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Immunogene Strukturen des Sars-Cov2 Virus
(Krammer F.  Sars-CoV-2 Vaccines in development. Nature 586: 516-527, 2020)
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on NDV are of interest because this virus grows to high titres in eggs, 
and the vectors could be produced using the global influenza virus 
vaccine pipeline. In contrast to measles and the VSV vectors, they are 
likely to be safe enough to administer intranasally, which could result 
in mucosal immunity.

Inactivated virus vectors
Some SARS-CoV-2 vaccine candidates that are currently under devel-
opment rely on viral vectors that display the spike protein on their 
surface but are then inactivated before use32 (Fig.!3j). The advantage 
of this approach is that the inactivation process renders the vectors 
safer because they cannot replicate, even in an immunocompromised 
host. Using standard viral vectors, the amount of antigen that is pre-
sented to the immune system cannot easily be controlled; however, 
in inactivated vectored vaccines it can be readily standardized—as is 
the case for inactivated or recombinant protein vaccines. Examples 
of inactivated virus vectors include NDV-based vaccines that display 
the spike protein on their surface—which can be produced in a similar 
manner to influenza virus vaccines54—as well as rabies vectors32. These 
technologies are currently in the preclinical stage.

DNA vaccines
DNA vaccines (Fig.!3k) are based on plasmid DNA that can be produced 
at large scale in bacteria. Typically, these plasmids contain mammalian 
expression promoters and the gene that encodes the spike protein, 
which is expressed in the vaccinated individual upon delivery. The great 
advantage of these technologies is the possibility of large-scale produc-
tion in E. coli, as well as the high stability of plasmid DNA. However, DNA 

vaccines often show low immunogenicity, and have to be administered 
via delivery devices to make them efficient. This requirement for deliv-
ery devices, such as electroporators, limits their use. Four different 
DNA vaccine candidates against SARS-CoV-2 are currently in phase I/
II clinical trials32 (Fig.!4).

RNA vaccines
Finally, RNA vaccines (Fig.!3l) are a relatively recent development. 
Similar to DNA vaccines, the genetic information for the antigen is 
delivered instead of the antigen itself, and the antigen is then expressed 
in the cells of the vaccinated individual. Either mRNA (with modifica-
tions) or a self-replicating RNA can be used. Higher doses are required 
for mRNA than for self-replicating RNA, which amplifies itself55, and 
the RNA is usually delivered via lipid nanoparticles (LNPs). RNA vac-
cines have shown great promise in recent years and many of them are 
in development, for example for Zika virus or cytomegalovirus. As 
potential vaccines against SARS-CoV-2, promising preclinical results 
have been published for a number of RNA vaccine candidates43,56–58: 
Pfizer and Moderna currently have candidates in phase III trials (Fig.!4, 
Tables!1, 2), CureVac and Arcturus have candidates in phase I/II trials, 
and a vaccine candidate from Imperial College London and the Chinese 
Liberation Army is in phase I trials32,59,60. Advantages of this technology 
are that the vaccine can be produced completely in!vitro. However, the 
technology is new, and it is unclear what issues will be encountered 
in terms of large-scale production and long-term storage stability, 
because frozen storage is required. In addition, these vaccines are 
administered by injection and are therefore unlikely to induce strong 
mucosal immunity (Fig.!2).
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Fig. 3 | Vaccine platforms used for SARS-CoV-2 vaccine development.  
a, A schematic of the structural proteins of the SARS-CoV-2 virion, including  
the lipid membrane, the genomic RNA covered by the nucleoprotein on the 
inside, the envelope and matrix proteins within the membrane, and the spike 
protein on the surface of the virus. b, The structure of the spike protein; one 
monomer is highlighted in dark brown and the RBD is shown in red. c–l, Current 

SARS-CoV-2 vaccine candidates include inactivated virus vaccines (c), live 
attenuated vaccines (d), recombinant protein vaccines based on the spike 
protein (e), the RBD (f) or on virus-like particles (g), replication-incompetent 
vector vaccines (h), replication-competent vector vaccines (i), inactivated 
virus vector vaccines that display the spike protein on their surface ( j), DNA 
vaccines (k) and RNA vaccines (l).
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5. MHC-II + Viruspeptide aktivieren CD4+T-Helfer Zellen und 
induzieren eine anti-virale Antikörper-Produktion in B-Zellen

