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SARS-CoV-2 structure and genetic organisation

Hassine Rev Med Virol. 2021;e2313.
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Nisreen Okba medRxiv 20 March 2020

SARS-CoV-2 proteins are most related to SARS-CoV-1 

Nucleoprotein  = more conserved than Spike.  
Receptor binding domain (RBD) of SARS-CoV-1 and -2 rather similar: bind to same ACE2 receptor  

N = nucleoprotein;   S : Spike;  RBD = Receptor Binding Domain 
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A) Innate immune response activated via “pathogen-associated 
molecular pattern receptors” within hours → releases  anti-viral 
molecules, including type 1 IFN at the infection site

B) Adaptive immune response is initiated after being primed by 
innate immune system: 

- CD4 T follicular helper cells stimulate B cells → antibodies
- CD4 Th1 cells “help” CD8 T cells differentiation in cytotoxic cells 

Primed memory T and B  cells remain following viral clearance, 

(STAT, signal transducer and activator of transcription;  JAK, Janus kinase; CD, 
cluster of differentiation; MHC, major histocompatibility complex; 
TCR, T-cell receptor)

Key components of antiviral immunity

Priyal Mistry Front Imm Jan 2022
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Relative importance of Antibodies and T cells in protection against various stages of SARS-CoV-2

Dan Barouch NEJM 15 Sept 2022

Implication for vaccine development:
- Neutralizing Ab against Spike: most important for prevention of infection (by binding to ACE-2 receptor)
- CD4 and CD8 T cells against Spike and other proteins: important for prevention of severe disease? 
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Evolution of variants of concerns in various continents 

Dan Barouch NEJM 15 Sept 2022
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Aline Miranda Scovino Front Immunol July 2022

A plethora of mutations with divergence, but also convergence within Spike protein
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Shrestha Rev in Med Virol July 2022

Further evolution in Spike within the Omicron family

Note: NTD = N-terminal domain; RBD = receptor-binding domain; RBM = receptor-binding motif; 
FCS = furin cleavage site; FP = fusion peptide; HR = heptad repeat
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UK Health Security Agency COVID Vaccine Report 40 6 Oct 2022

2022 →
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Breakthrough infection in unvaccinated and vaccinated subjects in US

Dan Barouch NEJM 15 Sept 2022
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Reinfection Case Percent in Denmark by Variant

Scott Burkholz medRxiv 14 Sept 2022

a) Same and inter-VOC reinfections
- Reinfection with same VOC is rare for WT, Alpha and Delta (< 0.5 %), but more  frequent with Omicron (4.6 %).
- Reinfection with Delta after WT (3.8 %), after alpha (2.3 %),
- Reinfection with Omicron after WT ands Alpha (20-25 %), after Delta (42 %). 
b) Inter-Omicron reinfections
- Initial infection with BA.1 higher frequency of any Omicron reinfection than initial BA.2 (62%, 211 vs 38 %, 129 cases)
- Initial infection with BA.1 → second infections predominately by BA.2 (20%, 68 cases) or BA.5 (30%, 102 cases)
- Initial infection with BA.2 → comparably high frequencies of reinfection with BA.5 (26.2%, 89 cases) as after BA.1

Remarkably: only three mutational differences in the spike protein between BA.2 and both BA.4 and BA.5: del69-70, L452R, and F486V
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Mechanisms and evolution of protection against and by infection of SARS-CoV-2:

- Neutralizing Ab against variable Spike protect against infection,

- CD4+/CD8+ T cells against Spike and more conserved proteins (e.g. Nucleoprotein) protect against disease severity.

- Spike is rapidly evolving, but partly convergent: infection-induced immunity rather strong until delta → low 
reinfection rate.

