coronavirus have a close evolutionary relationship with circulating SARS-CoV-
2. The genetic variation analysis data presented in this study can help a better understanding of SARS-CoV-2
pathogenesis. Based on results reported herein, potential inhibitors against S protein can be designed by con-
sidering these variations and their impact on protein structure.

1. Introduction

Coronavirus disease (COVID-19) is a pandemic manifesting re-
spiratory illness and first reported in Wuhan, Hubei province of China
in December 2019. The death toll rose to more than 68,000 among
1,250,000 confirmed cases around the Globe (until April 4, 2020)
(WHO (World Health Organization), 2020). The virus causing COVID-
19 is named as severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Based on the phylogenetic studies, the SARS-CoV-2 is cate-
gorized as a member of the genus Betacoronavirus, the same lineage
that includes SARS coronavirus (SARS-CoV) (Gorbalenya et al., 2020)
that caused SARS (Severe Acute Respiratory Syndrome) in China during
2002 (Ksiazek et al., 2003). Recent studies showed that SARS-CoV-2 has

a close relationship with bat SARS-like CoVs (Li et al., 2005; Zhou et al.,
2020), though the intermediate hosts for zoonotic transmission of
SARS-CoV-2 from bats to humans remain undiscovered.

SARS-CoV-2 has been identified as an enveloped, single-stranded
positive-sense RNA virus with a genome size of approximately 29.9 kb
encoding 27 proteins from 14 ORFs including 15 non-structural, 8 ac-
cessory, and 4 major structural proteins. Two-thirds of the viral RNA
harbors the first ORF (ORF1ab) dedicated for translating polyprotein 1a
(pp1a) and polyprotein 1ab (pp1ab), which later undergo proteolytic
cleavage to form 15 non-structural proteins. Spike glycoprotein (S),
membrane (M), envelope (E) and nucleocapsid (N) are the four major
structural proteins of SARS-CoV-2 (Wu et al., 2020a; Wu et al., 2020b).
Interestingly, S glycoprotein is characterized as the critical determinant
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. 
       1 M  F  V  F  L  V  L  L  P  L  V  S  S  Q  C  V  N  L  T  T   
       1 ATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAACC 
      21 R  T  Q  L  P  P  A  Y  T  N  S  F  T  R  G  V  Y  Y  P  D   
      61 AGAACTCAATTACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGAC 
      41 K  V  F  R  S  S  V  L  H  S  T  Q  D  L  F  L  P  F  F  S   
     121 AAAGTTTTCAGATCCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCC 
      61 N  V  T  W  F  H  A  I  H  V  S  G  T  N  G  T  K  R  F  D   
     181 AATGTTACTTGGTTCCATGCTATACATGTCTCTGGGACCAATGGTACTAAGAGGTTTGAT 
      81 N  P  V  L  P  F  N  D  G  V  Y  F  A  S  T  E  K  S  N  I   
     241 AACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCACTGAGAAGTCTAACATA 
     101 I  R  G  W  I  F  G  T  T  L  D  S  K  T  Q  S  L  L  I  V   
     301 ATAAGAGGCTGGATTTTTGGTACTACTTTAGATTCGAAGACCCAGTCCCTACTTATTGTT 
     121 N  N  A  T  N  V  V  I  K  V  C  E  F  Q  F  C  N  D  P  F   
     361 AATAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTT 
     141 L  G  V  Y  Y  H  K  N  N  K  S  W  M  E  S  E  F  R  V  Y   
     421 TTGGGTGTTTATTACCACAAAAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTAT 
     161 S  S  A  N  N  C  T  F  E  Y  V  S  Q  P  F  L  M  D  L  E   
     481 TCTAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAA 
     181 G  K  Q  G  N  F  K  N  L  R  E  F  V  F  K  N  I  D  G  Y   
     541 GGAAAACAGGGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGGTTAT 
     201 F  K  I  Y  S  K  H  T  P  I  N  L  V  R  D  L  P  Q  G  F   
     601 TTTAAAATATATTCTAAGCACACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGTTTT 
     221 S  A  L  E  P  L  V  D  L  P  I  G  I  N  I  T  R  F  Q  T   
     661 TCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGTTTCAAACT 
     241 L  L  A  L  H  R  S  Y  L  T  P  G  D  S  S  S  G  W  T  A   
     721 TTACTTGCTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAGCT 
     261 G  A  A  A  Y  Y  V  G  Y  L  Q  P  R  T  F  L  L  K  Y  N   
     781 GGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAAT 
     281 E  N  G  T  I  T  D  A  V  D  C  A  L  D  P  L  S  E  T  K   
     841 GAAAATGGAACCATTACAGATGCTGTAGACTGTGCACTTGACCCTCTCTCAGAAACAAAG 
     301 C  T  L  K  S  F  T  V  E  K  G  I  Y  Q  T  S  N  F  R  V   
     901 TGTACGTTGAAATCCTTCACTGTAGAAAAAGGAATCTATCAAACTTCTAACTTTAGAGTC 
     321 Q  P  T  E  S  I  V  R  F  P  N  I  T  N  L  C  P  F  G  E   
     961 CAACCAACAGAATCTATTGTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAA 
     341 V  F  N  A  T  R  F  A  S  V  Y  A  W  N  R  K  R  I  S  N   
    1021 GTTTTTAACGCCACCAGATTTGCATCTGTTTATGCTTGGAACAGGAAGAGAATCAGCAAC 
     361 C  V  A  D  Y  S  V  L  Y  N  S  A  S  F  S  T  F  K  C  Y   
    1081 TGTGTTGCTGATTATTCTGTCCTATATAATTCCGCATCATTTTCCACTTTTAAGTGTTAT 
     381 G  V  S  P  T  K  L  N  D  L  C  F  T  N  V  Y  A  D  S  F   
    1141 GGAGTGTCTCCTACTAAATTAAATGATCTCTGCTTTACTAATGTCTATGCAGATTCATTT 
     401 V  I  R  G  D  E  V  R  Q  I  A  P  G  Q  T  G  K>TI  A  D   
    1201 GTAATTAGAGGTGATGAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAAGATTGCTGAT 
     421 Y  N  Y  K  L  P  D  D  F  T  G  C  V  I  A  W  N  S  N  N   
    1261 TATAATTATAAATTACCAGATGATTTTACAGGCTGCGTTATAGCTTGGAATTCTAACAAT 
     441 L  D  S  K  V  G  G  N  Y  N  Y  L  Y  R  L  F  R  K  S  N   
    1321 CTTGATTCTAAGGTTGGTGGTAATTATAATTACCTGTATAGATTGTTTAGGAAGTCTAAT 
     461 L  K  P  F  E  R  D  I  S  T  E  I  Y  Q  A  G  S  T  P  C   
    1381 CTCAAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCAGGCCGGTAGCACACCTTGT 
     481 N  G  V  E  G  F  N  C  Y  F  P  L  Q  S  Y  G  F  Q  P  T   
    1441 AATGGTGTTGAAGGTTTTAATTGTTACTTTCCTTTACAATCATATGGTTTCCAACCCACT 
     501 N  G  V  G  Y  Q  P  Y  R  V  V  V  L  S  F  E  L  L  H  A   
    1501 AATGGTGTTGGTTACCAACCATACAGAGTAGTAGTACTTTCTTTTGAACTTCTACATGCA 
     521 P  A  T  V  C  G  P  K  K  S  T  N  L  V  K  N  K  C  V  N   
    1561 CCAGCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAATGTGTCAAT 
     541 F  N  F  N  G  L  T  G  T  G  V  L  T  E  S  N  K  K  F  L   
    1621 TTCAACTTCAATGGTTTAACAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTTTCTG 
     561 P  F  Q  Q  F  G  R  D  I  A  D  T  T  D  A  V  R  D  P  Q   
    1681 CCTTTCCAACAATTTGGCAGAGACATTGCTGACACTACTGATGCTGTCCGTGATCCACAG 
     581 T  L  E  I  L  D  I  T  P  C  S  F  G  G  V  S  V  I  T  P   
    1741 ACACTTGAGATTCTTGACATTACACCATGTTCTTTTGGTGGTGTCAGTGTTATAACACCA 

     601 G  T  N  T  S  N  Q  V  A  V  L  Y  Q  D>GV  N  C  T  E  V   
    1801 GGAACAAATACTTCTAACCAGGTTGCTGTTCTTTATCAGGATGTTAACTGCACAGAAGTC 
     621 P  V  A  I  H  A  D  Q  L  T  P  T  W  R  V  Y  S  T  G  S   
    1861 CCTGTTGCTATTCATGCAGATCAACTTACTCCTACTTGGCGTGTTTATTCTACAGGTTCT 
     641 N  V  F  Q  T  R  A  G  C  L  I  G  A  E  H  V  N  N  S  Y   
    1921 AATGTTTTTCAAACACGTGCAGGCTGTTTAATAGGGGCTGAACATGTCAACAACTCATAT 
     661 E  C  D  I  P  I  G  A  G  I  C  A  S  Y  Q  T  Q  T  N  S   
    1981 GAGTGTGACATACCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCAGACTAATTCT 
     681 P  R  R  A  R  S  V  A  S  Q  S  I  I  A  Y  T  M  S  L  G   
    2041 CCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTTGGT 
     701 A  E  N  S  V  A  Y  S  N  N  S  I  A  I  P  T  N  F  T  I   
    2101 GCAGAAAATTCAGTTGCTTACTCTAATAACTCTATTGCCATACCCACAAATTTTACTATT 
     721 S  V  T  T  E  I  L  P  V  S  M  T  K  T  S  V  D  C  T  M   
    2161 AGTGTTACCACAGAAATTCTACCAGTGTCTATGACCAAGACATCAGTAGATTGTACAATG 
     741 Y  I  C  G  D  S  T  E  C  S  N  L  L  L  Q  Y  G  S  F  C   
    2221 TACATTTGTGGTGATTCAACTGAATGCAGCAATCTTTTGTTGCAATATGGCAGTTTTTGT 
     761 T  Q  L  N  R  A  L  T  G  I  A  V  E  Q  D  K  N  T  Q  E   
    2281 ACACAATTAAACCGTGCTTTAACTGGAATAGCTGTTGAACAAGACAAAAACACCCAAGAA 
     781 V  F  A  Q  V  K  Q  I  Y  K  T  P  P  I  K  D  F  G  G  F   
    2341 GTTTTTGCACAAGTCAAACAAATTTACAAAACACCACCAATTAAAGATTTTGGTGGTTTT 
     801 N  F  S  Q  I  L  P  D  P  S  K  P  S  K  R  S  F  I  E  D   
    2401 AATTTTTCACAAATATTACCAGATCCATCAAAACCAAGCAAGAGGTCATTTATTGAAGAT 
     821 L  L  F  N  K  V  T  L  A  D  A  G  F  I  K  Q  Y  G  D  C   
    2461 CTACTTTTCAACAAAGTGACACTTGCAGATGCTGGCTTCATCAAACAATATGGTGATTGC 
     841 L  G  D  I  A  A  R  D  L  I  C  A  Q  K  F  N  G  L  T  V   
    2521 CTTGGTGATATTGCTGCTAGAGACCTCATTTGTGCACAAAAGTTTAACGGCCTTACTGTT 
     861 L  P  P  L  L  T  D  E  M  I  A  Q  Y  T  S  A  L  L  A  G   
    2581 TTGCCACCTTTGCTCACAGATGAAATGATTGCTCAATACACTTCTGCACTGTTAGCGGGT 
     881 T  I  T  S  G  W  T  F  G  A  G  A  A  L  Q  I  P  F  A  M   
    2641 ACAATCACTTCTGGTTGGACCTTTGGTGCAGGTGCTGCATTACAAATACCATTTGCTATG 
     901 Q  M  A  Y  R  F  N  G  I  G  V  T  Q  N  V  L  Y  E  N  Q   
    2701 CAAATGGCTTATAGGTTTAATGGTATTGGAGTTACACAGAATGTTCTCTATGAGAACCAA 
     921 K  L  I  A  N  Q  F  N  S  A  I  G  K  I  Q  D  S  L  S  S   
    2761 AAATTGATTGCCAACCAATTTAATAGTGCTATTGGCAAAATTCAAGACTCACTTTCTTCC 
     941 T  A  S  A  L  G  K  L  Q  D  V  V  N  Q  N  A  Q  A  L  N   
    2821 ACAGCAAGTGCACTTGGAAAACTTCAAGATGTGGTCAACCAAAATGCACAAGCTTTAAAC 
     961 T  L  V  K  Q  L  S  S  N  F  G  A  I  S  S  V  L  N  D  I   
    2881 ACGCTTGTTAAACAACTTAGCTCCAATTTTGGTGCAATTTCAAGTGTTTTAAATGATATC 
     981 L  S  R  L  D  K  V  E  A  E  V  Q  I  D  R  L  I  T  G  R   
    2941 CTTTCACGTCTTGACAAAGTTGAGGCTGAAGTGCAAATTGATAGGTTGATCACAGGCAGA 
    1001 L  Q  S  L  Q  T  Y  V  T  Q  Q  L  I  R  A  A  E  I  R  A   
    3001 CTTCAAAGTTTGCAGACATATGTGACTCAACAATTAATTAGAGCTGCAGAAATCAGAGCT 
    1021 S  A  N  L  A  A  T  K  M  S  E  C  V  L  G  Q  S  K  R  V   
    3061 TCTGCTAATCTTGCTGCTACTAAAATGTCAGAGTGTGTACTTGGACAATCAAAAAGAGTT 
    1041 D  F  C  G  K  G  Y  H  L  M  S  F  P  Q  S  A  P  H  G  V   
    3121 GATTTTTGTGGAAAGGGCTATCATCTTATGTCCTTCCCTCAGTCAGCACCTCATGGTGTA 
    1061 V  F  L  H  V  T  Y  V  P  A  Q  E  K  N  F  T  T  A  P  A   
    3181 GTCTTCTTGCATGTGACTTATGTCCCTGCACAAGAAAAGAACTTCACAACTGCTCCTGCC 
    1081 I  C  H  D  G  K  A  H  F  P  R  E  G  V  F  V  S  N  G  T   
    3241 ATTTGTCATGATGGAAAAGCACACTTTCCTCGTGAAGGTGTCTTTGTTTCAAATGGCACA 
    1101 H  W  F  V  T  Q  R  N  F  Y  E  P  Q  I  I  T  T  D  N  T   
    3301 CACTGGTTTGTAACACAAAGGAATTTTTATGAACCACAAATCATTACTACAGACAACACA 
    1121 F  V  S  G  N  C  D  V  V  I  G  I  V  N  N  T  V  Y  D  P   
    3361 TTTGTGTCTGGTAACTGTGATGTTGTAATAGGAATTGTCAACAACACAGTTTATGATCCT 
    1141 L  Q  P  E  L  D  S  F  K  E  E  L  D  K  Y  F  K  N  H  T   
    3421 TTGCAACCTGAATTAGACTCATTCAAGGAGGAGTTAGATAAATATTTTAAGAATCATACA 
    1161 S  P  D  V  D  L  G  D  I  S  G  I  N  A  S  V  V  N  I  Q   
    3481 TCACCAGATGTTGATTTAGGTGACATCTCTGGCATTAATGCTTCAGTTGTAAACATTCAA 
    1181 K  E  I  D  R  L  N  E  V  A  K  N  L  N  E  S  L  I  D  L   
    3541 AAAGAAATTGACCGCCTCAATGAGGTTGCCAAGAATTTAAATGAATCTCTCATCGATCTC 
     