Rolle von Typ 1 Interferonen (IFN-!, IFN-") in der antiviralen Abwehr

1. IFN-!, IFN-" Sekretion ->machen 
Zellen resistent gegen Virusreplikation

2. Typ I-IFN aktivieren NK-Zellen 
zur Abtötung Virus-Infizierter Zellen

3. IFN steigern Oberflächen-Expression 
von MHC-I und MHC-II Molekülen samt 
den in ihnen gebundenen Virus-Peptiden

4. MHC I + Viruspeptide aktivieren CD8+T-Killer Zellen



MHC Klasse I Moleküle (ca. 125)
Auf allen Körperzellen exprimiert
außer den Keimzellen
(Hoden, Ovarien)

MHC Klasse II Moleküle (ca. 150)
Nur auf Zellen des Immunsystems
exprimiert:
Ø Monozyten (++)
Ø Makrophagen (++)
Ø Granulozyten (+)
Ø Dendritische Zellen (+++)
Ø B-Lymphozyten (++)
Ø T-Lymphozyten (+)

Interferone
steigern die 
Expression von
MHC I und MHC II
Molekülen. 



CD8+ T-Killer
CD4+ T-Helfer

Peptid-spezifische
Abtötung von Virus
Infizierten Zellen 

3. Diese stimulieren B-Zellen zur 
Ausreifung und spezifischen
Antikörperbildung, z.B. gegen 
das Spike-Protein veranlassen. 

Endogener Weg.    Exogener Weg

MHC-I Molekül MHC-II Molekül 

Virusà

1. Aufnahme von Virus-Partikeln 
über Phagozytose (exogener Weg)
in das Phagolysosom der Antigen

präsentierenden Zellen (APC): 
Makrophagen, DC, B-Zellen.

2. Präsentation von viralen 
Peptiden in MHCII –Molekülen 
an Viruspeptid spezifische
CD4+ T-Helfer Zellen. 
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B-Zellen und Plasmazellen produzieren Immunglobulin Klassen
und repräsentieren die Antikörper-Immunität

IgG 7.0-16.0 g/l         < 5.0 g/l
IgG1 5.2-8.5 g/l
IgG2 2.5-4.0 g/l
IgG3 0.5-1.6 g/l
IgG4 0.2-0.5 g/l

IgA 0.7-4.5 g/l            < 0.7 g/l
IgM 0.4-2.3 g/l            < 0.4 g/l
IgE 0.0001g/l   (10-100 IU/ml)
IgD 0.03 g/l

Allergie

Schleimhaut
Immunität

Gegen Viren 
Bakterien,
Toxine

60%.     25%.       10%           5% 

IgG IgD IgE

IgA Dimer IgM Pentamer

Subklassen



Risiken für ungünstige COVID-Verläufe
Beeinflussung durch Lebens-
Umstände und Vorkrankheiten
• Alter >65
• Übergewicht
• Nieren-/Leberkrankheiten
• Diabetes
• Herz/Lungen-Vorkrankheiten
• Allergien
• Einige Immunsuppressiva
• Neigung zu Autoimmunität-> 

Thrombosen, Late COVID Syndrom, 
Fatigue

Einflüsse durch Immunsystem 
und Virus-Mutanten
• Störungen der Interferon-Antwort
• Störungen der NK-und CD8+ T-

Killerzell Antwort
• Bildung von Autoantikörper gegen 

Interferon Typ I
• Antikörper-Bildungsstörungen (PID)
• Verhältnis von Antikörpern gegen 

Spike zu Nukleoprotein
• Virus-Protein-Mutanten im Bereich 

von RBD (B1.1.7, B1.351 „E484K“) -> 
höhere Infektionsrate 



Schwächung der anti-viralen Immunantwort 
begünstigen einen aggressiven Verlauf der COVID-19

1. Auf Ebene der Typ I-Interferone:
Ø Inborn errors of type I IFN immunity in life-threatening Covid-19
Q. Zhang et al., Science 10.1126/science.abd4570 (2020) 

Ø Autoantibodies against type I IFNs in life-threatening Covid-19 
P. Bastard et al., Science 10.1126/science.abd4585 (2020). 

