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Kinetics, stability and range of serum neutralization in patients recovering from COVID-19
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Titer or ID50 = serum dilution blocking infection at 50 %;  SHP1-6 and P1-175 are 
individual patients.
Ref 29 Fan Wu Neutralzing antibodies medRxiv 2020.03.30.20047365v2.full
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Key features for a COVID-19 vaccine

Wen-Hsiang Che  The SARS-CoV-2 Vaccine Pipeline: an Overview Current Tropical
Medicine Reports https://doi.org/10.1007/s40475-020-00201-6
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Overview of Potential SARS-CoV-2 Vaccine Platforms

Amanat and Krammer, SARS-CoV-2 Vaccines: Status Report, Immunity (2020), https://doi.org/10.1016/ j.immuni.2020.03.007
4

The structure of a coronavirus particle is depicted on the left, with the different viral 
proteins indicated. The S protein is the major target for vaccine development. The 
spike structure shown is based on the trimeric SARS-CoV-1 spike (PDB: 5XL3). One 
trimer is shown in dark blue, and the receptor binding domain, a main target of 
neutralizing antibodies, is highlighted in purple. The other two trimers are shown in 
light blue. SARS-CoV-2 vaccine candidates based on different vaccine platforms have 
been developed, and for some of them, pre-clinical experiments have been initiated. 
For one mRNA-based candidate, a clinical trial recently started to enroll volunteers 
shortly (ClinicalTrials.gov: NCT04283461). However, many additional steps are needed 
before these vaccines can be used in the population, and this process might take 
months, if not years. 1For some candidates, cGMP processes have already been 
established. 2Clinical trial design might be altered to move vaccines through clinical 
testing quicker.
Ref 40 Amanat SARS-CoV-2 vaccines Status Report Immunity April 2020
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Amanat and Krammer, SARS-CoV-2 Vaccines: Status Report, Immunity (2020), https://doi.org/10.1016/ j.immuni.2020.03.007
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Ref 40 Amanat SARS-CoV-2 vaccines Status Report Immunity April 2020
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Development of an inactivated vaccine for SARS-CoV-2 :  
Characterization of the candidate PiCoVacc

Fig. 1 Characterization of PiCoVacc. (A) SARS-CoV-2 maximum likelihood 
phylogenetic tree. The SARS-CoV-2 isolates used in this study are depicted with black 
lines and labeled. The continents where the virus strains were from are colored 
differently. (B) Growth kinetics of PiCoVacc (CN2) P5 stock in Vero cells. (C) Flowchart 
of PiCoVacc preparation. (D) Protein composition and purity evaluation of PiCoVacc
by NuPAGE 4-12% Bis-Tris Gel. (E) Representative electron micrograph of PiCoVacc
Ref 41 Qiang Gao Rapid development of an inactivated vaccine for SARS-CoV-2 
bioRxiv 2020

6



7

Development of an inactivated vaccine for SARS-CoV-2 :  
Immunization in mice elicits neutralizing antibodies against 10 SARS-CoV-2 isolates

Fig. 2 PiCoVacc immunization elicits neutralizing antibody response against 10 
representative SARS-CoV-2 isolates. BALB/c mice and Wistar rats were
immunized with various doses of PiCoVacc or control (adjuvant only as the sham 
group) (n=10). Serums from recovered COVID19 patients (RECOV) and
non-infected people (NI) act as positive and negative controls, respectively. The 
antibody responses were analyzed in mice (A), humans (B) and rats (C). Top:
SARS-CoV-2-specific IgG response measured by ELISA; bottom: neutralizing antibody 
titer determined by microneutralization assay. The spectrum of neutralizing
activities elicited by PiCoVacc was investigated in mice (D) and rats (E). Neutralization 
assays against the other 9 isolated SARS-CoV-2 strains were
performed using mouse and rat serums collected 3 weeks post vaccination. Points  
represent individual animals and humans; dotted lines indicate the limit of detection; 
horizontal lines indicate the geometric mean titer (GMT) of EC50 for each group.
Ref 41 Qiang Gao Rapid development of an inactivated vaccine for SARS-CoV-2 
bioRxiv 2020
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Development of an inactivated vaccine for SARS-CoV-2 :  
Immunogenicity and protective efficacy of in nonhuman primates

Fig. 3 Immunogenicity and protective efficacy of PiCoVacc in nonhuman primates. 
Macaques were immunized three times through the intramuscular route with various 
doses of PiCoVacc or adjuvant only (sham) or placebo (n=4). SARS-CoV-2-specific IgG 
response (A) and neutralizing antibody titer (B) were  measured. Points represent 
individual macaques; dotted lines indicate the limit of detection; horizontal lines 
indicate the geometric mean titer (GMT) of EC50 for each group. Protective efficacy 
of PiCoVacc against SARS-CoV-2 challenge at week 3 after immunization was 
evaluated in macaques (C-E). Viral loads of throat (C) and anal (D) swab specimens 
collected from the inoculated macaques at day 3, 5 and 7 pi were monitored. Viral 
loads in various lobe of lung tissue from all the inoculated macaques at day 7 post 
infection were measured (E). RNA was extracted and viral load was determined by 
qRT-PCR. All data are presented as mean ± SEM.
Ref 41 Qiang Gao Rapid development of an inactivated vaccine for SARS-CoV-2 
bioRxiv 2020
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Vaccination of rhesus macaques with ChAdOx1 MERS elicits a humoral immune response 