    1201 Q  E  L  G  K  Y  E  Q  Y  I  K  W  P  W  Y  I  W  L  G  F   
    3601 CAAGAACTTGGAAAGTATGAGCAGTATATAAAATGGCCATGGTACATTTGGCTAGGTTTT 
    1221 I  A  G  L  I  A  I  V  M  V  T  I  M  L  C  C  M  T  S  C   
    3661 ATAGCTGGCTTGATTGCCATAGTAATGGTGACAATTATGCTTTGCTGTATGACCAGTTGC 
    1241 C  S  C  L  K  G  C  C  S  C  G  S  C  C  K  F  D  E  D  D   
    3721 TGTAGTTGTCTCAAGGGCTGTTGTTCTTGTGGATCCTGCTGCAAATTTGATGAAGACGAC 
    1261 S  E  P  V  L  K  G  V  K  L  H  Y  T  *   
    3781 TCTGAGCCAGTGCTCAAAGGAGTCAAATTACATTACACATAA 
 
 
 
GISAID: dados de fevereiro de 2021 (02/05) a partir de 360.893 genomas 
de SARS-CoV-2 elevada qualidade (partindo de 458.677 genomas SARS-CoV02 
depositados no GISAID) considerados nas análises de fevereiro: a mutação 
missense K417T ocorreu em vários genomas de SARS-CoV-2 do Brasil. 
 
 
De acordo com Cobertt et al 2020, para explicar a mutação 2P eles citam 
o trabalho de Pallesen 2017 
 

Pallessen et al 2017 (PNAS - E7348–E7357) mostraram que por meio de duas mutações 
na proteína spike de MERS, conhecida como 2P (2 prolinas) retém a proteina na 
conformação prefusão, bem como mantem a capacidade de ligar ao receptor (DPP4) e de 
induzir a formação de anticorpos neutralizantes. 
 
Os autores compararam ainda com outros coronavirus e mostrarm que em SARS-Cov-1 
esse domínio é KV e nós observamos que essa mesma sequência está presente em SARS-
CoV-2. 
 
A estratégia para realizar duas mutações missense pela adição de 2 prolinas em proteínas 
virais importantes para a produção de vacina foi mostrado para o virus HIV para uma das 
subunidades da proteína ENV (Sanders et al 2002). JOURNAL OF VIROLOGY, Sept. 
2002, p. 8875–8889. 
 

 
 
Two consecutive proline substitutions at residues V1060 and L1061 (hereafter referred 
to as “2P”) resulted in a >50-fold improvement in yield. 
 

subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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Middle East respiratory syndrome coronavirus (MERS-CoV) is a
lineage C betacoronavirus that since its emergence in 2012 has
caused outbreaks in human populations with case-fatality rates of
∼36%. As in other coronaviruses, the spike (S) glycoprotein of
MERS-CoV mediates receptor recognition and membrane fusion
and is the primary target of the humoral immune response during
infection. Here we use structure-based design to develop a gener-
alizable strategy for retaining coronavirus S proteins in the anti-
genically optimal prefusion conformation and demonstrate that
our engineered immunogen is able to elicit high neutralizing
antibody titers against MERS-CoV. We also determined high-
resolution structures of the trimeric MERS-CoV S ectodomain in
complex with G4, a stem-directed neutralizing antibody. The struc-
tures reveal that G4 recognizes a glycosylated loop that is variable
among coronaviruses and they define four conformational states of
the trimer wherein each receptor-binding domain is either tightly
packed at the membrane-distal apex or rotated into a receptor-
accessible conformation. Our studies suggest a potential mechanism
for fusion initiation through sequential receptor-binding events and
provide a foundation for the structure-based design of coronavirus
vaccines.

coronavirus | neutralizing antibody | cryo-EM | X-ray crystallography |
peplomer

Coronaviruses are enveloped, positive-sense, single-stranded
RNA viruses. They have the largest genomes (26–32 kb)

among known RNA viruses and are phylogenetically divided into
four genera (α, β, γ, and δ), with betacoronaviruses further sub-
divided into four lineages (A, B, C, and D). Coronaviruses infect a
wide range of avian and mammalian species, including humans (1).
Of the six known human coronaviruses, four of them (HCoV-OC43,
HCoV-229E, HCoV-HKU1, and HCoV-NL63) circulate annually in
humans and generally cause mild respiratory diseases, although se-
verity can be greater in infants, the elderly, and the immunocom-
promised. In contrast, the Middle East respiratory syndrome
coronavirus (MERS-CoV) and the severe acute respiratory syndrome
coronavirus (SARS-CoV), belonging to betacoronavirus lineages C
and B, respectively, are highly pathogenic. Both viruses emerged into
the human population from animal reservoirs within the last 15 y and
caused outbreaks with high case-fatality rates (2, 3).
MERS-CoV was isolated in 2012 from a patient in Saudi Arabia

and is still circulating across the Arabian Peninsula (3, 4). Primary
transmission, most likely from camels, is now considered to be the
most common route of transmission (5–7), and camels are thought
to be a secondary or intermediate reservoir for MERS-CoV, with
bats serving as the primary reservoir (8). Human-to-human trans-
mission, especially as a result of close contact between patients and
hospital workers within health-care settings, is another important
route of transmission (9) and was responsible for an outbreak of

MERS-CoV in South Korea (10). The high pathogenicity and air-
borne transmissibility of SARS-CoV and MERS-CoV have raised
concern about the potential for another coronavirus pandemic.
Unfortunately, vaccines against individual coronaviruses are not
available, much less one that broadly protects against multiple
coronaviruses.
Like all coronaviruses, MERS-CoV uses a large surface spike

(S) glycoprotein for receptor recognition and entry into target
cells (11, 12). The MERS-CoV S protein is synthesized as a
single-chain inactive precursor that is cleaved by furin-like host
proteases in the producing cell into two noncovalently associated
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subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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Results
Engineering of Coronavirus S Proteins That Retain the Prefusion
Conformation. To improve the expression and conformational
homogeneity of the prefusion MERS-CoV S protein ectodomain
we engineered variants based upon our previously determined
structure of the trimeric S protein from the lineage A betacor-
onavirus HCoV-HKU1 (18) (Fig. 1 A and B). Recent work on
the fusion proteins from HIV-1 and respiratory syncytial virus
(RSV) (32, 36, 37) has demonstrated that proline substitutions in
the loop between the first heptad repeat (HR1) and the central
helix restrict premature triggering of the fusion protein and often
increase expression yields of prefusion ectodomains. Introduc-
tion of single proline substitutions into a similar region in the
MERS-CoV S2 subunit dramatically increased expression levels
of the ectodomains, and two consecutive proline substitutions
at residues V1060 and L1061 (hereafter referred to as “2P”)
resulted in a >50-fold improvement in yield (Fig. 1C and Fig.
S1A). As evidenced by negative-stain EM, the 2P variant main-
tained prototypic prefusion morphology (Fig. 1D). Homologous
substitutions in the S proteins from SARS-CoV (Fig. 1 C and D
and Fig. S1B) and HCoV-HKU1 (Fig. S1 B and C) also in-
creased the expression levels of the ectodomains and improved
conformational homogeneity. Thus, the introduction of two
consecutive proline residues at the beginning of the central helix
seems to be a general strategy for retaining betacoronavirus S
proteins in the prototypical prefusion conformation.
To investigate the effect of the 2P substitutions on S protein

function, MERS-CoV pseudoviruses were generated with WT
or 2P-containing S proteins. In contrast to WT pseudoviruses,
which were highly infectious in DPP4-expressing Huh7.5 cells,
pseudoviruses containing the 2P substitutions in the S protein
were essentially noninfectious (Fig. 2A). This lack of infectivity is
likely due to the ability of the introduced prolines to prevent

conformational rearrangements, which presumably increases the
activation energy required for fusion. However, to rule out the
possibility of local misfolding as a result of the 2P substitutions,
full-length WT and 2P-containing S proteins were expressed on
293T cells, and the reactivity of polyclonal sera and conformation-
dependent antibodies was assessed by flow cytometry (Fig. 2B).
The polyclonal sera, as well as neutralizing antibodies against the
N-terminal domain (NTD) (mAb G2), RBD (mAb D12), and
S2 subunit (mAb G4), reacted equally well to cells expressing WT
or 2P-containing S proteins. Control cells expressing the RBD
fused to a transmembrane domain only reacted with the polyclonal
sera and D12 antibody, as expected. All three antibodies also
bound to the recombinant MERS-CoV S protein ectodomains
containing the 2P substitutions (MERS S-2P) via pull-down (Fig.
2C). We also determined that MERS S-2P bound to a soluble
version of its receptor, DPP4, with a Kd of 9.4 nM (Fig. 2D), which
is similar to reported values for the binding of DPP4 to the isolated
RBD (14). Collectively, these data demonstrate that the 2P sub-
stitutions prevent fusion from occurring but do not alter the con-
formation of the S protein.

Immunogenicity of MERS S-2P. To determine the immunogenicity
of the MERS S-2P trimer we vaccinated mice and compared the
responses to those generated by monomeric S1 protein and WT
S trimer (31). Each of the immunogens elicited neutralizing
antibodies to the autologous England1 strain of MERS-CoV in a
dose-dependent manner. S1 monomers and S WT trimers had a
steeper dose effect than the S-2P trimer, which reached a plateau
of neutralizing activity at a lower dose (Fig. 3A). At the 0.1-μg
dose, MERS S-2P elicited significantly more robust neutralizing
activity than S1 against four of the six homologous MERS-CoV
pseudoviruses tested. The S-2P vaccination also elicited greater
neutralization than S WT against three of the six homologous
MERS-CoV pseudoviruses tested (Fig. 3B). These data demon-
strate that retaining MERS-CoV S in its prefusion conformation
increases the breadth and potency of the neutralizing activity eli-
cited by vaccination.

Structure of MERS S-2P Bound to Antibody G4.We combined MERS
S-2P with the S2-directed G4 Fab and conducted single-particle
cryo-EM of the resulting complexes to structurally characterize
our immunogen and provide atomic-level information needed
for future engineering efforts (Fig. 4A, Fig. S2, and Tables S1
and S2). We observed several distinct subpopulations of S pro-
teins that differed in the arrangement of the S1 apex, and these
subpopulations were processed separately as described in more
detail below. In addition, the cryo-EM density maps were less
well-resolved in regions of the S1 NTD, as was the case in the
recently determined structure of the SARS-CoV S protein (20).
We consequently crystallized this domain and determined its
structure to 2.0 Å using a portion of the cryo-EM map as a “search
model” for molecular replacement (Fig. S3 and Table S3). We also
crystallized and determined the structure of the unbound G4 Fab
to 1.57 Å (Table S3), and both of these X-ray structures were used
in further refinement of the cryo-EM–derived models.
Overall, the structure of the MERS S-2P protein is similar to

the previously determined prefusion structures of alpha- and
betacoronavirus S proteins (17–20). Our models consist of resi-
dues 18–1223 and like other structures are missing the second
heptad repeat in S2, which may be flexible in the absence of a
lipid bilayer. The MERS-CoV S2 subunit is arranged similarly to
other coronavirus S2 subunits, with rmsd values of ∼1.5 Å for a
shared core of ∼260 Cα atoms. For efficient infection of target
cells, the MERS-CoV S protein requires a two-step, protease-
mediated activation to facilitate membrane fusion. Furin cleav-
age at the S1/S2 junction occurs in the virus-producing cell,
whereas cleavage at the S2ʹ site, upstream of the fusion peptide,
occurs during viral entry at the cell surface or in endosomes

Fig. 2. Characterization of MERS S-2P. (A) MERS-CoV pseudoviruses
encoding a luciferase reporter gene were generated with WT (S WT, blue) or
2P (S-2P, red) S proteins. Mock pseudoviruses (gray), expressing no S protein,
served as a control. Infectivity in Huh7.5 cells was determined by measuring
RLU. The dotted line represents background RLU. (B) Binding of cell-surface
expressed MERS-CoV WT and 2P S proteins, as well as membrane-tethered
RBD, to polyclonal sera (Poly) and monoclonal antibodies measured by flow
cytometry; 101F is an RSV F-specific antibody. (C) SDS/PAGE analysis of
copurified complexes of untagged MERS S-2P and monoclonal antibodies.
AM14 is an RSV F-specific antibody. (D) Binding of soluble DPP4 to immo-
bilized MERS S-2P measured by surface plasmon resonance. Best fit of the
data to a 1:1 binding model is shown in red.