2. Auf Ebene der NK-Zellen und  CD8+ Killer T-Zellen
Ø Rasche Erschöpfung von NK- und CD8+Killer T-Zellen: Indikatoren für schlechte Prognose 
Li M, Guo W, Dong Y et al Front. Immunol. 11:580237. doi: 10.3389/fimmu.2020.580237



Li M, Guo W, Dong Y et al Elevated Exhaustion Levels of NK and CD8+ T Cells as Indicators for Progression and

Prognosis of COVID-19 Disease. Front. Immunol. 11:580237. doi: 10.3389/fimmu.2020.580237

(PAMPs). This recognition event leads to the activation of a
downstream signaling cascade, i.e. NF-kB and IRF3,
accompanied by their nuclear translocation. In the nucleus,
these transcription factors induce expression of type I IFN and
other pro-in!ammatory cytokines and these initial responses
comprise the "rst line defense against viral infection at the entry
site (12). Subsequently, the Th1 type immune response plays a
dominant role in an adaptive immunity to "ght against viral
infections. Cytokine microenvironment generated by antigen
presenting cells dictates the direction of T cell responses. To be
speci"c, helper CD4+T cells orchestrate the overall adaptive
response, while cytotoxic CD8+T cells are essential in killing of
viral infected cells (13).

In the cases of COVID-19, a robust immune response may
help the host to clear the virus. However, the excessive activation
of immune system is harmful for human body. A “cytokine
storm” followed by strong in!ammation can initiate widespread
tissue damage, such as in!ammatory-induced lung injury and
other complications including pneumonitis, acute respiratory
distress syndrome (ARDS), respiratory failure, shock, organ
failure and potentially death (8).

In line with other reports (8, 10, 14, 15), we found the
hallmarks of severe cases are neutrophilia, lymphopenia,
elevated in!ammatory factors, and hypercoagulable states.
Speci"cally, the increase in hyperin!ammatory neutrophils
yields deteriorating consequences to the infected host that
manifests in lung immunopathology, including pneumonitis or
ARDS (13). In fact, increased neutrophil cell numbers are
consistently observed in the severe or lethal cases of SARS-
CoV or MERS-CoV infection (16, 17).

NK cells are innate lymphoid cells, which can directly kill
infected cells and contribute to the activation and orientation
of adaptive immune response (18). Human NK cells can
be subdivided into various subsets based on the relative

expression of CD16 and CD56. CD3-CD56brightCD16neg/dim

cells are considered ef"cient cytokine producers endowed with
immunoregulatory properties (19), whereas CD3-CD56dimCD16+

cells are essentially cytotoxic (20). In this study, we extensively
characterized the changes in four NK cell subsets and evaluated
the phenotypic characteristics of NK cells in COVID-19 patients.
In line with another study of COVID-19 (20), our data revealed
that the count and frequency of NK cells is signi"cantly lower in
severe cases when compared to mild cases and healthy volunteers,
which indicates that a decreased NK cell numbers are associated
with an increased COVID-19 severity. It’s noteworthy that
compared to mild cases and healthy volunteers, the frequency of
cytotoxic CD3-CD56dimCD16+ cells decreased signi"cantly in
severe cases, which can partially explain why these patients fail
to control viral replication.

Programmed death-1 (PD-1) and CD244 are immunoregulatory
receptors found onmany immune cell types, including NK cells and
T cells, and that represent potential therapeutic targets (21, 22).
Accumulating research has linked PD-1 and CD244 inhibitory
signaling to the maintenance of an exhausted phenotype in NK
cells and T cells in chronic infection and cancer (22–26). Our study
found that the expression levels of PD-1 and CD244 on NK cells are
signi"cantly elevated in patients with COVID-19 compared to
healthy volunteers, which signi"es an exhausted state of NK cells
in patients with COVID-19.

T cells play a vital role in the adaptive immunity against viral
infections. As a member of coronavirus, it has been reported that
SARS-CoV directly infects macrophages and T cells, which is a key
feature in SARS-CoV-mediated pathogenesis (16). However,
whether SARS-CoV-2 infects any immune cells is still unknown.
In our study, we found that the counts and frequencies of CD4+T
cells, CD8+ T cells, and NKT cells were signi"cantly lower in
severe cases than mild cases. More importantly, the signi"cantly
elevated expression levels of PD-1 and CD244 on CD8+ T cells

FIGURE 5 | Schematic depiction of alterations in NK cells and T cells observed during SARS-CoV-2 infection.