- Omicron = game changer: many new mutations → reinfection more common, even inter-omicron: after BA.1: 20 % 
BA.2 and 30 % BA.5; after BA.2: 26 % BA.5.   
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Vaccine platforms used for SARS-CoV-2 vaccine development (1)

Florian Krammer Nature 23 Sept 2020
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Florian Krammer Nature 23 Sept 2020
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Vaccine platforms used for SARS-CoV-2 vaccine development (2)



Florian Krammer Nature 23 Sept 2020

Inactivated virus - conventional vaccine
2 Chinese (Sinovac en Sinopharm)
1 Indian (Covaxin)
1 European (Valneva) 
Activity:  
- 50-80% protection against symptomatic Infection
- Immunity wanes rapidly  

Isolated "spike" protein
1 American Novavax
1 Chinese Clover
- 90% protection against sympt infection in UK
- Only 60 % in South- Afrika (already Beta variant present)  

Trimeric receptor binding domain (RBD) protein
1 Chinese ZIFIVAX: 76 % protection against sympt infection
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Florian Krammer Nature 23 Sept 2020

RNA-vaccines (Messenger RNA) for Spike
Pfizer-BioNtech and Moderna
- Highly effective in phase 3 > 90%
- Less active against variants 
- Wanes over 6 months

Adenovirus - Spike viral vector vaccines
Astra-Zeneca, Sputnik V en Janssen
Activity in clinical phase 3: 
In Europe, VS, Russia 80 - 90% 
In South-Africa 50-60% (effect beta variant)
→ wanes over 4 months
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Success of mRNA vaccination: trick 1 modifications

Jung Woo Park Int. J. Biol. Sci. 2021, Vol. 17 p 1446

Modifications: 
5’Cap structure, substitution of uridine with pseudo-uridine, use of the preferred codon in humans, optimized 3’ UTR and long polyA tail

→ Increase of RNA stability and translation efficiency, but also reduction of immunogenicity 

To be compensated by adjuvant activity of Lipo-Nano-Particles (LNP). 
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Success of mRNA vaccination: trick 2 formulation 

Pilkinton Acta Biomaterialia 131 (2021) 16–40 

LNP formation by a microfluidic platform with a staggered herringbone 
micromixer (SHM). 
Fifteen mixing cycles needed to obtain a stable and homogenous LNP.  

Structure of a typical lipid nanoparticle  (LNP) formulation. 
A representative cryogenic transmission electron micrograph

Function of LNP:  Stability of mRNA (protection from ubiquitous RNA’ses)
Adjuvant activity  
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Immune response to mRNA vaccines

mRNA vaccines are first taken up by muscle cells: 
mRNA is translated in the cytoplasm to Spike protein
Then taken up by local APC, which migrate to regional lymph nodes
→ activation of both T and B cells 
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Hu Ad5 = common human serotype 
→ possible interference of pre-existing antibodies with efficacy
= basis for Chinese vaccine (Cansino co) 
→ Weak vaccine responses: due to pre-existing anti-Hu Ad5 antibodies? 

Hu Ad 26 = rare human serotype: 
→ few people with pre-existing Ab
= basis for Janssen vaccine

Ch Ad 63 (basis for ChAdOx1) = chimp virus, 
→ in principle no people with Ab
= basis for Oxford-Astra Zeneca vaccine 

Russian vaccine (Sputnik V)= Hu Ad26 as prime and Hu Ad5 as boost 

Various Adenoviruses in clinical trial 

10/10/2022 22



Principle of adenovirus vector vaccines

Schematic of replication-incompetent adenoviral vector particle and its DNA. 
Early adenovirus genes 1 and 3, needed for replication (E1 and E3) are deleted
E1 is replaced by the Spike DNA

Formation of vaccine particles in producer cell line 
complementing E1 from chromosomally integrated E1 gene 
to allow production of replication-incompetent vaccinal vectors

Expression of spike in cells of vaccinated individuals. 
- Shedding of S1 and conversion of S2 into its post-fusion structure (S2*)
- Expression of vector proteins, but no competent viruses

Heinz NPJ Vaccines 2021 art 104
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Viral pathway of Adenoviruses

Adenoviruses have to deliver their DNA to the nucleus to produce mRNA
After mRNA arrived in cytoplasm: same mechanism as for mRNA vaccine
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Testing neutralizing antibodies by Plaque Reduction Neutralization Test (PRNT)

Convalescent or vaccine serum dilution:
prevents cytolytic effect up to 1/256

Neutralization titer is 256 = reciprocal of the last 
dilution at which infection is completely blocked

Control serum dilution: 
Fails to block cytolysis at any dilution

VC = virus control

Add dilution series of  
heat-inactivated serum

target cells
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Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection

Khoury DS Nature Medicine VOL 27  July 2021 

Relationship between neutralization level and protection from SARS-CoV-2 infection. 
The reported mean neutralization level from phase 1 and 2 trials and the protective 
efficacy from phase 3 trials for seven vaccines, as well as the protection observed in 
a seropositive convalescent cohort, are shown 

The predicted relationship between efficacy against any symptomatic 
SARS-CoV-2 infection and the efficacy against severe infection, 
Efficacy against severe disease is always higher.  