E7350 | www.pnas.org/cgi/doi/10.1073/pnas.1707304114 Pallesen et al.
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Middle East respiratory syndrome coronavirus (MERS-CoV) is a
lineage C betacoronavirus that since its emergence in 2012 has
caused outbreaks in human populations with case-fatality rates of
∼36%. As in other coronaviruses, the spike (S) glycoprotein of
MERS-CoV mediates receptor recognition and membrane fusion
and is the primary target of the humoral immune response during
infection. Here we use structure-based design to develop a gener-
alizable strategy for retaining coronavirus S proteins in the anti-
genically optimal prefusion conformation and demonstrate that
our engineered immunogen is able to elicit high neutralizing
antibody titers against MERS-CoV. We also determined high-
resolution structures of the trimeric MERS-CoV S ectodomain in
complex with G4, a stem-directed neutralizing antibody. The struc-
tures reveal that G4 recognizes a glycosylated loop that is variable
among coronaviruses and they define four conformational states of
the trimer wherein each receptor-binding domain is either tightly
packed at the membrane-distal apex or rotated into a receptor-
accessible conformation. Our studies suggest a potential mechanism
for fusion initiation through sequential receptor-binding events and
provide a foundation for the structure-based design of coronavirus
vaccines.

coronavirus | neutralizing antibody | cryo-EM | X-ray crystallography |
peplomer

Coronaviruses are enveloped, positive-sense, single-stranded
RNA viruses. They have the largest genomes (26–32 kb)

among known RNA viruses and are phylogenetically divided into
four genera (α, β, γ, and δ), with betacoronaviruses further sub-
divided into four lineages (A, B, C, and D). Coronaviruses infect a
wide range of avian and mammalian species, including humans (1).
Of the six known human coronaviruses, four of them (HCoV-OC43,
HCoV-229E, HCoV-HKU1, and HCoV-NL63) circulate annually in
humans and generally cause mild respiratory diseases, although se-
verity can be greater in infants, the elderly, and the immunocom-
promised. In contrast, the Middle East respiratory syndrome
coronavirus (MERS-CoV) and the severe acute respiratory syndrome
coronavirus (SARS-CoV), belonging to betacoronavirus lineages C
and B, respectively, are highly pathogenic. Both viruses emerged into
the human population from animal reservoirs within the last 15 y and
caused outbreaks with high case-fatality rates (2, 3).
MERS-CoV was isolated in 2012 from a patient in Saudi Arabia

and is still circulating across the Arabian Peninsula (3, 4). Primary
transmission, most likely from camels, is now considered to be the
most common route of transmission (5–7), and camels are thought
to be a secondary or intermediate reservoir for MERS-CoV, with
bats serving as the primary reservoir (8). Human-to-human trans-
mission, especially as a result of close contact between patients and
hospital workers within health-care settings, is another important
route of transmission (9) and was responsible for an outbreak of

MERS-CoV in South Korea (10). The high pathogenicity and air-
borne transmissibility of SARS-CoV and MERS-CoV have raised
concern about the potential for another coronavirus pandemic.
Unfortunately, vaccines against individual coronaviruses are not
available, much less one that broadly protects against multiple
coronaviruses.
Like all coronaviruses, MERS-CoV uses a large surface spike

(S) glycoprotein for receptor recognition and entry into target
cells (11, 12). The MERS-CoV S protein is synthesized as a
single-chain inactive precursor that is cleaved by furin-like host
proteases in the producing cell into two noncovalently associated
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TMPRSS2, and cathepsin L (11, 13, 38). However, it has not
been understood why furin can access the S1/S2 site but not the
S2ʹ site during protein biosynthesis. The S1/S2 furin site (RSVR),
which remains uncleaved in our construct due to mutagenesis
(ASVG), is located on an accessible solvent-exposed loop that is
disordered in our structures (Fig. 4B). In contrast, the S2ʹ site
(RSAR) is less exposed, particularly Arg887 at the P1 position,

which interacts with Asp892 and Phe895 in the fusion peptide
(Fig. 4C). In our structure, the peptide bond between Arg887 and
Ser888 remains inaccessible to proteases, suggesting that S2ʹ can-
not be efficiently cleaved until a conformational change occurs in
S2 during the fusion process. Refolding of HR1 following DPP4
binding and S1 shedding would cause such a change and link the
final proteolytic activation step to host-cell attachment, thus ensuring
that irreversible refolding of S2 occurs at the proper time and place.
Indeed, incubation of MERS-CoV virions with soluble DPP4 re-
ceptor increases the efficiency of furin cleavage at the S2ʹ site (13).
The MERS-CoV S2 structures also contain a well-resolved do-

main (residues 1152–1223) residing between HR1 and HR2 that
was not completely resolved in the related betacoronavirus HCoV-
HKU1, MHV, and SARS-CoV S protein structures but was ob-
served in the alphacoronavirus HCoV-NL63 S protein structure
(17–20). This connector domain contains the epitope for G4, which
is the first reported S2-specific antibody that neutralizes MERS-
CoV (31). The local resolution of the maps used for analysis of the
antibody interface with S2 exceeds 3.7 Å. The majority of the
G4 epitope (710 Å2 of 880 Å2 total buried surface area) consists of
a glycosylated, solvent-exposed loop that extends out from two
β-strands and is enshrouded by the complementarity-determining
regions (CDRs) of G4 (Fig. 5A). The binding of G4 was sub-
stoichiometric, allowing comparison of the bound and unbound
G4 epitope. In unbound protomers the loop was poorly ordered,
suggesting that it is flexible in solution (Fig. S4). Arg1179 is critical
for G4 binding, as it forms a cation–π interaction with HCDR2
Tyr53 as well as a salt bridge with HCDR1 Asp31 (Fig. 5B). In
addition, G4 binding results in the formation of two hydrophobic
cores that include S2 residues outside of the extended loop. These
interactions may stabilize the connector domain, which is likely
flexible given the poorly resolved density observed in other beta-
coronavirus S protein structures.
Although the epitope of G4 is contained within the relatively

conserved S2 subunit, the exposed loop to which it primarily binds is
variable in both sequence and length, even among lineage C beta-
coronaviruses (Fig. 5 C and D). The variability in this loop is remi-
niscent of the variable loops found in HIV-1 gp120, which arise as a
result of pressure exerted by the host antibody response. Indeed, we
were able to isolate MERS-CoV escape variants by growing the virus
in the presence of G4, and the escape mutations (T1175I/P,
R1179G/M/T, and S1185L) accumulated within and around this
variable loop (Fig. 5B and Table S4). In addition to the sequence
and length variability, this loop always contains at least one poten-
tial N-linked glycosylation site (Fig. 5C), which, like the HIV-1
gp120 variable loops, helps to shield the exposed loop from anti-
body recognition. G4 circumvents the glycan mask via its angle of
approach, which is directed up from the viral membrane (Fig. 4A).
This allows G4 to recognize the membrane-proximal face of the loop
and avoid the glycan moieties attached to Asn1176. The requirement

Fig. 3. Immunogenicity of MERS S-2P in mice. (A) Reciprocal serum IC90 neutralizing activity against autologous MERS England1 pseudotyped lentivirus
reporter plotted against vaccine dose. (B) Reciprocal serum IC90 neutralizing activity against multiple homologous MERS-CoV pseudoviruses of sera from mice
immunized with 0.1 μg of protein. For both panels, the geometric mean IC90 titer (GMT) of each group is represented by (A) symbols or (B) bars. Error bars
represent geometric SDs. P values denoted as *P < 0.05 and **P < 0.01. The limit of detection for the assay is represented by dotted lines; for sera below the
limit of detection a reciprocal IC90 titer of 10 was assigned.

Fig. 4. Structure of MERS-CoV S-2P in complex with G4 Fab. (A) Structure of
MERS S-2P ectodomain in complex with G4 Fab as viewed along (Left) and
above (Right) the viral membrane. A single protomer of the trimeric S pro-
tein is shown in ribbon representation and colored as in the primary struc-
ture diagram. The two remaining protomers are shown as molecular surfaces
and colored white and gray. CD, connector domain; CH, central helix; Fd,
Foldon trimerization domain; SD-1, subdomain 1; SD-2, subdomain 2. (B and C)
Magnified view of the S1/S2 (B) and S2′ (C) protease sites. Dashed lines rep-
resent disordered residues. Arrows indicate position of protease cleavage.
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onset of illness during the 2003 Beijing outbreak. The
fusion protein RBD-Fc was coupled to cyanogenbro-
mide-activated Sepharose beads and the serum sample
was flowed through the bead column to absorb the
RBD-specific antibodies. Figure 3A shows that the puri-
fied RBD-specific antibodies from SARS patients
strongly reacted with RBD-His antigen. Then, we tested
their neutralizing activity against SARS pseudoviruses.
Consistently, all the four purified human RBD-specific
antibodies potently neutralized infection by SARS pseu-
doviruses, with an average ND50 of 0.05 μg/ml (Figure
3B).

Discussion
The sudden emergence of SARS-CoV shocked the world
and impacted the public health seriously. The pandemic

was contained under high level quarantines, but its dis-
appearance also raised numerous mysteries to the
research community. Even today we know little about
its severe pathogenesis and have no effective treatment
protocols. In preparedness, we also need effective diag-
nostic approaches and preventive vaccines.
One of our previous major findings is that the RBD of

S protein serves as a main antigenic site that mediates
neutralizing antibody responses [12,16-18,28-33]. We
have clearly demonstrated that the RBD contains multi-
ple conformation-dependent neutralizing epitopes
[16,18] and that RBD-based immunogens can induce
potent neutralizing antibodies and protective immunity
[16,17,23-25,29,30,34]. Based on these observations we
have proposed RBD-based SARS vaccines [20-22]. How-
ever, our previous studies were primarily based on the
animal models. Toward developing a safe and effective
RBD-based vaccine one fundamental question is that
whether the RBD is immunogenic and functional for
neutralizing antibodies in humans. In our ongoing pre-
clinical studies, the immunogenicity of RBD immuno-
gens will be evaluated in non-human primates. In the
present study, we firstly investigated the RBD-specific
antibody responses in subjects recovered from SARS-
CoV infection as an alternative way to evaluate RBD
vaccine in humans. With a recombinant RBD protein as
an ELISA antigen, we showed that the spike RBD could
induce potent and persistent antibody responses in the
recovered patients (Figure 1 and 2); with a RBD-Fc
fusion protein in the immunoaffinity column, the anti-
RBD antibodies purified from the positive human serum
samples possessed potent neutralizing activity (Figure 3).
Therefore, these data verify the functionality of SARS-
CoV RBD in infected subjects and highlight RBD-based
vaccines for human application.
The antibody detection is critical for serodiagnosis of

SARS-CoV infection, but the sensitivity and specificity
of current approaches need to be improved. Although a
number of antigens, including proteins or peptides, have
been proposed for SARS-CoV serodiagnosis, the first
and only serological diagnostic kit in China is based on
the viral lysates-derived antigen. Our results also
demonstrated that the lysate-based ELISA kit showed
much lower reactivity with human positive sera while
compared to the RBD-based ELISA (Figure 2). We were
not surprised by the kit-based results since similar sero-
logical data were previously reported [35,36]. By using
the same brand kit in a follow-up study, Wu et al
reported that the average OD values dropped to 0.25 by
year 3 and gave a positive rate of 55.56% [35], consistent
with the present results. Therefore, the clinical applica-
tion of the viral lysate-based ELISA kit might be limited
by its sensitivity and specificity, and development of
novel improved approaches for SARS-CoV serodiagnosis

Figure 3 Neutralization of SARS pseudovirus infection by
affinity-purified RBD-specific antibodies from the recovered
SARS patients. Infection of 293T/ACE2 cells by SARS pseudovirus
was determined in the presence of RBD-specific antibodies at a
series of 2-fold dilutions, and percent neutralization was calculated
for each sample.
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Potent and persistent antibody responses against
the receptor-binding domain of SARS-CoV spike
protein in recovered patients
Zhiliang Cao1†, Lifeng Liu2†, Lanying Du3, Chao Zhang1, Shibo Jiang3, Taisheng Li2*, Yuxian He1*

Abstract

Background: The spike (S) protein of SARS-CoV not only mediates receptor-binding but also induces neutralizing
antibodies. We previously identified the receptor-binding domain (RBD) of S protein as a major target of
neutralizing antibodies in animal models and thus proposed a RBD-based vaccine. However, the antigenicity and
immunogenicity of RBD in humans need to be characterized.

Results: Two panels of serum samples from recovered SARS patients were included and the antibody responses
against the RBD were measured by ELISA and micro-neutralization assays. We found that the RBD of S protein induced
potent antibody responses in the recovered SARS patients and RBD-specific antibodies could persist at high titers over
three year follow-up. Furthermore, affinity purified anti-RBD antibodies possessed robust neutralizing activity.