Li et al. COVID-19 and NK, T Cells

Frontiers in Immunology | www.frontiersin.org October 2020 | Volume 11 | Article 5802378

Rasche Erschöpfung von NK und CD8 Killer T-Zellen als Indikatoren 
einer Covid-19 Progression mit schlechter Prognose

Perforin ↓
Granzyme↓
CD27   ↓
PD-1    ↑
CD244 ↑
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a licensed vaccine. Therefore, unforeseen issues with scaling could 
cause delays. It is also not yet clear whether bottlenecks will occur in 
the availability of, for example, syringes or glass vials; how vaccines 
will be distributed globally; and how rollout will occur within coun-
tries. Finally, for certain vaccine candidates against SARS-CoV and 
MERS-CoV, vaccine-enhanced disease was reported in some animal 
models (Box 1). For SARS-CoV-2 vaccine candidates, there have so far 
been no signals of enhanced disease in animal models or in humans; 
however, such a safety signal would certainly derail the development 
of a vaccine candidate and would negatively affect vaccine develop-
ment in general.

Below I review the types of SARS-CoV-2 vaccine in the pipeline, as well 
as initial data from NHP studies, phase I and phase I/II trials.

Types of vaccine in development
More than 180 vaccine candidates, based on several different platforms 
(Fig.!3), are currently in development against SARS-CoV-232 (Fig.!4). The 
World Health Organization (WHO) maintains a working document32 
that includes most of the vaccines in development and is available at 
https://www.who.int/publications/m/item/draft-landscape-of-covid-
19-candidate-vaccines. The platforms can be divided into ‘traditional’ 
approaches (inactivated or live-virus vaccines), platforms that have 
recently resulted in licensed vaccines (recombinant protein vaccines 
and vectored vaccines), and platforms that have yet to result in a 
licensed vaccine (RNA and DNA vaccines).

Inactivated vaccines
Inactivated vaccines (Fig.!3c) are produced by growing SARS-CoV-2 in 
cell culture, usually on Vero cells, followed by chemical inactivation of 
the virus33,34. They can be produced relatively easily; however, their yield 
could be limited by the productivity of the virus in cell culture and the 
requirement for production facilities at biosafety level 3. Examples of 
inactivated vaccine candidates include CoronaVac (initially known as 
PiCoVacc), which is under development by Sinovac Biotech in China34,35 
and is further discussed below, as well as several other candidates that 
are being developed in China, by Bharat Biotech in India and by the 
Research Institute for Biological Safety Problems in Kazakhstan. These 
vaccines are usually administered intramuscularly and can contain 
alum!(aluminium hydroxide) or other adjuvants. Because the whole 
virus is presented to the immune system, immune responses are likely 
to target not only the spike protein of SARS-CoV-2 but also the matrix, 
envelope and nucleoprotein. Several inactivated vaccine candidates 
have entered clinical trials, with three candidates from China in phase 
III trials, and one from India, one from!Kazakhstan and two from!China 
in phase I or II clinical trials32 (Fig.!4).

Live attenuated vaccines
Live attenuated vaccines (Fig.!3d) are produced by generating a geneti-
cally weakened version of the virus that replicates to a limited extent, 
causing no disease but inducing immune responses that are similar to 
that induced by natural infection (Fig.!2). Attenuation can be achieved 
by adapting the virus to unfavourable conditions (for example, growth 
at lower temperature, growth in non-human cells) or by rational mod-
ification of the virus (for example, by codon de-optimization or by 
deleting genes that are responsible for counteracting innate immune 
recognition36,37). An important advantage of these vaccines is that they 
can be given intranasally, after which they induce mucosal immune 
responses that can protect the upper respiratory tract (Fig.!2)—the 
major entry portal of the virus. In addition, because the virus is replicat-
ing in the vaccinated individual, the immune response is likely to target 
both structural and non-structural viral proteins by way of antibodies 
and cellular immune responses. However, disadvantages to these vac-
cines include safety concerns and the need to modify the virus, which is 
time-consuming if carried out by traditional methods and technically 
challenging when reverse genetics is used. Only three live attenuated 
vaccines are currently in preclinical development (Fig.!3), all of which 
attenuated by codon de-optimization and one that!is being developed 
in collaboration between Codagenix and the Serum Institute of India32.