= Moderna

= Novavax S protein
Pfizer = 

= Sputnik

= Astra-Zeneca

= Janssen J&J
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Vaccine platforms: mechanisms and evaluation: 

- mRNA vaccines superior: importance of lipo-nano-particles, which are strong adjuvants, 
but also responsible for reactogenicity; 

- Adenoviral platforms abandoned because of side effect.

- Spike whole protein and RBD are interesting alternatives if mRNA not wanted

- Neutralizing Ab are a good correlate of protection.

- Protection against disease more important than against infection. 
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Thibault Fiolet Clin Microbiol Infect vol 28 (2022)

Vaccine effectiveness (VE) of mRNA against infection from real-world studies (in % and 95% CI)

VE against infection: alpha always > 80 % > beta/gamma  > delta

10/10/2022
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Effect of degree of vaccination on death rate by Omicron 
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VE of 2 doses Pfizer Vaccine against Hospitalization in children, according to Age and Variant in US.

AM Price NEJM 19 May 2022

Protection of 2 doses Pfizer in children and adolescents against hospitalization in US  
- remains strong against Delta, 
- is much weaker against Omicron (BA.1)
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VE of 2 or 3 doses mRNA Vaccine against Hospitalization in adults, according to Age and Variant in Denmark

Mie Gram PLOS Medicine 1 Sept 2022

Protection of 2 and 3 doses Pfizer or Moderna in adults against hospitalization in Denmark  
- remains strong against Alpha, Delta and Omicron up to  > 4 months, 
- equally effective in older group (> 60 yrs) 

12-59 yrs

> 60 yrs

2 doses 3 doses
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VE of 2, 3 and 4 doses mRNA Vaccine against Hospitalization and death in elderly in Portugal during BA.5 wave 

Irina Kislaya Eurosurveillance 15 Sept 2022

For the population > 80 years: high VE of the second mRNA booster dose and a relevant increase in 
protection compared with previous vaccination during Omicron BA.5 predominance

60 -79  yrs

> 80 yrs



VE against symptomatic disease VE against hospitalisation

Evolution of VE in England against delta and omicron before and after booster

UK Health Security Agency COVID-19 vaccine surveillance report 24 March 2022

After 2nd Pfizer, 25+ weeks  VE against symptomatic  infection 
is reduced to
- 60 % against Delta
- 10 % against omicron 

After booster with either Pfizer or Moderna VE 14 weeks:
- > 90 % against delta
- 60-80 % against omicron and waning  to 40-60 % 

After 2nd Pfizer, 25+ weeks  VE against hospitalization
- Remains > 90 % against delta
- Decreases to 30 % against omicron

A booster with either Pfizer or Moderna for 5-9 weeks 
- restores VE hospitalization  to > 90 % against omicron 
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UK Health Security Agency COVID Vaccine Report 40 6 Oct 2022

Vaccine Effectiveness against omicron for various outcomes after 2 and 3 doses

Protection against hospitalization after booster remains systematically much higher (40-75 %)  
than against infection (0-20 %) even after 6+ months
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UK Health Security Agency COVID Vaccine Report 40 6 Oct 2022

Preliminary data of VE by 4th dose of any mRNA vaccine against BA.1 or BA.2 

Protection against hospitalization 0-3 months after 4th dose booster still substantial (50 %), but 
maybe lower than after 3rd dose (90 %). However low confidence data for 4th dose.  
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UK Health Security Agency COVID Vaccine Report 40 6 Oct 2022

Preliminary data of VE 3rd or 4th dose of any mRNA vaccine against BA4/5 

Protection against hospitalization after 3rd or 4th dose similar against BA.2, BA.4 and BA.5, 
BUT: wide variation for BA.4 and strong decline 50 + (25 + 25) weeks after last dose 
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Peng Gao Int. J. Environ. Res. Public Health 2022, 19, 12422

Effect of vaccination on long COVID
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Peng Gao Int. J. Environ. Res. Public Health 2022, 19, 12422

Effect of vaccination on long COVID
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Peng Gao Int. J. Environ. Res. Public Health 2022, 19, 12422

Effect of vaccination on long COVID

Conclusion:  2 doses of vaccination, either before or after infection, lower the risk on long COVID with 20-25 %, 
especially with regard to cognitive and sleeping disorders as well as kidney problems and myalgia 
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Beneficial effects of vaccination against infection, disease and post-COVID: 

- VE against infection was decreasing progressively with VOC from WT to delta and more 
dramatically against omicron. 