Conclusion: The RBD of SARS-CoV is highly immunogenic in humans and mediates protective responses and RBD-
based vaccines and diagnostic approaches can be further developed.

Background
The global outbreak of severe acute respiratory syn-
drome (SARS), caused by a novel coronavirus (SARS-
CoV), resulted in more than 8,000 cases with a fatality
rate of about 10%. Impressively, the rapid spread of
SARS-CoV made a great impact on public health and
social-economic stability. It is thought that SARS-CoV
might originate from its natural reservoir bats and trans-
mit to humans through an intermediate such as palm
civets and raccoon dogs, and no one can exclude the
possibility of its recurrence [1].
SARS-CoV is an enveloped positive-stranded RNA

virus and its “crown"-like spike (S) protein has two
major biological functions: 1) mediating receptor (angio-
tensin converting enzyme 2, ACE2) binding and mem-
brane fusion; 2) inducing neutralizing antibody
responses [2,3]. The S protein was considered as an

important target for developing diagnostics, vaccines
and therapeutics [4-12]. The receptor-binding domain
(RBD) of S protein was defined as a fragment corre-
sponding to the residues 318 - 510 of the S protein,
which mediates viral binding to cell receptor ACE2
[13-15]. Coincidently, we identified the RBD as a major
target of neutralizing antibodies [16-19], and proposed it
as an ideal vaccine antigen for clinical application
[20-22]. The immunogenicity and protective efficacy of
RBD-based vaccine candidates have been evaluated in
animal models [17,23-25]. However, the antigenicity and
immunogenicity of RBD in humans need to be charac-
terized in detail toward developing the RBD-based vac-
cines and diagnostics. In this short communication, we
found that patients recovered from SARS developed
potent and persistent RBD-specific antibody responses,
highlighting the potentials of clinical applications of
RBD-based vaccines and diagnostics.

Materials and methods
Serum samples from SARS patients
Two panels of serum samples from the recovered SARS
patients were used in this study. The first panel of 35
samples were leftover from the previous study [12],
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. 
       1 M  F  V  F  L  V  L  L  P  L  V  S  S  Q  C  V  N  L  T  T   
       1 ATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAACC 
      21 R  T  Q  L  P  P  A  Y  T  N  S  F  T  R  G  V  Y  Y  P  D   
      61 AGAACTCAATTACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGAC 
      41 K  V  F  R  S  S  V  L  H  S  T  Q  D  L  F  L  P  F  F  S   
     121 AAAGTTTTCAGATCCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCC 
      61 N  V  T  W  F  H  A  I  H  V  S  G  T  N  G  T  K  R  F  D   
     181 AATGTTACTTGGTTCCATGCTATACATGTCTCTGGGACCAATGGTACTAAGAGGTTTGAT 
      81 N  P  V  L  P  F  N  D  G  V  Y  F  A  S  T  E  K  S  N  I   
     241 AACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCACTGAGAAGTCTAACATA 
     101 I  R  G  W  I  F  G  T  T  L  D  S  K  T  Q  S  L  L  I  V   
     301 ATAAGAGGCTGGATTTTTGGTACTACTTTAGATTCGAAGACCCAGTCCCTACTTATTGTT 
     121 N  N  A  T  N  V  V  I  K  V  C  E  F  Q  F  C  N  D  P  F   
     361 AATAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTT 
     141 L  G  V  Y  Y  H  K  N  N  K  S  W  M  E  S  E  F  R  V  Y   
     421 TTGGGTGTTTATTACCACAAAAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTAT 
     161 S  S  A  N  N  C  T  F  E  Y  V  S  Q  P  F  L  M  D  L  E   
     481 TCTAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAA 
     181 G  K  Q  G  N  F  K  N  L  R  E  F  V  F  K  N  I  D  G  Y   
     541 GGAAAACAGGGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGGTTAT 
     201 F  K  I  Y  S  K  H  T  P  I  N  L  V  R  D  L  P  Q  G  F   
     601 TTTAAAATATATTCTAAGCACACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGTTTT 
     221 S  A  L  E  P  L  V  D  L  P  I  G  I  N  I  T  R  F  Q  T   
     661 TCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGTTTCAAACT 
     241 L  L  A  L  H  R  S  Y  L  T  P  G  D  S  S  S  G  W  T  A   
     721 TTACTTGCTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAGCT 
     261 G  A  A  A  Y  Y  V  G  Y  L  Q  P  R  T  F  L  L  K  Y  N   
     781 GGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAAT 
     281 E  N  G  T  I  T  D  A  V  D  C  A  L  D  P  L  S  E  T  K   
     841 GAAAATGGAACCATTACAGATGCTGTAGACTGTGCACTTGACCCTCTCTCAGAAACAAAG 
     301 C  T  L  K  S  F  T  V  E  K  G  I  Y  Q  T  S  N  F  R  V   
     901 TGTACGTTGAAATCCTTCACTGTAGAAAAAGGAATCTATCAAACTTCTAACTTTAGAGTC 
     321 Q  P  T  E  S  I  V  R  F  P  N  I  T  N  L  C  P  F  G  E   
     961 CAACCAACAGAATCTATTGTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAA 
     341 V  F  N  A  T  R  F  A  S  V  Y  A  W  N  R  K  R  I  S  N   
    1021 GTTTTTAACGCCACCAGATTTGCATCTGTTTATGCTTGGAACAGGAAGAGAATCAGCAAC 
     361 C  V  A  D  Y  S  V  L  Y  N  S  A  S  F  S  T  F  K  C  Y   
    1081 TGTGTTGCTGATTATTCTGTCCTATATAATTCCGCATCATTTTCCACTTTTAAGTGTTAT 
     381 G  V  S  P  T  K  L  N  D  L  C  F  T  N  V  Y  A  D  S  F   
    1141 GGAGTGTCTCCTACTAAATTAAATGATCTCTGCTTTACTAATGTCTATGCAGATTCATTT 
     401 V  I  R  G  D  E  V  R  Q  I  A  P  G  Q  T  G  K  I  A  D   
    1201 GTAATTAGAGGTGATGAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAAGATTGCTGAT 
     421 Y  N  Y  K  L  P  D  D  F  T  G  C  V  I  A  W  N  S  N  N   
    1261 TATAATTATAAATTACCAGATGATTTTACAGGCTGCGTTATAGCTTGGAATTCTAACAAT 
     441 L  D  S  K  V  G  G  N  Y  N  Y  L  Y  R  L  F  R  K  S  N   
    1321 CTTGATTCTAAGGTTGGTGGTAATTATAATTACCTGTATAGATTGTTTAGGAAGTCTAAT 
     461 L  K  P  F  E  R  D  I  S  T  E  I  Y  Q  A  G  S  T  P  C   
    1381 CTCAAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCAGGCCGGTAGCACACCTTGT 
     481 N  G  V  E  G  F  N  C  Y  F  P  L  Q  S  Y  G  F  Q  P  T   
    1441 AATGGTGTTGAAGGTTTTAATTGTTACTTTCCTTTACAATCATATGGTTTCCAACCCACT 
     501 N  G  V  G  Y  Q  P  Y  R  V  V  V  L  S  F  E  L  L  H  A   
    1501 AATGGTGTTGGTTACCAACCATACAGAGTAGTAGTACTTTCTTTTGAACTTCTACATGCA 
     521 P  A  T  V  C  G  P  K  K  S  T  N  L  V  K  N  K  C  V  N   
    1561 CCAGCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAATGTGTCAAT 
     541 F  N  F  N  G  L  T  G  T  G  V  L  T  E  S  N  K  K  F  L   
    1621 TTCAACTTCAATGGTTTAACAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTTTCTG 
     561 P  F  Q  Q  F  G  R  D  I  A  D  T  T  D  A  V  R  D  P  Q   
    1681 CCTTTCCAACAATTTGGCAGAGACATTGCTGACACTACTGATGCTGTCCGTGATCCACAG 
     581 T  L  E  I  L  D  I  T  P  C  S  F  G  G  V  S  V  I  T  P   
    1741 ACACTTGAGATTCTTGACATTACACCATGTTCTTTTGGTGGTGTCAGTGTTATAACACCA 

    1201 Q  E  L  G  K  Y  E  Q  Y  I  K  W  P  W  Y  I  W  L  G  F   
    3601 CAAGAACTTGGAAAGTATGAGCAGTATATAAAATGGCCATGGTACATTTGGCTAGGTTTT 
    1221 I  A  G  L  I  A  I  V  M  V  T  I  M  L  C  C  M  T  S  C   
    3661 ATAGCTGGCTTGATTGCCATAGTAATGGTGACAATTATGCTTTGCTGTATGACCAGTTGC 
    1241 C  S  C  L  K  G  C  C  S  C  G  S  C  C  K  F  D  E  D  D   
    3721 TGTAGTTGTCTCAAGGGCTGTTGTTCTTGTGGATCCTGCTGCAAATTTGATGAAGACGAC 
    1261 S  E  P  V  L  K  G  V  K  L  H  Y  T  *   
    3781 TCTGAGCCAGTGCTCAAAGGAGTCAAATTACATTACACATAA 
 
 
 
GISAID: dados de fevereiro de 2021 (02/05) a partir de 360.893 genomas 
de SARS-CoV-2 elevada qualidade (partindo de 458.677 genomas SARS-CoV02 
depositados no GISAID) considerados nas análises de fevereiro: a mutação 
missense K417T ocorreu em vários genomas de SARS-CoV-2 do Brasil. 
 
 
De acordo com Cobertt et al 2020, para explicar a mutação 2P eles citam 
o trabalho de Pallesen 2017 
 

Pallessen et al 2017 (PNAS - E7348–E7357) mostraram que por meio de duas mutações 
na proteína spike de MERS, conhecida como 2P (2 prolinas) retém a proteina na 
conformação prefusão, bem como mantem a capacidade de ligar ao receptor (DPP4) e de 
induzir a formação de anticorpos neutralizantes. 
 
Os autores compararam ainda com outros coronavirus e mostrarm que em SARS-Cov-1 
esse domínio é KV e nós observamos que essa mesma sequência está presente em SARS-
CoV-2. 
 
A estratégia para realizar duas mutações missense pela adição de 2 prolinas em proteínas 
virais importantes para a produção de vacina foi mostrado para o virus HIV para uma das 
subunidades da proteína ENV (Sanders et al 2002). JOURNAL OF VIROLOGY, Sept. 
2002, p. 8875–8889. 
 

 
 
Two consecutive proline substitutions at residues V1060 and L1061 (hereafter referred 
to as “2P”) resulted in a >50-fold improvement in yield. 
 

subunits, S1 and S2 (13). The S1 subunit contains the receptor-
binding domain (RBD), which recognizes the host-cell receptor
DPP4 (CD26) (14–16). The S2 subunit contains the fusion
peptide, two heptad repeats, and a transmembrane domain, all
of which are required to mediate fusion of the viral and host-cell
membranes by undergoing a large conformational rearrange-
ment. The S1 and S2 subunits trimerize to form a large prefusion
spike (∼600 kDa) with ∼25 N-linked glycans per monomer.
Recent cryo-EM structures of trimeric prefusion S protein
ectodomains from murine hepatitis virus (MHV), HCoV-HKU1,
and HCoV-NL63 have revealed an overall mushroom-like ar-
chitecture, with three identical S1 subunits forming an in-
terwoven cap that rests atop the spring-loaded S2 stem (17–19).
Interestingly, in this conformation the RBDs at the C terminus of
S1 are not accessible for receptor binding, suggesting that a
conformational change is required to expose the RBDs. Re-
cently, a partial cryo-EM structure of the SARS-CoV S protein
ectodomain was obtained that contained one of the three RBDs
rotated into a receptor-accessible conformation (20). This con-
figuration of the trimer may represent an initial intermediate
state, although many questions remain unanswered, such as why
only one of the RBDs is rotated.
As the primary glycoprotein on the surface of the viral enve-

lope, S proteins are the major target of neutralizing antibodies
elicited by natural infection and are key antigens in experimental
vaccine candidates (11, 21, 22). However, the S protein ectodo-
main from MERS-CoV is less stable and more difficult to pro-
duce than other S proteins, and soluble constructs of the RBD
have been the main focus of structural studies (14, 16), antibody
isolation efforts (21, 23–25), and subunit vaccine development
(26). A drawback of this approach is that coronaviruses can
readily generate antibody-escape mutations in the RBD (23, 27,
28). Thus, the use of a mixture of antibodies, including some
directed against non-RBD epitopes, is a preferred strategy (29)
and has been used successfully for the treatment of Ebola virus

disease (30). However, due to the difficulty in producing prefusion-
stabilizedMERS-CoV S proteins, few non-RBD antibodies have been
described, and less is known about their epitopes. Antibodies against
the prefusion conformation of the S2 stem are particularly attractive
because the stem is more conserved than the S1 cap. Therefore, the
ability to produce prefusion-stabilized S protein ectodomains from
highly pathogenic coronaviruses, combined with the structural char-
acterization of non-RBD epitopes that are recognized by potent
neutralizing antibodies (31), would greatly facilitate the development
of broadly protective interventions for current and emerging corona-
viruses. Similar approaches are currently being developed for HIV-
1 and influenza (32–34). Notably, the identification of stem-directed
antibodies against influenza HA (35) represented a paradigm shift in
the approach to develop a universal influenza vaccine, with recent
studies demonstrating substantial promise (33, 34).
In this study, we rationally designed a general strategy to retain

betacoronavirus S proteins in the prefusion conformation. The pre-
fusion-stabilized MERS-CoV S protein (MERS S-2P) retained high-
affinity binding to its dimeric receptor DPP4 and a panel of neu-
tralizing antibodies, and elicited high titers of neutralizing antibodies
in mice. The MERS S-2P construct also facilitated single-particle
cryo-EM studies on a complex with G4, the first identified MERS-
CoV S2-directed antibody (31). G4 was isolated from immunized
mice and shown to be neutralizing, yet its epitope on S2 was un-
known. The structures revealed that G4 recognizes the membrane-
proximal surface of a variable, glycosylated loop in the S2 connector
domain and avoids the glycosylation via its angle of approach, which
is directed up from the viral membrane. The structures also defined
four configurations of the trimer apex that represent the receptor-
inaccessible ground state and three receptor-accessible intermediates.
Collectively, these results advance our understanding of MERS-CoV
entry and antibody-mediated neutralization and provide a founda-
tion for the structure-based design of vaccine antigens for highly
pathogenic coronaviruses, including those expected to emerge in
the future.