Recombinant protein vaccines
Recombinant protein vaccines can be divided into recombinant 
spike-protein-based vaccines (Fig.!3e), recombinant RBD-based vac-
cines (Fig.!3f) and virus-like particle (VLP)-based vaccines (Fig.!3g). 
These recombinant proteins can be expressed in different expression 
systems including insect cells, mammalian cells, yeast and plants15,32,38; 
it is likely that RBD-based vaccines could also be expressed in Escheri-
chia coli39. Yields, and the type and extent of post-translational modi-
fications, vary depending on the expression system. For recombinant 

a Natural 
infection
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intradermal
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c Intranasal
vaccination

Mostly slgA1

Mostly lgG1

Fig. 2 | Mucosal and systemic immune responses to natural infection with 
respiratory viruses and to vaccination. The lower human respiratory tract 
is!thought to be mostly protected by IgG (IgG1 is most prevalent), the main type 
of antibody in serum, which is transported into the lung. The upper respiratory 
tract is thought to be!mostly protected by secretory IgA1 (sIgA1). a, Natural 
infection with respiratory viruses induces both a systemic immune response, 
dominated by IgG1, as well as a mucosal immune response in the upper 
respiratory tract that is dominated by sIgA1. This process can lead to sterilizing 
immunity for many respiratory viruses. b, Intramuscular or intradermal 
vaccination leads in many cases to a strong induction of serum IgG but not to an 
induction of mucosal IgA. Although some IgG can also be found on the mucosal 
surfaces of the upper respiratory tract, the lack of sIgA often leaves an 
individual vulnerable to infection of the upper respiratory tract. c, Intranasal 
vaccination can efficiently induce mucosal antibody responses, thereby 
potentially providing sterilizing immunity in the upper respiratory tract. 
However, systemic immune responses are often lower after this type of 
vaccination. Currently, all SARS-CoV-2 vaccine candidates in clinical 
development are administered intramuscularly, and very few of the more than 
180 vaccine candidates in development are designed to induce mucosal 
immunity. Although mucosal immunity might not be required to protect from 
severe or even symptomatic disease, it could be required to achieve optimal 
protection from infection and onward transmission of SARS-CoV-2.

Krammer F.  Sars-CoV-2 Vaccines in development. Nature 586: 516-527, 2020

Ø IgA Antikörper vermitteln die Schleimhaut-Immunität
(IgA1 im oberen Atemwegstrakt, IgA2 im Darm)

Ø IgG und IgM Antikörper repräsentieren die Immunität 
im Gewebe 

Antikörperbildung nach Sars-CoV2 Exposition
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on NDV are of interest because this virus grows to high titres in eggs, 
and the vectors could be produced using the global influenza virus 
vaccine pipeline. In contrast to measles and the VSV vectors, they are 
likely to be safe enough to administer intranasally, which could result 
in mucosal immunity.

Inactivated virus vectors
Some SARS-CoV-2 vaccine candidates that are currently under devel-
opment rely on viral vectors that display the spike protein on their 
surface but are then inactivated before use32 (Fig.!3j). The advantage 
of this approach is that the inactivation process renders the vectors 
safer because they cannot replicate, even in an immunocompromised 
host. Using standard viral vectors, the amount of antigen that is pre-
sented to the immune system cannot easily be controlled; however, 
in inactivated vectored vaccines it can be readily standardized—as is 
the case for inactivated or recombinant protein vaccines. Examples 
of inactivated virus vectors include NDV-based vaccines that display 
the spike protein on their surface—which can be produced in a similar 
manner to influenza virus vaccines54—as well as rabies vectors32. These 
technologies are currently in the preclinical stage.

DNA vaccines
DNA vaccines (Fig.!3k) are based on plasmid DNA that can be produced 
at large scale in bacteria. Typically, these plasmids contain mammalian 
expression promoters and the gene that encodes the spike protein, 
which is expressed in the vaccinated individual upon delivery. The great 
advantage of these technologies is the possibility of large-scale produc-
tion in E. coli, as well as the high stability of plasmid DNA. However, DNA 

vaccines often show low immunogenicity, and have to be administered 
via delivery devices to make them efficient. This requirement for deliv-
ery devices, such as electroporators, limits their use. Four different 
DNA vaccine candidates against SARS-CoV-2 are currently in phase I/
II clinical trials32 (Fig.!4).