- With omicron: VE against infection is  rapidly waning with time, 
- remains rather similar for BA.1; BA.2 and BA.4/5 
- similar decline after 1st and 2nd booster. 

- VE against hospitalization was very strong and rather sustained before omicron, but is also 
declining with omicron to: 

- about 60 % ( 6 months after 3 doses) 
- already 50 % (3 months after 4th dose) 

- Nevertheless: vaccination protects against mortality (see Hong-Kong and Singapore)

- Vaccination protects to some extent against long COVID
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Example of HYBRID immunity (vaccination + infection) in Health Care Workers in England

Conclusion: each encounter with Spike protein (infection or vaccination) contributes to protection against symptomatic infection
(but vaccination is safer than infection !)  
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Various components in vaccination and/or infection-induced immunity

Blue triangle: for hybrid immunity vaccination occurs at approximately 6 months, 
Red arrows: for mRNA vaccines, the 1st two dose are given at d1 and d21-28, the 3rd dose at 8 months, 

Alessandro Sette Immunological Reviews May 2022

Neut Ab higher and more persistent 
after hybrid immunity > 3X mRNA 
>> Infection or Janssen or Novavax

CD4 T and CD8 T higher and more persistent 
after hybrid immunity > infection > 3X mRNA 
>> Janssen > Novavax

Note: T cell immunity 
- after infection = against entire virus
- After vaccination: only against Spike 
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Localization =  anatomical niche(s) 
occupied by the SARS-CoV-2 T cells

Specificity = the viral antigen(s) 
targeted by the indicated T cells 

Composition = the CD8+ and CD4+ T cell 
subsets induced in each scenario

Characteristics of SARS-CoV-2 T cells in vaccinated, infected and vaccinated + infected (hybrid) individuals

Antonio Bertoletti Immunity 55, October 11, 2022
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Alba Grifoni Curr Res Imm vol 3 p. 146 Aug 2022
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T cell responses to SARS-CoV-2 spike cross-recognize Omicron better than Neut Ab

Roanne Keeton Nature March 2022

- Dramatic (80-90 %)decrease of neut titers 
- Limited (20 %) decrease of T cell responses 
to Omicron Spike as compared to WT 

Similar degree of highly (poly-) functional 
CD4 T (left) and CD8 T cells (right)

Upon stimulation with Spike peptide
from WT (ancestral) and Omicron
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Paradoxical effect of  infection by previous VOC versus Omicron infection and vaccination on T and B cross-reactivity 

1) Triple vaccinated HCW: 
- Enhanced B and T immunity against previous VOC
- But reduced B and T against Omicron

2)  Infection-naïve HCWs, infected with omicron showed: 
- Enhanced T and B immunity against earlier VOC; 
- But reduced nAb potency and T cell responses against Omicron.

3)  Immune imprinting by infection with the earlier Wuhan or Alpha 
VOC resulted in less durable binding antibody against Omicron

Neutralizing Ab T cell responses

Reynolds Science 15 July 2022

Interpretation:
1) Repeated vaccination with Wuhan increases T and B  

focusing on conserved immunodominant Spike 
epitopes, common to all VOC before Omicron

2) Omicron partly escapes from the immune responses 
against these previously immunodominant epitopes   
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(A) Triple-vaccinated HCWs with different SARS-CoV-2 
infection histories show
- boosted cross-reactive immunity against VOCs, 
- less so against Omicron

(B) Breakthrough infection during the Omicron wave in triple-
vaccinated, 
1) Previously infection-naïve individuals boosts 
- cross-reactive immunity against VOCs, 
- less so against Omicron itself; 
2) Previous Wuhan Hu-1 infection ablates Omicron immune 
boosting = IMPRINTING.