Fig. 1. Structure-based engineering of MERS-CoV and SARS-CoV S proteins. (A) Domain architecture of the HCoV-HKU1 S protein and sequence alignment of the
helix-turn-helix between heptad repeat 1 (HR1) and the central helix (CH). The two residues colored red are those mutated to proline to retain S2 in the prefusion
conformation. FP, fusion peptide; HR2, heptad repeat 2; TM, transmembrane domain. (B) Structure of HCoV-HKU1 S2. Residues shown in sticks in magnified region
are those mutated to proline in the 2P variants. (C) Gel-filtration profiles of WT (dashed lines) and 2P-engineered (solid lines) S protein ectodomains fromMERS-CoV
(blue) and SARS-CoV (red). Each protein was produced from a 1-L transient transfection. All four proteins were expressed with a C-terminal T4 fibritin trimerization
domain. The S1/S2 furin site was mutated in MERS S-WT and MERS S-2P. (D) Two-dimensional class averages of negative stained MERS S-WT, MERS S-2P, SARS S-WT,
and SARS S-2P. All particles are included. For WT constructs both the prefusion (blue boxes) and postfusion (red boxes) conformations are visible, whereas for the 2P
mutants only the prefusion conformation is observed.
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Figure 1. Antibody Responses after mRNA-1273 Vaccination in Rhesus Macaques.

Animals were administered phosphate-buffered saline (PBS) as a control or 10 µg or 100 µg of mRNA-1273. Serum specimens were as-
sessed for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S-specific IgG by enzyme-linked immunosorbent assay (ELISA) 
(Panel A) and SARS-CoV-2 pseudovirus neutralization (Panel B) at all time points after the first and second vaccinations. Data in Panel 
A are the area under the curve (AUC) and indicate the amount of IgG binding to S-2P over time, and data in Panel B are the reciprocal 
50% inhibitory dilution (ID50). Faint lines in Panels A and B represent individual animals, and bold lines represent the geometric mean 
titer for each group. S-specific IgG (Panel C), pseudovirus neutralization (Panel D), inhibition of angiotensin-converting enzyme 2 
(ACE2) binding to the receptor-binding domain (RBD) (Panel E), and live-virus neutralization by NanoLuc reporter assay (Promega) 
(Panel F) were assessed at 4 weeks after the second vaccination, immediately before challenge. Results were compared with the anti-
body responses in a panel of human convalescent-phase serum specimens (Conv.) (42 specimens in Panels C, D, and E and 26 speci-
mens in Panel F). In Panel E, the amount of signal emitted in wells containing no specimen was used as the maximal binding response 
against which each factor reduction was measured. In the box-and-whisker plots, the horizontal line indicates the median, the top and 
bottom of the box the interquartile range, and the whiskers the range. Symbols represent individual animals and overlap with one anoth-
er for equal values where constrained. Dashed lines indicate the assay limit of detection.
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Animals were administered phosphate-buffered saline (PBS) as a control or 10 µg or 100 µg of mRNA-1273. Serum specimens were as-
sessed for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S-specific IgG by enzyme-linked immunosorbent assay (ELISA) 
(Panel A) and SARS-CoV-2 pseudovirus neutralization (Panel B) at all time points after the first and second vaccinations. Data in Panel 
A are the area under the curve (AUC) and indicate the amount of IgG binding to S-2P over time, and data in Panel B are the reciprocal 
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titer for each group. S-specific IgG (Panel C), pseudovirus neutralization (Panel D), inhibition of angiotensin-converting enzyme 2 
(ACE2) binding to the receptor-binding domain (RBD) (Panel E), and live-virus neutralization by NanoLuc reporter assay (Promega) 
(Panel F) were assessed at 4 weeks after the second vaccination, immediately before challenge. Results were compared with the anti-
body responses in a panel of human convalescent-phase serum specimens (Conv.) (42 specimens in Panels C, D, and E and 26 speci-
mens in Panel F). In Panel E, the amount of signal emitted in wells containing no specimen was used as the maximal binding response 
against which each factor reduction was measured. In the box-and-whisker plots, the horizontal line indicates the median, the top and 
bottom of the box the interquartile range, and the whiskers the range. Symbols represent individual animals and overlap with one anoth-
er for equal values where constrained. Dashed lines indicate the assay limit of detection.
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Animals were administered phosphate-buffered saline (PBS) as a control or 10 µg or 100 µg of mRNA-1273. Serum specimens were as-
sessed for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S-specific IgG by enzyme-linked immunosorbent assay (ELISA) 
(Panel A) and SARS-CoV-2 pseudovirus neutralization (Panel B) at all time points after the first and second vaccinations. Data in Panel 
A are the area under the curve (AUC) and indicate the amount of IgG binding to S-2P over time, and data in Panel B are the reciprocal 
50% inhibitory dilution (ID50). Faint lines in Panels A and B represent individual animals, and bold lines represent the geometric mean 
titer for each group. S-specific IgG (Panel C), pseudovirus neutralization (Panel D), inhibition of angiotensin-converting enzyme 2 
(ACE2) binding to the receptor-binding domain (RBD) (Panel E), and live-virus neutralization by NanoLuc reporter assay (Promega) 
(Panel F) were assessed at 4 weeks after the second vaccination, immediately before challenge. Results were compared with the anti-
body responses in a panel of human convalescent-phase serum specimens (Conv.) (42 specimens in Panels C, D, and E and 26 speci-
mens in Panel F). In Panel E, the amount of signal emitted in wells containing no specimen was used as the maximal binding response 
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Figure 1. Antibody Responses after mRNA-1273 Vaccination in Rhesus Macaques.

Animals were administered phosphate-buffered saline (PBS) as a control or 10 µg or 100 µg of mRNA-1273. Serum specimens were as-
sessed for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S-specific IgG by enzyme-linked immunosorbent assay (ELISA) 
(Panel A) and SARS-CoV-2 pseudovirus neutralization (Panel B) at all time points after the first and second vaccinations. Data in Panel 
A are the area under the curve (AUC) and indicate the amount of IgG binding to S-2P over time, and data in Panel B are the reciprocal 
50% inhibitory dilution (ID50). Faint lines in Panels A and B represent individual animals, and bold lines represent the geometric mean 
titer for each group. S-specific IgG (Panel C), pseudovirus neutralization (Panel D), inhibition of angiotensin-converting enzyme 2 
(ACE2) binding to the receptor-binding domain (RBD) (Panel E), and live-virus neutralization by NanoLuc reporter assay (Promega) 
(Panel F) were assessed at 4 weeks after the second vaccination, immediately before challenge. Results were compared with the anti-
body responses in a panel of human convalescent-phase serum specimens (Conv.) (42 specimens in Panels C, D, and E and 26 speci-
mens in Panel F). In Panel E, the amount of signal emitted in wells containing no specimen was used as the maximal binding response 
against which each factor reduction was measured. In the box-and-whisker plots, the horizontal line indicates the median, the top and 
bottom of the box the interquartile range, and the whiskers the range. Symbols represent individual animals and overlap with one anoth-
er for equal values where constrained. Dashed lines indicate the assay limit of detection.
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was noted 4 weeks after the second vaccination; 
four of eight animals in the 10-µg dose group 
and seven of seven animals in the 100-µg dose 
group (one animal in this group could not be 
evaluated for technical reasons) had Th1 re-
sponses. Th1 response levels were higher in the 
100-µg dose group than in the control group or 
in the 10-µg dose group. Even at the 10-µg dose, 
Th1 responses were higher than in the control 
group (Fig. 2A). In contrast, Th2 responses were 
low to undetectable in both vaccine dose groups 
(Fig. 2B). CD8 T-cell responses were also low to 
undetectable after mRNA-1273 vaccination.

We extended the analysis of CD4 T-cell re-
sponses, given their importance in regulating 

antibody responses. CD40L is a cell-surface mark-
er expressed after CD4 T-cell activation that 
mediates B-cell activation for efficient isotype 
switching; three of eight animals in the 10-µg 
dose group and seven of seven animals in the 
100-µg dose group had S-specific CD40L+ CD4 
T-cell responses, and 100 µg of mRNA-1273 in-
duced greater responses than the PBS control 
(Fig. 2C). Since nucleoside-modified RNA vac-
cines encoding various viral antigens have been 
shown to induce robust antibody responses in 
nonhuman primates in association with increased 
CD4 T follicular helper (Tfh) cells,30 we measured 
interleukin-21, the canonical cytokine produced 
by Tfh cells. Tfh cells are critical for the forma-

Figure 2. T-Cell Responses after mRNA-1273 Vaccination in Rhesus Macaques.

Intracellular staining was performed on peripheral blood mononuclear cells at 8 weeks, immediately before challenge, to assess T-cell
 responses to the SARS-CoV-2 S1 peptide pool. Panel A shows type 1 helper T-cell (Th1) responses (interferon-γ, interleukin-2, or tumor 
necrosis factor α), Panel B Th2 responses (interleukin-4 or 13), Panel C CD40L up-regulation, and Panel D interleukin-21 from peripheral 
follicular helper T (Tfh) cells (central memory CXCR5+PD-1+ICOS+ CD4 T cells). Positivity with respect to intracellular cytokine respons-
es was determined with the MIMOSA algorithm; numbers of animals positive and total numbers of animals are shown as fractions be-
low each group. In the box-and-whisker plots, the horizontal line indicates the median, the top and bottom of the box the interquartile 
range, and the whiskers the range. Open symbols represent animals with a probable nonresponse, and solid symbols represent animals 
with a probable response. Dashed lines are used to highlight 0.0%.
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Th1 responses were higher than in the control 
group (Fig. 2A). In contrast, Th2 responses were 
low to undetectable in both vaccine dose groups 
(Fig. 2B). CD8 T-cell responses were also low to 
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 responses to the SARS-CoV-2 S1 peptide pool. Panel A shows type 1 helper T-cell (Th1) responses (interferon-γ, interleukin-2, or tumor 
necrosis factor α), Panel B Th2 responses (interleukin-4 or 13), Panel C CD40L up-regulation, and Panel D interleukin-21 from peripheral 
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low each group. In the box-and-whisker plots, the horizontal line indicates the median, the top and bottom of the box the interquartile 
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Vaccine against SARS-CoV-2 in Nonhuman Primates

R esult s

Antibody Responses after mRNA-1273 
Vaccination

First, we evaluated temporal SARS-CoV-2 S-2P–
specific antibody responses after vaccination. IgG 
binding to the conformationally defined prefu-
sion S-2P protein25,26 was increased over baseline 
in a dose-dependent manner after two vaccina-
tions, reaching an area under the curve of 8241 
and 36,186 by 4 weeks after the second vaccina-
tion with 10 and 100 µg of mRNA-1273, respec-
tively (Fig. 1A). Similarly, there was a dose-depen-
dent increase in neutralizing activity measured 
with a pseudotyped lentivirus reporter. Animals 
vaccinated with 10 µg of mRNA-1273 had a recip-
rocal 50% inhibitory dilution (ID50) geometric 
mean titer (GMT) of 63 at 4 weeks after the first 
vaccination, which increased to 103 by 4 weeks 
after the second vaccination. Neutralizing activ-
ity at 4 weeks after the first vaccination in animals 
that received 100 µg (GMT, 305) was 5 times that 
seen at the lower dose and rose to a GMT of 1862 
after the second vaccination (Fig. 1B). The S-spe-
cific IgG binding (Fig. 1C) and neutralizing GMT 
(Fig. 1D) elicited by vaccination with 100 µg of 
mRNA-1273 at 4 weeks after the second vaccina-
tion were 5 times and 15 times as high, respec-
tively, as in convalescent-phase serum specimens 
from a panel of 42 humans representing a full 
range of disease severity (see Supplementary Ap-
pendix 2).

We extended those analyses to assess anti-
body responses to specific domains of S and used 
two additional orthogonal in vitro approaches to 
measure functional viral inhibition. First, since 
a critical mechanism for productive infection in 
vivo is the interaction of the S receptor-binding 
domain with viral receptor ACE2, we explored 
antibodies against this target of vulnerability. 
We determined whether serum from mRNA-1273–
vaccinated animals could bind the receptor-bind-
ing domain in ELISA or inhibit binding to ACE2. 
Indeed, mRNA-1273–vaccinated nonhuman pri-
mates produced more potent receptor-binding do-
main–specific serum antibodies than were seen in 
convalescent-phase human serum specimens 
(Fig. S2A). Moreover, serum from animals in the 
100-µg dose group had inhibition of ACE2 bind-
ing to the receptor-binding domain that was 938 
times as high as that in serum from animals in 

the control group and 348 times as high as that 
in human convalescent-phase serum (Fig. 1E).