RNA vaccines
Finally, RNA vaccines (Fig.!3l) are a relatively recent development. 
Similar to DNA vaccines, the genetic information for the antigen is 
delivered instead of the antigen itself, and the antigen is then expressed 
in the cells of the vaccinated individual. Either mRNA (with modifica-
tions) or a self-replicating RNA can be used. Higher doses are required 
for mRNA than for self-replicating RNA, which amplifies itself55, and 
the RNA is usually delivered via lipid nanoparticles (LNPs). RNA vac-
cines have shown great promise in recent years and many of them are 
in development, for example for Zika virus or cytomegalovirus. As 
potential vaccines against SARS-CoV-2, promising preclinical results 
have been published for a number of RNA vaccine candidates43,56–58: 
Pfizer and Moderna currently have candidates in phase III trials (Fig.!4, 
Tables!1, 2), CureVac and Arcturus have candidates in phase I/II trials, 
and a vaccine candidate from Imperial College London and the Chinese 
Liberation Army is in phase I trials32,59,60. Advantages of this technology 
are that the vaccine can be produced completely in!vitro. However, the 
technology is new, and it is unclear what issues will be encountered 
in terms of large-scale production and long-term storage stability, 
because frozen storage is required. In addition, these vaccines are 
administered by injection and are therefore unlikely to induce strong 
mucosal immunity (Fig.!2).
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Fig. 3 | Vaccine platforms used for SARS-CoV-2 vaccine development.  
a, A schematic of the structural proteins of the SARS-CoV-2 virion, including  
the lipid membrane, the genomic RNA covered by the nucleoprotein on the 
inside, the envelope and matrix proteins within the membrane, and the spike 
protein on the surface of the virus. b, The structure of the spike protein; one 
monomer is highlighted in dark brown and the RBD is shown in red. c–l, Current 

SARS-CoV-2 vaccine candidates include inactivated virus vaccines (c), live 
attenuated vaccines (d), recombinant protein vaccines based on the spike 
protein (e), the RBD (f) or on virus-like particles (g), replication-incompetent 
vector vaccines (h), replication-competent vector vaccines (i), inactivated 
virus vector vaccines that display the spike protein on their surface ( j), DNA 
vaccines (k) and RNA vaccines (l).
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Segregation der Covid-Verläufe mit Antikörper-Antworten

Günstig:
IgG1 anti S

IgA1 anti S

IgM anti S

Ungünstig:
IgG1 anti NP

IgA1 anti NP

IgM anti NP

Anti-NP ADCP/ADNP 

Anti-S  NK- activation

Atyeo C et al Distinct early serological signatures track with Sars-Cov2 survival. doi.org/10.1016/j.immuni.2020.07.020 

Antikörper gegen das Spikeprotein (S) und die 

Rezeptor Bindungsdomaine (RBD) sind 

neutralisierend, da das Virus nicht mehr an den 

zellständigen ACE Rezeptor andocken kann.

Erhöhte Anti-S-Titer der IgG1, IgA1 und IgM

Klassen finden sich vermehrt bei Überlebenden.

Antikörper gegen das Nukleoprotein (NP) finden 

sich mehr bei Patienten mit schlechter Prognose.



Verhältnis von Spike- zu Nucleoprotein- Antikörpern ist 
signifikant höher bei Überlebenden   

features, such as days since symptom onset, sex, age, and viral
load, were also overlayed on the PLSDA score plot (Figures S3B–
S3F), highlighting the limited capacity of any of these features to
distinguish individuals who convalesced or died. Furthermore, at
individual levels, these demographic factors were poorly predic-
tive of disease outcome, underperforming classification
compared with the LV1 classification model (Figure S3G).
Thus, a minimal set of SARS-CoV-2 humoral profiles, rather
than demographic information, appears to significantly resolve
individuals who die from those who recover.
Given that the feature down-selection algorithm selects a min-