HYBRID IMMMUNITY: strongest protection by combination of vaccination and infection:

Presumably based on combined immunity of 
- Neut Ab against Spike 
- T cell immunity against conserved Spike and other viral proteins

IMPRINTING:
Triple mRNA vaccinated healthcare workers (HCW) with different SARS-CoV-2 infection histories. 
- B and T cell immunity against previous variants of concern was enhanced, 
- T and B cell responses against omicron Spike protein was reduced

Explanation: Omicron partly escapes from the immune responses against previously immunodominant epitopes, 
where the immune system of triple vaccinated subjects is focused on.    
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Bivalent vaccine (OMI BA.1) as compared to original vaccine (BNT162b2) as fourth dose induces 

Superior neut titers against BA.1 Also good titers against BA.4/5

Bivalent Pfizer vaccine BA.1

10/10/2022 52

- BA.1 bivalent booster induces 1.5-2 x higher neut titers against BA.1 or BA.5 than monovalent vaccine
- However all titers against BA.5 about 3 X lower than against BA.1 



Bivalent vaccine (mRNA-1273.214) as compared to original vaccine (mRNA-1273) as fourth dose induces 

Superior neut titers against BA.1 Also good titers against BA.4/5

Bivalent Moderna vaccine BA.1

Notes: - Effect of hybrid immunity also shown
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- BA.1 bivalent booster induces 1.5 – 2 x higher neut titers against BA.1 or BA.5 than monovalent vaccine
- However all titers against BA.5 about 3 X lower than against BA.1 



For Omicron BA.4/5 vaccine only mouse data: both monovalent and bivalent 
→ consistent high neut across omicron variants  (BA.1, BA.2, BA1.12.1 and BA.4/5

Bivalent Pfizer vaccine BA.4/5
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Both bivalent omicron vaccines (BA.1 = mRNA-1273.214; BA.4/5 = mRNA-1272.222) 
protect better than the original(mRNA-1273) against lung infection in mice

Bivalent Moderna vaccine BA.4/5

10/10/2022 55

In fact both BA.1 and BA.5 vaccines 
protect lungs to a similar extent 



Alexander Muik bioRxiv 21 Sept 2022

Exposure to BA.4/BA.5 Spike drives pan-Omicron neutralization in vaccine-experienced humans and mice

1) Human: BA.4/BA.5 breakthrough infection after triple mRNA mediates pan-Omicron neutralization 

(c) 50% virus neutralization (VN50) GMTs in sera of mRNA-Vax3 + BA.4/BA.5 against the indicated SARS-CoV-2 VOCs.

(d) SARS-CoV-2 VOC VN50 GMTs normalized against the wild-type strain VN50 GMT (ratio VOC to wild-type). 
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Alexander Muik bioRxiv 21 Sept 2022

Exposure to BA.4/BA.5 Spike drives pan-Omicron neutralization in vaccine-experienced humans and mice

2) Mice: BA.4/BA.5 breakthrough infection after triple mRNA mediates pan-Omicron neutralization 

BALB/c mice (n=8) were injected intramuscularly with 2 doses of 1 μg BNT162b2 21 days apart, and a 3rd dose of either BNT162b2 (1 μg) or  
indicated monovalent (1 μg) or bivalent (0.5 μg of each component) Omicron BA.1 or BA.4/5-adapted vaccines 104 days after the 1st dose 

(a) 50% pseudovirus neutralization (pVN50) geometric mean titers (GMTs) against 545 the indicated SARS-CoV-2 variants of 
concern (VOCs) in sera collected 21 days after the third vaccination (d21D3) 
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Predicting efficacy of variant-modified COVID-19 vaccine boosters

Davis S Khoury medRxiv 26 Aug 2022

A and B Additional protection by booster: in a population that is still 

- 50 % protected against symptomatic infection:  effect of Ancestral booster: → 85.6 %  vs.  Variant booster: → 90.2 %

- 86.6 % against severe disease: effect of Ancestral boost: → 98 %  vs Variant boost: → 98.8 %   

C and D If the basal level of protection is lower because of waning: (left part of graphs) 

- the additional gain of a booster is higher (up to 15 % ) and 

- the difference between variant or ancestral booster is more important
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CDC Guidelines 1 Sept 2022

Elisha Hall ACIP Meeting 1 Sept 2022
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Omicron-specific (bivalent) boosters