Binding to the N-terminal domain of S1 was 
then assessed, because a potential major benefit 
of targeting domains other than the receptor-
binding domain is to establish a polyclonal an-
tibody response that recognizes multiple func-
tional S domains to achieve inhibition of viral 
attachment,27-31 additive neutralizing activity,32 
and postattachment fusion inhibition.33 Target-
ing multiple epitopes may also mitigate the pos-
sibility of immune escape by antigenic drift.27 
Here, mRNA-1273 elicited more S1 N-terminal 
domain–specific antibody responses than human 
convalescent-phase serum (Fig. S2B). Lastly, neu-
tralizing activity was measured with a live 
SARS-CoV-2 reporter virus. Animals vaccinated 
with 10 or 100 µg of mRNA-1273 had reciprocal 
ID50 GMTs of 501 and 3481, respectively, values 
that are 12 times and 84 times as high, respec-
tively, as in human convalescent-phase serum 
(Fig. 1F). These data show that mRNA-1273 in-
duced robust S-specific antibody responses, tar-
geting both the receptor-binding domain and the 
N-terminal subdomains of S1 with potent neu-
tralizing capacity.

T-Cell Responses after mRNA-1273 Vaccination
SARS-CoV-2–specific T-cell immunity may have a 
role in pathogenesis or protection against SARS-
CoV-2 and can influence the humoral immune 
response.34-36 Activated CD4 T cells are critical for 
B-cell activation and antibody production and can 
be segregated into functional subsets on the basis 
of their production of specific cytokines. The 
induction of CD4 type 2 helper T-cell (Th2) (in-
terleukin-4, -5, or -13) responses has been asso-
ciated with vaccine-associated enhanced respira-
tory disease (VAERD), as seen in some patients 
with respiratory virus infections, such as respi-
ratory syncytial virus infection and measles,19,20 
as well as in animal models of Middle East re-
spiratory syndrome coronavirus (MERS-CoV).21 
VAERD is generally not observed when a CD4 Th1 
(interferon-γ, interleukin-2, tumor necrosis factor 
α) response occurs in the absence of a Th2 re-
sponse.35,37-39 Thus, we used 19-color multiparam-
eter flow cytometry to assess the functional het-
erogeneity of S-specific CD4 and CD8 T-cell 
cytokine responses after mRNA-1273 vaccination.

A dose-dependent increase in Th1 responses 
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BACKGROUND
Vaccines are needed to prevent coronavirus disease 2019 (Covid-19) and to protect 
persons who are at high risk for complications. The mRNA-1273 vaccine is a lipid 
nanoparticle–encapsulated mRNA-based vaccine that encodes the prefusion stabi-
lized full-length spike protein of the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), the virus that causes Covid-19.

METHODS
This phase 3 randomized, observer-blinded, placebo-controlled trial was conducted 
at 99 centers across the United States. Persons at high risk for SARS-CoV-2 infec-
tion or its complications were randomly assigned in a 1:1 ratio to receive two intra-
muscular injections of mRNA-1273 (100 µg) or placebo 28 days apart. The pri-
mary end point was prevention of Covid-19 illness with onset at least 14 days after 
the second injection in participants who had not previously been infected with 
SARS-CoV-2.

RESULTS
The trial enrolled 30,420 volunteers who were randomly assigned in a 1:1 ratio to 
receive either vaccine or placebo (15,210 participants in each group). More than 
96% of participants received both injections, and 2.2% had evidence (serologic, 
virologic, or both) of SARS-CoV-2 infection at baseline. Symptomatic Covid-19 ill-
ness was confirmed in 185 participants in the placebo group (56.5 per 1000 person-
years; 95% confidence interval [CI], 48.7 to 65.3) and in 11 participants in the mRNA-
1273 group (3.3 per 1000 person-years; 95% CI, 1.7 to 6.0); vaccine efficacy was 
94.1% (95% CI, 89.3 to 96.8%; P<0.001). Efficacy was similar across key secondary 
analyses, including assessment 14 days after the first dose, analyses that included 
participants who had evidence of SARS-CoV-2 infection at baseline, and analyses 
in participants 65 years of age or older. Severe Covid-19 occurred in 30 partici-
pants, with one fatality; all 30 were in the placebo group. Moderate, transient re-
actogenicity after vaccination occurred more frequently in the mRNA-1273 group. 
Serious adverse events were rare, and the incidence was similar in the two groups.

CONCLUSIONS
The mRNA-1273 vaccine showed 94.1% efficacy at preventing Covid-19 illness, 
including severe disease. Aside from transient local and systemic reactions, no 
safety concerns were identified. (Funded by the Biomedical Advanced Research 
and Development Authority and the National Institute of Allergy and Infectious 
Diseases; COVE ClinicalTrials.gov number, NCT04470427.)

A BS TR AC T

Efficacy and Safety of the mRNA-1273 
SARS-CoV-2 Vaccine

L.R. Baden, H.M. El Sahly, B. Essink, K. Kotloff, S. Frey, R. Novak, D. Diemert, 
S.A. Spector, N. Rouphael, C.B. Creech, J. McGettigan, S. Khetan, N. Segall, 

J. Solis, A. Brosz, C. Fierro, H. Schwartz, K. Neuzil, L. Corey, P. Gilbert, H. Janes, 
D. Follmann, M. Marovich, J. Mascola, L. Polakowski, J. Ledgerwood, 

B.S. Graham, H. Bennett, R. Pajon, C. Knightly, B. Leav, W. Deng, H. Zhou, 
S. Han, M. Ivarsson, J. Miller, and T. Zaks, for the COVE Study Group*  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org by Aparecida Fontes on January 2, 2021. For personal use only. No other uses without permission. 

 Copyright © 2020 Massachusetts Medical Society. All rights reserved. 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med   nejm.org 1

The authors’ full names, academic de-
grees, and affiliations are listed in the 
Appendix. Address reprint requests to 
Dr. El Sahly at the Departments of Molec-
ular Virology and Microbiology and Medi-
cine, 1 Baylor Plaza, BCM-MS280, Houston, 
TX 77030, or at  hana . elsahly@  bcm . edu; 
or to Dr. Baden at the Division of Infec-
tious Diseases, Brigham and Women’s 
Hospital, 15 Francis St., PBB-A4, Boston, 
MA 02115, or at lbaden@bwh.harvard.edu.

*A complete list of members of the COVE 
Study Group is provided in the Supple-
mentary Appendix, available at NEJM.org.

Drs. Baden and El Sahly contributed equal-
ly to this article.

This article was published on December 30, 
2020, at NEJM.org.

DOI: 10.1056/NEJMoa2035389
Copyright © 2020 Massachusetts Medical Society.

BACKGROUND
Vaccines are needed to prevent coronavirus disease 2019 (Covid-19) and to protect 
persons who are at high risk for complications. The mRNA-1273 vaccine is a lipid 
nanoparticle–encapsulated mRNA-based vaccine that encodes the prefusion stabi-
lized full-length spike protein of the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), the virus that causes Covid-19.

METHODS
This phase 3 randomized, observer-blinded, placebo-controlled trial was conducted 
at 99 centers across the United States. Persons at high risk for SARS-CoV-2 infec-
tion or its complications were randomly assigned in a 1:1 ratio to receive two intra-
muscular injections of mRNA-1273 (100 µg) or placebo 28 days apart. The pri-
mary end point was prevention of Covid-19 illness with onset at least 14 days after 
the second injection in participants who had not previously been infected with 
SARS-CoV-2.

RESULTS
The trial enrolled 30,420 volunteers who were randomly assigned in a 1:1 ratio to 
receive either vaccine or placebo (15,210 participants in each group). More than 
96% of participants received both injections, and 2.2% had evidence (serologic, 
virologic, or both) of SARS-CoV-2 infection at baseline. Symptomatic Covid-19 ill-
ness was confirmed in 185 participants in the placebo group (56.5 per 1000 person-
years; 95% confidence interval [CI], 48.7 to 65.3) and in 11 participants in the mRNA-
1273 group (3.3 per 1000 person-years; 95% CI, 1.7 to 6.0); vaccine efficacy was 
94.1% (95% CI, 89.3 to 96.8%; P<0.001). Efficacy was similar across key secondary 
analyses, including assessment 14 days after the first dose, analyses that included 
participants who had evidence of SARS-CoV-2 infection at baseline, and analyses 
in participants 65 years of age or older. Severe Covid-19 occurred in 30 partici-
pants, with one fatality; all 30 were in the placebo group. Moderate, transient re-
actogenicity after vaccination occurred more frequently in the mRNA-1273 group. 
Serious adverse events were rare, and the incidence was similar in the two groups.

CONCLUSIONS
The mRNA-1273 vaccine showed 94.1% efficacy at preventing Covid-19 illness, 
including severe disease. Aside from transient local and systemic reactions, no 
safety concerns were identified. (Funded by the Biomedical Advanced Research 
and Development Authority and the National Institute of Allergy and Infectious 
Diseases; COVE ClinicalTrials.gov number, NCT04470427.)

A BS TR AC T

Efficacy and Safety of the mRNA-1273 
SARS-CoV-2 Vaccine

L.R. Baden, H.M. El Sahly, B. Essink, K. Kotloff, S. Frey, R. Novak, D. Diemert, 
S.A. Spector, N. Rouphael, C.B. Creech, J. McGettigan, S. Khetan, N. Segall, 

J. Solis, A. Brosz, C. Fierro, H. Schwartz, K. Neuzil, L. Corey, P. Gilbert, H. Janes, 
D. Follmann, M. Marovich, J. Mascola, L. Polakowski, J. Ledgerwood, 

B.S. Graham, H. Bennett, R. Pajon, C. Knightly, B. Leav, W. Deng, H. Zhou, 
S. Han, M. Ivarsson, J. Miller, and T. Zaks, for the COVE Study Group*  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org by Aparecida Fontes on January 2, 2021. For personal use only. No other uses without permission. 

 Copyright © 2020 Massachusetts Medical Society. All rights reserved. 



Perguntas:
Quais os tamanhos das regiões 5’ UTR e 3’ UTR e suas
respectivas sequências?

mRNA com 3822 nt contendo a região codificadora completa, isto é, 
1273 aas da proteína spike e duas mutaçõesmissense nas

posições – K986 > P e V987 > P.

Conclusão:

Qual o tamanho da cauda poli A?



Spike completa5’UTR 3’UTR Poly (A) tail5’Cap

Construção da molécula de mRNA: similar à Moderna
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BNT162b vaccines protect rhesus macaques 
from SARS-CoV-2
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Matthew R. Gutman6, Jane A. Fontenot7, Shannan Hall-Ursone4, Kathleen Brasky4, 
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Deepak Kaushal4, Pei-Yong Shi8, Thorsten Klamp1, Corinna Rosenbaum1, Andreas N. Kuhn1, 
Özlem Türeci1, Philip R. Dormitzer2, Kathrin U. Jansen2 & Ugur Sahin1,5ಞᅒ

A safe and e!ective vaccine against COVID-19 is urgently needed in quantities  
that are su"cient to immunize large populations. Here we report the preclinical 
development of two vaccine candidates (BNT162b1 and BNT162b2) that contain 
nucleoside-modi#ed messenger RNA that encodes immunogens derived from the 
spike glycoprotein (S) of SARS-CoV-2, formulated in lipid nanoparticles. BNT162b1 
encodes a soluble, secreted trimerized receptor-binding domain (known as the  
RBD–foldon). BNT162b2 encodes the full-length transmembrane S glycoprotein, 
locked in its prefusion conformation by the substitution of two residues with proline 
(S(K986P/V987P); hereafter, S(P2) (also known as P2 S)). The %exibly tethered RBDs of 
the RBD–foldon bind to human ACE2 with high avidity. Approximately 20% of the 
S(P2) trimers are in the two-RBD ‘down’, one-RBD ‘up’ state. In mice, one intramuscular 
dose of either candidate vaccine elicits a dose-dependent antibody response with 
high virus-entry inhibition titres and strong T-helper-1 CD4+ and IFNγ+CD8+ T cell 
responses. Prime–boost vaccination of rhesus macaques (Macaca mulatta) with the 
BNT162b candidates elicits SARS-CoV-2-neutralizing geometric mean titres that are 
8.2–18.2× that of a panel of SARS-CoV-2-convalescent human sera. The vaccine 
candidates protect macaques against challenge with SARS-CoV-2; in particular, 
BNT162b2 protects the lower respiratory tract against the presence of viral RNA and 
shows no evidence of disease enhancement. Both candidates are being evaluated in 
phase I trials in Germany and the USA1–3, and BNT162b2 is being evaluated in an 
ongoing global phase II/III trial (NCT04380701 and NCT04368728).

Owing to the effects of the current pandemic of coronavirus dis-
ease 2019 (COVID-19) on human health and society, several collabo-
rative research programmes have been launched and have generated 
insights and progress in vaccine development. Soon after emerging in 
December 2019, SARS-CoV-2 was identified as a betacoronavirus with 
high sequence similarity to bat-derived SARS-like coronaviruses4,5. The 
fast availability of vaccines is critical in the pandemic, and the rapid 
globalized response is mirrored by the upload of over 212,000 viral 

genome sequences as of 23 November 2020 to the Global Initiative on 
Sharing All Influenza Data.