9

Serum samples were collected from non-human primates at times of vaccination (-56 
DPI and -28 DPI), 14 days later and at challenge. (A) Overview of experimental 
timeline. V-M = vaccination with ChAdOx1 MERS; V-G = vaccination with ChAdOx1 
GFP; E = exam; C = challenge and exam; N = exam and necropsy (B) Two-fold serial-
diluted serum samples were tested for MERS-CoV S-specific antibodies using ELISA. 
(C) ELISA-positive two-fold serial-diluted serum samples were tested for neutralizing 
antibodies against MERS-CoV in VeroE6 cells. Line = geometric mean, dotted line = 
limit of detection. Statistical significance between -28 DPI and -14 DPI in the prime-
boost group was determined via one-tailed paired Student’s t-test. ** = p-value<0.01; 
*** = p-value<0.001 

Ref: Neeltje van Doremalen: ChAdOx1 MERS provides broad protective immunity 
against a variety of MERS-CoV strain. 
https://doi.org/10.1101/2020.04.13.036293 doi: bioRxiv preprint 
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Single-dose vaccination with ChAdOx1 MERS protects rhesus macaques 
against bronchointerstitial pneumonia caused by MERS-CoV challenge 
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Rhesus macaques were vaccinated with a prime-boost or prime-only regimen of 
ChAdOx1 MERS, or with ChAdOx1 GFP and challenged with MERS-CoV. (A) 
Ventrodorsal thoracic radiographs collected on 6 DPI. A marker (R) indicates right side 
of animal. No pathologic changes were observed in animals vaccinated with ChAdOx1 
MERS via a prime-boost or prime-only regimen. Animal vaccinated with ChAdOx1 GFP 
shows focally extensive area of increased pulmonary opacity and deviation of the 
cardiac silhouette, highlighted in the circle located in the middle and caudal lung 
lobes. (B) Thoracic radiographs of each animal were scored per lung lobe resulting in 
a maximum score of 18. Values were averaged per group per day, shown is mean with 
standard deviation. See Table S2 for more details. (C) Gross pathology of lungs shows 
no pathologic changes in ChAdOx1 MERS vaccinated animals, and focally extensive 
areas of consolidation in left cranial, middle and caudal lung lobes in control animals
(asterisks). (D) Gross lung lesions were scored for each lung lobe, ventral and dorsal. 
Values were averaged per group, shown is mean with standard deviation. (E) Lung
tissue sections were stained with hematoxylin and eosin. Moderate numbers of 
lymphocyte accumulation around pulmonary arterioles (asterisks), and mild 
thickening of alveolar septae by lymphocytes and macrophages (arrow) in lung tissue 
of animals vaccinated with ChAdOx1 MERS. Marked bronchointerstitial pneumonia
with abundant pulmonary edema and fibrin (asterisks), type II pneumocyte
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hyperplasia (arrow), and increased numbers of alveolar macrophages (arrowhead) in 
lung tissue of control animals. Magnification = 200x. (F) Lung to body weight ratio 
was determined for all animals at necropsy. Shown is mean with standard deviation. 
(G) Lung tissue sections were stained with antibody against MERS-CoV antigen, which
is visible as a red-brown staining. No immunoreactivity was found in ChAdOx1 MERS 
vaccinated animals, whereas multifocal immunoreactivity of type I and II 
pneumocytes could be found in lung tissue of ChAdOx1 GFP vaccinated animals. (H) 
Lung tissue sections were scored on severity of lesions (0=no lesions, 1=1-10%, 2=11-
25%, 3=26-50%, 4=51-75%, 5=76-100%) and averaged per group. Shown is mean with
standard deviation. A = bronchointerstitial pneumonia; B = type II pneumocyte
hyperplasia; C = Hemorrhages, edema, fibrin deposits. Statistical significance
between groups was determined via two-tailed unpaired Student’s t-test. * = p-
value<0.025; ** = p-value<0.01; *** = p-value<0.001; **** = p-value<0.0001. 

Ref: Neeltje van Doremalen: ChAdOx1 MERS provides broad protective immunity 
against a variety of MERS-CoV strain. 
https://doi.org/10.1101/2020.04.13.036293 doi: bioRxiv preprint 

10



Vaccination with ChAdOx1 MERS results in reduced virus replication in the respiratory tract. 
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A) Infectious virus titers and viral load were determined in BAL fluid. Individual values 
are depicted. (B) UpE and mRNA copies were determined in respiratory tract tissues 
collected at 6 DPI. Individual values are depicted. Line = geometric mean, dotted line 
= limit of detection. 