Both Pfizer and Moderna developed “bivalent vaccines” = BA.1 and BA.5 mRNA combined with ancestral strain mRNA:

For bivalent WT/BA.1 mRNA : human data
- BA.1 mRNA induces about 2 X higher neut against BA.1 and BA.5 as compared to ancestral mRNA, 
- but titers to BA.5 are 3 X lower than against BA.1 

For monovalent BA.5 and bivalent WT/BA.5 mRNA: only mouse data
- Induces similarly high neut titers across omicron variants

Not yet true clinical data

Modeling by Khoury shows that getting any booster (homologous or heterologous) is most important
Difference between homologous and heterologous becomes more important if level of protection has waned < 50 % 
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Unadjuvanted intranasal spike booster elicits robust protective mucosal immunity against sarbecoviruses

Muhammad S. Khan bioRxiv May 2022

Prime with Spike mRNA-LNP i.m. followed with intranasal (IN) unadjuvanted Spike protein

IgA against SARS-CoV-2 in broncho-alveolar lavage

Specific cytolytic CD8 T cells in BALF
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COVID-19 vaccine based on recombinant RBD/Nucleoprotein and saponin adjuvant 
induces long-lasting neutralizing antibodies and cellular immunity

Amir Ghaemi Front Immunol Sept 2022
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The combination recombinant RBD + nucleoprotein:
- Highest Neut titer by B cells
- Highest IFN-g and IL-4 production by T cells 



Nine CoV known to infect humans of which 2 new ones 
since SARS-CoV-2 (Canine Cov and Porcine delta CoV)

Partial phylogenetic tree of α and β CoV

Michael Woroby Evolution of Sarbecoviruses

Need for a broader (Pan-Sarbeco) vaccine

SARS-related beta-Cov (= Sarbeco)

Multiple CoV, especially (but not exclusively) bat viruses in 
beta subfamily are  candidates to “jump” to humans
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Is a pan-sarbeco vaccine possible? 

Definition: Sarbeco (SARS-like beta Corona viruses) 
= subgenus of related human and animal beta CoV, 
many using the ACE-2 receptor

- Human = SARS-CoV-1 and SARS-CoV-2
- Animal  = SARS-CoV-1 related: Bat WIV1 and LYRA11

SARS-CoV-2 related: Bat RaTG13 and pangolin GX-P5L

Purpose: develop a vaccine against conserved (cross-reactive) 
parts of sarbeco-viruses to protect against: 
- All possible variants of SARS-CoV-1 and SARS-CoV-2
- Novel zoonotic transmissions
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Okba medRxiv https://doi.org/10.1101/2020.03.18.20038059

SARS-CoV-2 proteins are most related to SARS-CoV-1 

Nucleoprotein  = more conserved than Spike.  
Receptor binding domains rather similar with SARS-CoV-1 : bind to same ACE2 receptor  

N = nucleoprotein;   S : Spike;  RBD = Receptor Binding Domain 
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Chimeric spike mRNA vaccines protect against Sarbecovirus challenge in vulnerable old mice

Martinez et al., Science 373, 991–998 (2021)

Chimeric spike messenger RNAs, consisting of subunits of Spike from SARS-CoV-1, SARS-CoV-2, human HKU3-1 and bat RsHC014
- Induced high levels of broadly protective neutralizing antibodies against high-risk Sarbecoviruses
- Protected against challenge from SARS-CoV, SARS-CoV-2 and Bt-CoV WIV-1

Phylogenetic tree, showing the distances 
between various Sarbeco if interest   

Illustration of a chimeric Spikes: 
- N-terminal domain of HKU3-1
- Receptor Binding Domain of SARS-CoV
- Spike S2 part from SARS-CoV-2

All chimeric Spike used
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Chimeric spike mRNA vaccines protect against Sarbecovirus challenge in vulnerable old mice

Martinez et al., Science 373, 991–998 (2021)

Chimeric spike messenger RNAs, consisting of subunits of Spike from SARS-CoV-1, SARS-CoV-2, human HKU3-1 and bat RsHC014
- Induced high levels of broadly protective neutralizing antibodies against high-risk Sarbecoviruses
- Protected against challenge from SARS-CoV, SARS-CoV-2 and Bt-CoV WIV-1

In vitro neutralization test of 4 life Sarbecoviruses by plasma from mice vaccinated with various regimens   