imal set of features to avoid overfitting, a co-correlates network
was used to explore additional features that may distinguish
these two groups (Figure 3F). A larger set of co-correlates can
help provide mechanistic clues related to the immunologic
mechanisms by which antibodies contribute to control and
clearance of infection. Thus, a co-correlate network was built,
highlighting the relationship of model-selected features (large
nodes) with additional highly correlated features (smaller nodes).
Features enriched among individuals who later died included
N-specific IgM and IgA2, which were linked to a large number
of additional N- and RBD-specific poorly functional antibody fea-
tures. For example, correlates of risk were linked to induction of
less functional IgG subclasses, IgG2 and IgG4, pointing to early
rise of dysregulated or less functional humoral immune re-
sponses as biomarkers or even drivers of ineffective control or
clearance of infection. Conversely, S-specific IgM titers, en-
riched in convalescent individuals, were correlated with
functional S-specific IgG3 responses, RBD-specific IgM, and
S-specific monocyte and neutrophil phagocytosis. Moreover,
S-specific IgA1 responses, also enriched among convalescents,
were linked to RBD-specific complement activation (ADCD) and

S-, RBD-, and N-specific FcgR2A binding, the Fcg receptor
involved in phagocytosis. Given our emerging appreciation of
the role of complement and phagocytosis in vaccine-mediated
protection against SARS-CoV-2 (Yasui et al., 2014), these data
potentially argue for a similar role of these functions in natural
protection against disease. Moreover, the data also highlight
the potential importance of a less N-focused but more functional
S-specific phagocytic response as an early correlate of recovery
from infection.

Validation of the Skewed S-Specific Response in
Convalescents
Collectively, the data point to a shift in immunodominance of S
versus N functional antibody responses. To test this hypothesis,
we next compared the overall ratio of S:N-specific antibody iso-
types, subclasses, and functions across the groups (Figure 4A;
Figure S4A). As expected, several antibody features were selec-
tively biased toward S immunity in convalescents comparedwith
individuals who later died, including IgM, ADCP, ADNP, and
ADCD. Whether these effects were exclusive to this group of in-
dividuals from Seattle or could be generalized was next ad-
dressed in a second, larger cohort of acutely infected individuals
from Boston, of whom 20 individuals convalesced and 20 died.
Similar to the Seattle cohort, the Boston samples were profiled
in the first 20 days following symptom onset (Table 2). Similar
to the Seattle discovery cohort, although differences were
observed in S- and N-specific immune responses at a univariate
level, none passed multiple hypothesis correction (Figure S4B).
However, when S:N ratios were compared across features,
convalescent individuals exhibited a bias toward elevated
S-specific humoral immunity compared with N-specific immu-
nity, in contrast to individuals who later passed away (Figure 4B;

A B

C

Figure 4. Converging Shift in Immunity across a Second Acute Infection Cohort
(A and B) The Nightingale rose plots show the mean percentile of the spike:nucleocapsid (S:N) ratio of each readout are depicted for (A) the Seattle or discovery

cohort and (B) the Boston or validation cohort for convalescents (left) and deceased (right). Titers are shown as pink wedges and functions as blue wedges.

(C) The whisker boxplots show the number of S features that are greater than their N counterparts for all individuals in the Seattle or discovery cohort (left) and the

Boston or validation cohort (right). Differences across the 2 groups were assessed using a one-sided Mann-Whitney U test.
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Von der Entdeckung bis zur Entwicklung und Zulassung 
von Impfstoffen für SARS-CoV-2

3

31.12.2019: China informiert die WHO über das Auftreten von Fällen von 
‘Viraler Pneumonie unbekannter Ursache’ in Wuhan

12.01.2020: Veröffentlichung der genetischen Sequenz des neuartigen
Coronavirus SARS-CoV-2

16.03.2020: Erste klinische Prüfung im Menschen beginnen

Ab 01.10.2020 Rolling Review der ersten Impfstoffe beginnt bei der EMA

26.10.2020 über 240 Impfstoffe für SARS-CoV-2 in der Entwicklung (ref 
LSHTM vaccine tracker) 

Source: WHO, LSHTM (https://vac-lshtm.shinyapps.io/ncov_vaccine_landscape/) 

Paul-Ehrlich-Institut Krammer,�F.�SARSͲCoVͲ2�vaccines�in�development. Nature 586, 516–527�(2020)
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on NDV are of interest because this virus grows to high titres in eggs, 
and the vectors could be produced using the global influenza virus 
vaccine pipeline. In contrast to measles and the VSV vectors, they are 
likely to be safe enough to administer intranasally, which could result 
in mucosal immunity.