The trimeric S of SARS-CoV-2 is a key target for virus-neutralizing 
antibodies6 and the prime candidate for vaccine development. S binds 
its cellular receptor ACE2 through an RBD, which is part of S1 (the 
N-terminal furin cleavage fragment of S)7,8. On S, the RBDs are in ’up’ 
positions, in which the receptor-binding sites and their dense cluster 
of neutralizing epitopes are exposed, or in ‘down’ positions, in which 
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encodes a soluble, secreted trimerized receptor-binding domain (known as the  
RBD–foldon). BNT162b2 encodes the full-length transmembrane S glycoprotein, 
locked in its prefusion conformation by the substitution of two residues with proline 
(S(K986P/V987P); hereafter, S(P2) (also known as P2 S)). The %exibly tethered RBDs of 
the RBD–foldon bind to human ACE2 with high avidity. Approximately 20% of the 
S(P2) trimers are in the two-RBD ‘down’, one-RBD ‘up’ state. In mice, one intramuscular 
dose of either candidate vaccine elicits a dose-dependent antibody response with 
high virus-entry inhibition titres and strong T-helper-1 CD4+ and IFNγ+CD8+ T cell 
responses. Prime–boost vaccination of rhesus macaques (Macaca mulatta) with the 
BNT162b candidates elicits SARS-CoV-2-neutralizing geometric mean titres that are 
8.2–18.2× that of a panel of SARS-CoV-2-convalescent human sera. The vaccine 
candidates protect macaques against challenge with SARS-CoV-2; in particular, 
BNT162b2 protects the lower respiratory tract against the presence of viral RNA and 
shows no evidence of disease enhancement. Both candidates are being evaluated in 
phase I trials in Germany and the USA1–3, and BNT162b2 is being evaluated in an 
ongoing global phase II/III trial (NCT04380701 and NCT04368728).

Owing to the effects of the current pandemic of coronavirus dis-
ease 2019 (COVID-19) on human health and society, several collabo-
rative research programmes have been launched and have generated 
insights and progress in vaccine development. Soon after emerging in 
December 2019, SARS-CoV-2 was identified as a betacoronavirus with 
high sequence similarity to bat-derived SARS-like coronaviruses4,5. The 
fast availability of vaccines is critical in the pandemic, and the rapid 
globalized response is mirrored by the upload of over 212,000 viral 

genome sequences as of 23 November 2020 to the Global Initiative on 
Sharing All Influenza Data.

The trimeric S of SARS-CoV-2 is a key target for virus-neutralizing 
antibodies6 and the prime candidate for vaccine development. S binds 
its cellular receptor ACE2 through an RBD, which is part of S1 (the 
N-terminal furin cleavage fragment of S)7,8. On S, the RBDs are in ’up’ 
positions, in which the receptor-binding sites and their dense cluster 
of neutralizing epitopes are exposed, or in ‘down’ positions, in which 
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the receptor-binding sites are buried but some S neutralizing epitopes 
on and off the RBDs remain available9–12. S rearranges to translocate the 
virus into cells by membrane fusion9,13. The C-terminal furin cleavage 
fragment of S (S2) contains the fusion machinery14.

Messenger RNA (mRNA) technology allows the versatile design of 
vaccine antigens as well as highly scalable and fast manufacturing. With 
efficient lipid-nanoparticle-formulation processes, RNA vaccines are 
highly suited to the rapid development and supply needed during a 
pandemic15. RNA generated from DNA templates by a highly productive, 
cell-free in vitro transcription process is molecularly well-defined and 
free of materials of animal origin. Here we report the preclinical devel-
opment of lipid-nanoparticle-formulated, N1-methyl-pseudouridine 
(m1Ψ) nucleoside-modified mRNA (modRNA) BNT162b vaccine candi-
dates (BNT162b1 and BNT162b2) that encode immunogens derived from 
the S of SARS-CoV-2 (Fig. 1a). The m1Ψ modification dampens innate 
immune sensing and—together with optimized noncoding sequence 
elements—increases the efficiency of RNA translation in vivo16–18. Vac-
cines based on modRNA have proven to be immunogenic for several 
viral targets19,20.

Both of the BNT162b vaccines are being evaluated in phase I clini-
cal trials in the USA (NCT04368728) and Germany (NCT04380701, 
EudraCT: 2020-001038-36), and BNT162b2 is being evaluated in a global 
phase II/III safety and efficacy study1–3.

Construct design and analysis of expressed antigen
BNT162b1 RNA encodes the RBD with the SARS-CoV-2 S signal peptide 
fused to its N terminus (to enable endoplasmic reticulum transloca-
tion and secretion) and with the trimerization domain (foldon) of T4 
fibritin21 fused to its C terminus for multimeric display. BNT162b2 RNA 
encodes full-length S that is stabilized in the prefusion conformation 
by substitution of residues 986 and 987 to proline (that is, S(P2))10,22,23 
(Fig. 1a). The microfluidic capillary electrophoresis profiles of both 
of the RNAs show single sharp peaks that are consistent with their 
calculated lengths, indicating high purity and integrity (Fig. 1b). We 
detected robust expression of RBD–foldon or S(P2) by flow cytometry 
upon transfection of HEK293T cells with BNT162b1 RNA or BNT162b2 
RNA formulated as lipid nanoparticles or mixed with a transfection 
reagent, respectively (Extended Data Fig. 1a). In transfected cells, the 
BNT162b1-encoded RBD or BNT162b2-encoded S(P2) localized to the 
secretory pathway, as shown by immunofluorescence microscopy 
(Extended Data Fig. 1b). We performed western blot under denatur-
ing and non-denaturing conditions, and detected a main band of 
RBD-containing protein with an apparent molecular mass of more than 
75 kDa (together with lesser quantities of a faster-migrating species) in 
the medium of cells transfected with BNT162b1 RNA, consistent with 
the secretion of trimeric RBD–foldon (which has a predicted molecular 
mass of 88.4 kDa) (Extended Data Fig. 1c).

For further structural characterization, we expressed the RBD–
foldon and S(P2) antigens from DNA that corresponds to the RNA 
coding sequences. We purified the RBD–foldon from the medium 
of transfected Expi293F cells by affinity capture with the peptidase 
domain of ACE2 immobilized on agarose beads, which left little residual 
RBD–foldon uncaptured from the medium. We obtained evidence 
that the RBD–foldon has three RBDs flexibly tethered to a central hub 
using electron microscopy, which revealed a variety of conformations 
(Fig. 1c). The trimerized RBD bound to the peptidase domain of human 
ACE2 with an apparent KD of less than 5 pM, which is 1,000-fold the 
reported KD (5 nM) for monomeric RBD and is consistent with the avidity 
effect of multivalent binding that is enabled by the flexible tethering 
(Extended Data Fig. 1d). Although the flexibility of the RBD–foldon pre-
cluded direct structural analysis at high resolution, one RBD per trimer 
could be immobilized by binding to a complex of ACE2 and the B0AT1 
neutral amino acid transporter (which is chaperoned by ACE2) when 
that complex was in the previously reported closed conformation8 

(Fig. 1d). The size and symmetry of the RBD–foldon–ACE2–B0AT1 ter-
nary complex aided image reconstruction by cryo-electron microscopy 
(cryo-EM), and we determined the structure of the RBD in the complex 
to a resolution of 3.24 Å (Fig. 1e, Extended Data Table 1, Supplemen-
tary Fig. 2). One copy of the RBD was resolved for each bound trimer. 
The binding interface between the resolved RBD and the extracel-
lular domain of ACE2 was fitted to a previously reported structure7, 
and showed good agreement. The high-avidity binding to ACE2 and 
well-resolved structure in complex with ACE2 demonstrate that the 
recombinant RBD–foldon authentically presents the ACE2-binding 
site that is targeted by many SARS-CoV-2-neutralizing antibodies11,24.

We affinity-purified the trimeric S(P2) from detergent-solubilized 
protein via a C-terminal TwinStrep tag. S(P2) bound the peptidase 

a b

c d

f g

e

1,600 1,800 2,000 2,200
0

10,000

20,000

30,000

40,000

Time (s)

R
el

at
iv

e 
!u

or
es

ce
nc

e 
un

its

BNT162b2 RNA
BNT162b1 RNA

AAAA

Cap analogue

5′ UTR 3′ UTR

Poly(A) tail
RBD

S1 S2

S
 V987P 
K986P

BNT162b2 RNA

SP

AAAA

Cap analogue

5′ UTR 3′ UTR

Poly(A) tail

BNT162b1 RNA

SP FoldonRBD

R357
Y41 Q42

Q498/
N501

K353
H34

Y453
K417 D30

N487

Q24

RBD

ACE2

B0AT1B0AT1

ACE2

RBD

Fig. 1 | Vaccine design and characterization of the expressed antigens.  
a, Structure of BNT162b1 and BNT162b2 RNA. UTR, untranslated region; SP, 
signal peptide. The proline subsitutions of S(P2) (K986P and V897P) are 
indicated. b, Liquid capillary electropherograms of in vitro-transcribed 
BNT162b1 and BNT162b2 RNA. Peaks represent individual samples merged into 
one graph. c, Representative 2D class averages from electron microscopy of 
negatively stained RBD–foldon trimers. Box edge, 37 nm. d, Two-dimensional 
class average from cryo-EM of the ACE2–B0AT1–RBD–foldon trimer complex. 
Long box edge, 39.2 nm. Peripheral to the relatively well-defined density of 
each RBD domain bound to ACE2, there is diffuse density that we attribute to 
the remainder of the flexibly tethered RBD–foldon trimer. A detergent micelle 
forms the density at the end of the complex opposite the RBD–foldon.  
e, Density map of the ACE2–B0AT1–RBD–foldon trimer complex at 3.24 Å,  
after focused refinement of the ACE2 extracellular domain bound to a RBD 
monomer. Surface colour-coding is by subunit. The ribbon model refined to 
the density shows the RBD–ACE2 binding interface.Residues that potentially 
mediate polar interactions are labelled. f, A 3.29 Å cryo-EM map of S(P2) with 
fitted and refined atomic model, viewed down the threefold axis towards the 
membrane (left) and viewed perpendicular to the threefold axis (right). The 
map is coloured by protomer. g, Mass density map of TwinStrep-tagged S(P2) 
produced by 3D classification of images extracted from cryo-EM micrographs 
with no symmetry averaging, showing the class in the one-RBD-up and 
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revealed a high fraction of CD4+ and CD8+ T cells that produced IFNγ and 
CD8+ cells that produced IL-2, as shown by enzyme-linked immunospot 
assay (ELISpot) or intracellular-cytokine-staining flow cytometry analy-
sis after ex vivo restimulation with a full-length S peptide pool (Fig. 2c, 
Extended Data Fig. 4a, b). Total splenocytes collected on day 28 and 
restimulated with the full-length S peptide pool secreted high levels of 
the T-helper-1 (TH1) cytokines IL-2 or IFNγ, and minute or undetectable 
levels of the T-helper-2 (TH2) cytokines IL-4, IL-5 or IL-13, as measured 
in multiplex immunoassays (Fig. 2d). Overall, the patterns of CD4+ and 
CD8+ T cell responses were similar for the two vaccine candidates, with 
a somewhat stronger IFNγ-producing CD8+ T cell response in mice 
immunized with BNT162b2.

We assessed vaccine-induced effects on the proliferation and 
dynamics of immune-cell populations in injection-site draining 
lymph nodes (to evaluate the principal immune-educated compart-
ments for proficient T and B cell priming) as well as in blood and 
spleen (to evaluate systemic effects of the vaccines). We observed 
higher numbers of plasma cells, class-switched IgG1+ and IgG2a+ 
B cells, and germinal-centre B cells in draining lymph nodes, and 
higher numbers of class-switched IgG1+ and germinal-centre B cells in 
spleens of mice at 12 days after injection with 5 µg of either vaccine as 
compared to control (Extended Data Fig. 4c, d). Vaccine-immunized 
mice had significantly fewer circulating B cells than did control mice 
as measured in blood at day 7 after injection (Extended Data Fig. 4e), 
which may imply that B cell homing to lymphoid compartments 

contributed to augmented B cell counts in the draining lymph nodes 
and spleen.

The draining lymph nodes from BNT162b1- or BNT162b2-immunized 
mice also displayed significantly higher counts of CD8+ and CD4+ T cells 
(as compared to buffer-immunized mice) at 12 days after injection, which 
were most pronounced for T follicular helper (TFH) cells—including  
the ICOS+ subsets that are essential for the formation of germinal cen-
tres (Extended Data Fig. 4c). Both of the BNT162b vaccines increased TFH 
cell counts in the spleen and blood, whereas an increase in circulating 
CD8+ T cells was detected only in BNT162b2-immunized mice (Extended 
Data Fig. 4d, e). In aggregate, these data indicate a strong induction of 
SARS-CoV-2-pseudovirus neutralization titres and systemic CD8+ and 
TH1-driven CD4+ T-cell responses by both of the vaccine candidates, 
and a somewhat more-pronounced cellular response to BNT162b2.

BNT162b-elicted immunogenicity in macaques
To assess the immunogenicity of BNT162b1 and BNT162b2 in nonhu-
man primates, we intramuscularly injected groups of six macaques 
(male, 2–4 years old) with 30 or 100 µg of BNT162b1, BNT162b2 or 
saline control on day 0 (dose 1) and day 21 (dose 2). RBD-binding IgG 
was readily detectable by day 14 after dose 1, and levels had increased 
further 7 days after dose 2 (day 28) (Fig. 3a). On day 28, geometric mean 
concentrations of RBD-binding IgG were 20,962 units (U) ml−1 (at 30-µg 
dose level) and 48,575 U ml−1 (at 100-µg dose level) for BNT162b1, and 
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detection (LLOD) = 1.72 U ml−1). b, SARS-CoV-2 50% virus-neutralization titres 
(VNT50) (LLOD = 20). c, d, Peripheral blood mononuclear cells collected on 
days 0, 14, 28 and 42 after first injection of BNT162b2 were restimulated ex vivo 
with full-length S peptide mix. Arrows below the x-axis indicate the days of 
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or s.e.m. (c, d). Each symbol represents one macaque. Horizontal dashed line 
marks the LLOD. Values below the LLOD were set to 1/2 the LLOD.