All chimeric Spike used
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Chimeric spike mRNA vaccines protect against Sarbecovirus challenge in vulnerable old mice

Martinez et al., Science 373, 991–998 (2021)

Chimeric spike messenger RNAs, consisting of subunits of Spike from SARS-CoV-1, SARS-CoV-2, human HKU3-1 and bat RsHC014
- Induced high levels of broadly protective neutralizing antibodies against high-risk Sarbecoviruses
- Protected against challenge from SARS-CoV, SARS-CoV-2 and Bt-CoV WIV-1
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Novel vaccine concepts: nucleoprotein, nasal administration, pan-sarbeco

1) Intranasal vaccines could stimulate mucosal immune response (e.g. Ig A and mucosal T cells). 

2) Inclusion of nucleoprotein could broaden the immune T cell response → better protection against disease?

3) Inclusion of chimeric proteins, more conserved antigens or other immune enhancers could broaden the 
responses against potentially emerging Sarbecoviruses
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GENERAL CONCLUSIONS

- Previous infection or (mRNA) vaccination provided strong immunity up until Delta VOC, 
based on a limited set of Spike mutations and affinity maturation of T and B responses.

- Omicron is a game changer with many more mutations, evading pre-existing immunity to 
a larger extent via “imprinting”.  The vaccine effectiveness decreases and wanes more 
rapidly, but is still important to prevent severe outcome.

- Therefore there is a need not just for omicron-adapted vaccines (which may run behind), 
but for alternative approaches such as
- Mucosal administration to engage mucosal immunity.
- Inclusion of additional conserved antigens (e.g. nucleoprotein), especially to induce a 

broad T cell response to protect against severe disease. 
- Development od “pan-sarbeco” vaccines to induce a broad protection, even to newly 

emerging Coronaviruses.    
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Additional slides



mRNA vaccines = most immunogenic,
with each immune response > or = that of 
Ad26.COV2.S and NVX-CoV2373 protein vaccines. 

NVXCoV2373 elicited CD4+ T cell memory and 
neutralizing antibody =  to the mRNA vaccines.

Ad26.COV2.S responses were generally lower but 
relatively stable.

Antibody wanes in mRNA vaccinees, but memory T 
and B cells are comparatively stable. 

mRNA vaccines and Ad26.COV2.S induced 
comparable CD8+ T cell frequencies, though only 
detectable in 60–67% of subjects at 6 months

Humoral and cellular immune memory to four COVID-19 vaccines

Zeli Zhang Cell 185, 2434–2451, July 7, 2022
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Vaccine effectiveness of 2 and 3 doses Pfizer mRNA against omicron 

Shirley Colley NEJM 14 Sept 2022
10/10/2022 75



Cuban Receptor-Binding Domain (RBD) protein vaccine 

Limonta-Fernandez New Biotechnology Aug 2022 Hernandez-Bernal medRixv 10 Sept 2022

C-RBD-H6 PP  = N331-K529 of Spike (Wuhan) 
flanked by flexible linkers in Al OH 

Tested with 3 injections of  50 and 100 µg in NHP 

Clear induction of Neut Ab (left) and IFN-g prod. T cells (right) 

Phase 3 study with 3 doses of 50 µg (0-14-28) March- April 2021 

Result:  within 50 days after third dose

- 92 % effective against symptomatic disease;

- 5 critical patients of whom 4 died: all in placebo:
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Chinese Receptor-Binding Domain (RBD) protein vaccine 

Jing Zhang ELife Aug 2022 Nawaml Al-Kaabi medRixv 6 Sept 2022

Applying this mosaic trimeric RBD as a booster to mice primed 
with BBIBP-CorV (inactivated vaccine) resulted in higher neutralization 
titers against a range of variants, including omicron subvariants

Applying this mosaic trimeric RBD as a booster to humans 
primed  with BBIBP-CorV resulted in higher neutralization titers 
against Omicron BA.2, BA.4 and BA.5

10/10/2022 77



Preserved CD4  and CD8 T cell responses against omicron VOC after infection or vaccination

Keeton medRxiv 28 Dec 2021

Anti-Spike CD4 T Anti-Spike CD8 T
CD4 and CD8 T responses against ancestral Spike, 
Nucleoprotein and Membrane epitopes