Ref: Neeltje van Doremalen: ChAdOx1 MERS provides broad protective immunity 
against a variety of MERS-CoV strain. 
https://doi.org/10.1101/2020.04.13.036293 doi: bioRxiv preprint 
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ChAdOx1 MERS provides cross-protection against different MERS-CoV in the mouse model. 
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A) Survival curves of ChAdOx1 MERS vaccinated (solid line) and ChAdOx1 GFP 
vaccinated (dashed line) hDPP4 mice challenged with MERS-CoV. (B) Infectious
virus titers in lung tissue collected on 3 DPI from hDPP4 mice challenged with
MERS-CoV. Shown is mean titer with standard deviation. 

Ref: Neeltje van Doremalen: ChAdOx1 MERS provides broad protective immunity 
against a variety of MERS-CoV strain. 
https://doi.org/10.1101/2020.04.13.036293 doi: bioRxiv preprint 
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Wen-Hsiang Che  The SARS-CoV-2 Vaccine Pipeline: an Overview Current Tropical
Medicine Reports https://doi.org/10.1007/s40475-020-00201-6
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Overview of Potential SARS-CoV-2 Vaccine Platforms

Amanat and Krammer, SARS-CoV-2 Vaccines: Status Report, Immunity (2020), https://doi.org/10.1016/ j.immuni.2020.03.007
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The structure of a coronavirus particle is depicted on the left, with the different viral 
proteins indicated. The S protein is the major target for vaccine development. The 
spike structure shown is based on the trimeric SARS-CoV-1 spike (PDB: 5XL3). One 
trimer is shown in dark blue, and the receptor binding domain, a main target of 
neutralizing antibodies, is highlighted in purple. The other two trimers are shown in 
light blue. SARS-CoV-2 vaccine candidates based on different vaccine platforms have 
been developed, and for some of them, pre-clinical experiments have been initiated. 
For one mRNA-based candidate, a clinical trial recently started to enroll volunteers 
shortly (ClinicalTrials.gov: NCT04283461). However, many additional steps are needed 
before these vaccines can be used in the population, and this process might take 
months, if not years. 1For some candidates, cGMP processes have already been 
established. 2Clinical trial design might be altered to move vaccines through clinical 
testing quicker.
Ref 40 Amanat SARS-CoV-2 vaccines Status Report Immunity April 2020
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Codon (pair) deoptimization as a strategy to obtain attentuanted viruses for vaccination
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Methodology used to generate genome scale deoptimized RSV or IAV viruses. Four 
strategies of deoptimization have been used to atttenuate RSV and
IAV: (A) codon deoptimization (CD), (B) codon-pair deoptimization (CPD), (C) increase 
of the CpG and UpA content and (D) synonymous Serine and Leucine codon 
substitutions that allow single-nt mutations yielding non-sense codons. An example is 
shown for each approach. The synonymous mutations generated by the 
deoptimization process are indicated in red. In (A), the “A” to “T” mutation resulted in 
the introduction of an underrepresented Arg codon (10). In (B), the CPD process (37) 
may yield CpG dinucleotides at codon boundaries that were shown to be significantly 
suppressed in wt viruses (36). In (C), the program “Sequence Mutate” in the SSE 
package (43) introduces a synonymous mutation (“A” to “G”) that resulted in the 
introduction of a CpG motif in the Thr amino acid. Finally in (D), a synonymous 
mutation “C” to “T” generated a Leu codon “TTA” that by only a single-nucleotide 
change can generate a stop codon (TAA or TGA) (15).
Ref Le Nouën et al.Frontiers in Immunology June 2019 | Volume 10 | Article 1250 
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Molecular Mechanism of Evolution and Human Infection with SARS-CoV-2
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Left: Alignment of the predicted and experimental SARS-CoV-2 RBD-ACE2 complexes.
Right: 
A) The 50 representative trajectories of the SARS-CoV-2 RBD protein over a 10 ns 

MD simulation, where the highly flexible region (residues 470–490) is indicated by 
a circle. 

B) The 50 representative trajectories of the SARS-CoV RBD protein over a 10 ns MD 
simulation

C) The root mean square fluctuations (RMSF), a rough measurement of protein
flexibility for the RBD (receptor binding domain) proteins of SARS-CoV-2 and SARS-
CoV, where the residue numbering is taken from the SARS-CoV-2 RBD and the data of 
SARS-CoV are then aligned to those of SARS-CoV-2 according to the sequence 
alignment
Ref: Viruses 2020, 12, 428; doi:10.3390/v12040428

16



Molecular Mechanism of Evolution and Human Infection with SARS-CoV-2

Receptor Binding Domain (RBD) of SARS-CoV-2 as compared to SARS-CoV-1: 

1) Lower free energy → more stable ? 

2) Higher binding affinity for ACE2 → SARS-CoV-2 more infectious? 

3) Higher flexibility, must overcome a higher entropy penalty to bind ACE2  

→  Flexibility may render development of drugs and vaccines more difficult

→  More temperature-sensitive than SARS-CoV in human infection: may decrease 
infectious ability with the rising temperature, but come back in winter
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Ref: Viruses 2020, 12, 428; doi:10.3390/v12040428

17