286 | Nature | Vol 592 | 8 April 2021

Article

revealed a high fraction of CD4+ and CD8+ T cells that produced IFNγ and 
CD8+ cells that produced IL-2, as shown by enzyme-linked immunospot 
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as measured in blood at day 7 after injection (Extended Data Fig. 4e), 
which may imply that B cell homing to lymphoid compartments 

contributed to augmented B cell counts in the draining lymph nodes 
and spleen.

The draining lymph nodes from BNT162b1- or BNT162b2-immunized 
mice also displayed significantly higher counts of CD8+ and CD4+ T cells 
(as compared to buffer-immunized mice) at 12 days after injection, which 
were most pronounced for T follicular helper (TFH) cells—including  
the ICOS+ subsets that are essential for the formation of germinal cen-
tres (Extended Data Fig. 4c). Both of the BNT162b vaccines increased TFH 
cell counts in the spleen and blood, whereas an increase in circulating 
CD8+ T cells was detected only in BNT162b2-immunized mice (Extended 
Data Fig. 4d, e). In aggregate, these data indicate a strong induction of 
SARS-CoV-2-pseudovirus neutralization titres and systemic CD8+ and 
TH1-driven CD4+ T-cell responses by both of the vaccine candidates, 
and a somewhat more-pronounced cellular response to BNT162b2.

BNT162b-elicted immunogenicity in macaques
To assess the immunogenicity of BNT162b1 and BNT162b2 in nonhu-
man primates, we intramuscularly injected groups of six macaques 
(male, 2–4 years old) with 30 or 100 µg of BNT162b1, BNT162b2 or 
saline control on day 0 (dose 1) and day 21 (dose 2). RBD-binding IgG 
was readily detectable by day 14 after dose 1, and levels had increased 
further 7 days after dose 2 (day 28) (Fig. 3a). On day 28, geometric mean 
concentrations of RBD-binding IgG were 20,962 units (U) ml−1 (at 30-µg 
dose level) and 48,575 U ml−1 (at 100-µg dose level) for BNT162b1, and 
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BACKGROUND
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the 
resulting coronavirus disease 2019 (Covid-19) have afflicted tens of millions of people 
in a worldwide pandemic. Safe and effective vaccines are needed urgently.

METHODS
In an ongoing multinational, placebo-controlled, observer-blinded, pivotal efficacy 
trial, we randomly assigned persons 16 years of age or older in a 1:1 ratio to receive 
two doses, 21 days apart, of either placebo or the BNT162b2 vaccine candidate (30 µg 
per dose). BNT162b2 is a lipid nanoparticle–formulated, nucleoside-modified RNA 
vaccine that encodes a prefusion stabilized, membrane-anchored SARS-CoV-2 full-
length spike protein. The primary end points were efficacy of the vaccine against 
laboratory-confirmed Covid-19 and safety.

RESULTS
A total of 43,548 participants underwent randomization, of whom 43,448 received 
injections: 21,720 with BNT162b2 and 21,728 with placebo. There were 8 cases of 
Covid-19 with onset at least 7 days after the second dose among participants as-
signed to receive BNT162b2 and 162 cases among those assigned to placebo; 
BNT162b2 was 95% effective in preventing Covid-19 (95% credible interval, 90.3 to 
97.6). Similar vaccine efficacy (generally 90 to 100%) was observed across subgroups 
defined by age, sex, race, ethnicity, baseline body-mass index, and the presence of 
coexisting conditions. Among 10 cases of severe Covid-19 with onset after the first 
dose, 9 occurred in placebo recipients and 1 in a BNT162b2 recipient. The safety 
profile of BNT162b2 was characterized by short-term, mild-to-moderate pain at the 
injection site, fatigue, and headache. The incidence of serious adverse events was 
low and was similar in the vaccine and placebo groups.

CONCLUSIONS
A two-dose regimen of BNT162b2 conferred 95% protection against Covid-19 in 
persons 16 years of age or older. Safety over a median of 2 months was similar to 
that of other viral vaccines. (Funded by BioNTech and Pfizer; ClinicalTrials.gov 
number, NCT04368728.)
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BACKGROUND
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and the 
resulting coronavirus disease 2019 (Covid-19) have afflicted tens of millions of people 
in a worldwide pandemic. Safe and effective vaccines are needed urgently.

METHODS
In an ongoing multinational, placebo-controlled, observer-blinded, pivotal efficacy 
trial, we randomly assigned persons 16 years of age or older in a 1:1 ratio to receive 
two doses, 21 days apart, of either placebo or the BNT162b2 vaccine candidate (30 µg 
per dose). BNT162b2 is a lipid nanoparticle–formulated, nucleoside-modified RNA 
vaccine that encodes a prefusion stabilized, membrane-anchored SARS-CoV-2 full-
length spike protein. The primary end points were efficacy of the vaccine against 
laboratory-confirmed Covid-19 and safety.

RESULTS
A total of 43,548 participants underwent randomization, of whom 43,448 received 
injections: 21,720 with BNT162b2 and 21,728 with placebo. There were 8 cases of 
Covid-19 with onset at least 7 days after the second dose among participants as-
signed to receive BNT162b2 and 162 cases among those assigned to placebo; 
BNT162b2 was 95% effective in preventing Covid-19 (95% credible interval, 90.3 to 
97.6). Similar vaccine efficacy (generally 90 to 100%) was observed across subgroups 
defined by age, sex, race, ethnicity, baseline body-mass index, and the presence of 
coexisting conditions. Among 10 cases of severe Covid-19 with onset after the first 
dose, 9 occurred in placebo recipients and 1 in a BNT162b2 recipient. The safety 
profile of BNT162b2 was characterized by short-term, mild-to-moderate pain at the 
injection site, fatigue, and headache. The incidence of serious adverse events was 
low and was similar in the vaccine and placebo groups.

CONCLUSIONS
A two-dose regimen of BNT162b2 conferred 95% protection against Covid-19 in 
persons 16 years of age or older. Safety over a median of 2 months was similar to 
that of other viral vaccines. (Funded by BioNTech and Pfizer; ClinicalTrials.gov 
number, NCT04368728.)
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Vaccination is a powerful method of disease 
prevention that is relevant to people of all 
ages and in all countries, as the Covid-19 

pandemic illustrates. Vaccination can improve peo-

ple’s chances of survival, protect 
communities from new and re-
emerging health threats, and en-
hance societal productivity. But 
achieving the promise of vaccina-
tion requires much more than 
the vaccines themselves. It re-
quires appropriate incentives to 
encourage the timely discovery 
and development of innovative, 
effective, safe, and affordable 
products; effective financing and 
delivery programs; and credible 
scientific leaders who can pro-
vide evidence-based policy recom-
mendations and reassure the pub-
lic about the value of the vaccines. 
Since its inception 50 years ago, 
the National Academy of Medi-
cine (NAM), previously known as 
the Institute of Medicine (IOM), 
has been an authoritative resource 
on medical issues, including vac-

cination, and a global leader in 
vaccine-policy development.

It’s hard to overstate the bene-
fits that innovative vaccines de-
ployed in the past five decades 
have had on morbidity and mor-
tality (see timeline).1 The inci-
dence of vaccine-preventable dis-
eases among U.S. children has 
decreased dramatically, an achieve-
ment that is attributable in part 
to high vaccine-coverage rates. 
By the 2018–2019 school year, 
coverage rates among kindergar-
teners exceeded 90% in all but 
two states, according to data 
from the Centers for Disease Con-
trol and Prevention (CDC). Four 
vaccine-preventable illnesses have 
been eliminated from the Amer-
icas: smallpox in 1971, poliomy-
elitis in 1994, and rubella and 
congenital rubella syndrome in 

2015 (one of us is an executive 
vice president at Merck, which 
produces vaccines for rubella, 
among other vaccines). Moreover, 
between 2011 and 2020, immu-
nization programs in low-income 
countries saved an estimated 
23.3 million lives.2

Perhaps the most notable 
immunization-related accomplish-
ment during the past half cen-
tury was the eradication of small-
pox, which was verified by the 
World Health Organization (WHO) 
in 1980. In addition, global cases 
of paralytic polio have decreased 
by 99.95% from the estimated 
350,000 cases in 1988,3 when the 
global polio-eradication program 
was announced, and two of the 
three wild-type polioviruses, WPV 
types 2 and 3, have been eradi-
cated.

Other important achievements 
during this period include the 
1986 approval of the first vaccine 
based on recombinant technol-
ogy, a hepatitis B vaccine that 
not only has reduced rates of the 
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infection in many countries but 
was also the first vaccine to re-
duce cancer risk. In 1987, the 
first polysaccharide-protein con-
jugate vaccine was licensed; since 
then, the incidence of invasive 
Haemophilus inf luenzae type b dis-
ease among children has fallen 

dramatically. In 2009, a vaccine 
for Neisseria meningitidis group A 
became the first licensed vaccine 
specifically designed for certain 
people in low-income countries.

Achieving broad population 
health benefits associated with 
vaccination requires effective poli-

cies that create incentives for vac-
cine development, ensure financ-
ing of vaccines, and improve 
access. After a measles outbreak 
in 1989–1991, the U.S. Vaccines 
for Children Program was author-
ized in 1993 to ensure that eligi-
ble children would have free ac-

FDA Licensure Dates for Selected Innovative Vaccines since 1970.

1980s

1990s

2000s

2010s

Anthrax adsorbed1970: 

1970s
Meningococcal group C (monovalent polysaccharide)1974: 

Pneumococcal (14-valent polysaccharide)

Native protein or polysaccharide

Live attenuated

Killed whole organism

Recombinant or other molecular
modification

1977: 
Meningococcal (monovalent groups A and C and bivalent groups A and C polysaccharide)1978: 

1980: Adenovirus types 4 and 7 (oral) Rabies (human diploid cell)
1981: Hepatitis B (plasma-derived surface antigen)

1983: Pneumococcal (23-valent polysaccharide)

1985: Haemophilus influenzae type b (polysaccharide)

1987: Haemophilus influenzae type b (conjugate)

1989: Typhoid (Ty21a oral)

1991: Pertussis (acellular)
1992: Japanese encephalitis (mouse brain)

1994: 

Ebola Zaire (rVSV platform)2019: Smallpox and monkeypox

2006: Human papillomavirus (quadrivalent)Rotavirus (pentavalent) Herpes zoster

1995: 
Typhoid Vi (polysaccharide)

2003: Influenza (intranasal)

2012: Influenza (cell based)
2013: Influenza (baculovirus)
2014: Meningococcal type B (bivalent fHbp)

2016: Cholera (serogroup 01 oral)
2015: Influenza (MF59 adjuvant) Meningococcal type B (four-component, by means of reverse vaccinology)

Dengue (tetravalent)

2017: Herpes zoster (ASO1B adjuvant) Hepatitis B (CpG 1018 adjuvant)

Human papillomavirus (9-valent)

2008: Rotavirus (monovalent)

2010: Pneumococcal (13-valent conjugate) Meningococcal (quadrivalent CRM197 conjugate)
2009: Influenza H1N1 (monovalent pandemic) Human papillomavirus (bivalent)Japanese encephalitis (Vero cell)

Influenza (intradermal)

2000: Pneumococcal (heptavalent conjugate)

2005: Meningococcal (quadrivalent diphtheria toxoid conjugate)

Varicella

1986: Hepatitis B (recombinant surface antigen)

1997: 

Hepatitis A

Rabies (chick embryo cell)
1998: Lyme disease (OspA)Rotavirus (tetravalent)

Meningococcal (quadrivalent polysaccharide)

Pneumococcal (14-valent polysaccharide)
Meningococcal (monovalent groups A and C and bivalent groups A and C polysaccharide)

Adenovirus types 4 and 7 (oral) Rabies (human diploid cell)
Hepatitis B (plasma-derived surface antigen)

Pneumococcal (23-valent polysaccharide)

 type b (polysaccharide)

 type b (conjugate)

Japanese encephalitis (mouse brain)

Typhoid Vi (polysaccharide)

Herpes zoster

Influenza H1N1 (monovalent pandemic)

Pneumococcal (heptavalent conjugate)

Meningococcal (quadrivalent diphtheria toxoid conjugate)

Hepatitis B (recombinant surface antigen)

Lyme disease (OspA)

Meningococcal (quadrivalent polysaccharide)

Influenza H1N1 (monovalent pandemic) Human papillomavirus (bivalent)Japanese encephalitis (Vero cell)

 type b (polysaccharide)

 type b (conjugate)

Human papillomavirus (quadrivalent)Herpes zoster

Influenza H1N1 (monovalent pandemic) Human papillomavirus (bivalent)Japanese encephalitis (Vero cell)

Pneumococcal (heptavalent conjugate)

Meningococcal (quadrivalent diphtheria toxoid conjugate)

Hepatitis B (recombinant surface antigen)

Lyme disease (OspA)
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A resposta a COVID-19 foi o melhor
exemplo de como novas vacinas podem

agora serem desenvolvidas.

Em menos de 1 ano, o primeiro ensaio
clínico estava completo e foram as 

primeiras vacinas autorizadas para o uso
emergencial.

Inicia-se um novo desafio em outras áreas
da medicina. Ex. vacinas terapêuticas anti-

tumorais.