10/10/2022 78



Cross-recognition of SARS-CoV-2 variants of concern

Alison Tarke Cell 185, 847–859March 2022

A median of 11 CD4 and 10 CD8 spike epitopes are 
recognized in vaccinees

T cells of vaccinees recognize SARS-CoV-2 variants, 
including Omicron: up to 80 % conserved

B cell recognition of omicron is reduced by 40 %  
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Geurtsvankessel Sci Immunol Feb 2022

Divergent SARS CoV-2 Omicron-reactive T- and B cell responses in COVID-19 vaccine recipients

Neutralizing antibodies to VOC early (28 days) and 
late (6 months) after  primary course of vaccination. 

Convalescent sera (6 months) and sera from all 
vaccine regimens lower activity against omicron

Some sera lack neut activity against omicron,  
- especially after Ad vaccines
- more pronounced after 6 months

6m 6m 6m 6m
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Geurtsvankessel Sci Immunol Feb 2022

Divergent SARS CoV-2 Omicron-reactive T- and B cell responses in COVID-19 vaccine recipients

T cell immunity (both CD4+ and CD8+) 
against Spike after primary vaccination. 

Very stable T cell responses across VOC (omicron)
and vaccine type

Some individuals lack responses
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Geurtsvankessel Sci Immunol Feb 2022

Divergent SARS CoV-2 Omicron-reactive T- and B cell responses in COVID-19 vaccine recipients

Clear-cut effect of booster 

- Neut titers Increase, but weaker for omicron
- T cell immunity remains broad (inc omicron)
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Inducing broad-based immunity against SARS-CoV-2

Alessandro Sette Immunity May 2022 

To achieve breadth of antibody recognition: 

(A) Immunogens must display multivalent antigens 
with conformational, heavily glycosylated surfaces  
+ conserved sites;  

Inducing not only neutralization, 
but also Fc-mediated protection

(B) Inclusion of epitopes from conserved regions outside  spike 
could provide additional, more broadly cross-reactive T cell 
responses.
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Morphological and Genetic Structure of SARS-CoV-2 

Spike is only a small part of the genome, but accumulates most mutations: 
Is main target for immune attack, hence has to evolve quickly 

Note: ORF  = open reading frame; 
RdRp = RNA-dependent RNA polymerase

Behnaz Bakhshandeh Microbiol Pathogen May 2021
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Reinfection time Interval in Denmark by Variant

Scott Burkholz medRxiv 14 Sept 2022

Time interval between omicron-omicron reinfections 
is short, especially between BA.1 and BA.2

→ rapid immune escape
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CF-501= 
STING agonist

A STING agonist-adjuvanted pan-sarbecovirus vaccine elicits potent and durable neutralizing antibody and T cell responses

A SARS-CoV-2 Receptor Binding Domain (RBD) – IgG Fc fusion protein + CF-501 adjuvant 
elicits high neutralizing titers and IFN-γ T cell responses in NHP

Zezhong Liu Cell Research  19 Jan 2022
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Protective efficacy of CF501/RBD-Fc in rhesus macaques

Zezhong Liu Cell Research 19 Jan 2022

Three doses of RBD-Fc + CF501 provide a near-complete protection 
against SARS-CoV-2l replication and inflammation in the lungs

RBD-FC + Alum provides only partial protection
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A STING agonist-adjuvanted pan-sarbecovirus vaccine elicits potent and durable neutralizing antibody and T cell responses

Plasma from immunized NPH cross-neutralizes major SARS-CoV-2 VOC (including Omicron) 
And also human SARS-CoV-1 and two closely related bat viruses (Rs3367 and WIV1) 

Zezhong Liu Cell Research 24 Feb 2022

Immunization with Wuhan 
type SARS-CoV-2 RBD-Fc 

Zezhong Liu Cell Research 19 Jan 2022
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UK Health Security Agency COVID Vaccine Report 40 6 Oct 2022

Vaccine Effectiveness against infection after 2 and 3 doses

- Vaccine efficacy against delta higher and more sustained than omicron
- Primary course with either Astra-Zeneca or Pfizer, followed by mRNA 

booster → VE for Omicron drops to < 20 % after 20+ weeks; 
- Primary course with Moderna, followed by mRNA → VE for Omicron 

still at 40 %  15-19 weeks
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