Inactivated virus vectors
Some SARS-CoV-2 vaccine candidates that are currently under devel-
opment rely on viral vectors that display the spike protein on their 
surface but are then inactivated before use32 (Fig.!3j). The advantage 
of this approach is that the inactivation process renders the vectors 
safer because they cannot replicate, even in an immunocompromised 
host. Using standard viral vectors, the amount of antigen that is pre-
sented to the immune system cannot easily be controlled; however, 
in inactivated vectored vaccines it can be readily standardized—as is 
the case for inactivated or recombinant protein vaccines. Examples 
of inactivated virus vectors include NDV-based vaccines that display 
the spike protein on their surface—which can be produced in a similar 
manner to influenza virus vaccines54—as well as rabies vectors32. These 
technologies are currently in the preclinical stage.

DNA vaccines
DNA vaccines (Fig.!3k) are based on plasmid DNA that can be produced 
at large scale in bacteria. Typically, these plasmids contain mammalian 
expression promoters and the gene that encodes the spike protein, 
which is expressed in the vaccinated individual upon delivery. The great 
advantage of these technologies is the possibility of large-scale produc-
tion in E. coli, as well as the high stability of plasmid DNA. However, DNA 

vaccines often show low immunogenicity, and have to be administered 
via delivery devices to make them efficient. This requirement for deliv-
ery devices, such as electroporators, limits their use. Four different 
DNA vaccine candidates against SARS-CoV-2 are currently in phase I/
II clinical trials32 (Fig.!4).

RNA vaccines
Finally, RNA vaccines (Fig.!3l) are a relatively recent development. 
Similar to DNA vaccines, the genetic information for the antigen is 
delivered instead of the antigen itself, and the antigen is then expressed 
in the cells of the vaccinated individual. Either mRNA (with modifica-
tions) or a self-replicating RNA can be used. Higher doses are required 
for mRNA than for self-replicating RNA, which amplifies itself55, and 
the RNA is usually delivered via lipid nanoparticles (LNPs). RNA vac-
cines have shown great promise in recent years and many of them are 
in development, for example for Zika virus or cytomegalovirus. As 
potential vaccines against SARS-CoV-2, promising preclinical results 
have been published for a number of RNA vaccine candidates43,56–58: 
Pfizer and Moderna currently have candidates in phase III trials (Fig.!4, 
Tables!1, 2), CureVac and Arcturus have candidates in phase I/II trials, 
and a vaccine candidate from Imperial College London and the Chinese 
Liberation Army is in phase I trials32,59,60. Advantages of this technology 
are that the vaccine can be produced completely in!vitro. However, the 
technology is new, and it is unclear what issues will be encountered 
in terms of large-scale production and long-term storage stability, 
because frozen storage is required. In addition, these vaccines are 
administered by injection and are therefore unlikely to induce strong 
mucosal immunity (Fig.!2).

Replication-competent vector vaccines 
can propagate to some extent in the 
cells of the vaccinated individual and 
express the spike protein within them 

SARS-CoV-2

Spike protein

RBD of the
spike protein

a b

Nucleoprotein
and viral RNA

Matrix protein 

Envelope protein 

c d eInactivated vaccines 
contain SARS-CoV-2 
that is grown in cell 
culture and then 
chemically inactivated 

Live attenuated vaccines 
are made of genetically 
weakened versions of 
SARS-CoV-2 that is 
grown in cell culture

Recombinant spike-
protein-based vaccines

RBD

f g hRecombinant 
RBD-based 
vaccines 

VLPs carry no genome but 
display the spike protein on 
their surface

i j k l

Replication-incompetent vector 
vaccines cannot propagate in the 
cells of the vaccinated individual but 
express the spike protein within them

Inactivated virus vector vaccines carry 
copies of the spike protein on their surface 
but have been chemically inactivated

DNA vaccines consist of plasmid 
DNA encoding the spike gene under 
a mammalian promoter

RNA vaccines consist of RNA encoding 
the spike protein and are typically 
packaged in LNPs

Spike
gene

Spike
gene

Fig. 3 | Vaccine platforms used for SARS-CoV-2 vaccine development.  
a, A schematic of the structural proteins of the SARS-CoV-2 virion, including  
the lipid membrane, the genomic RNA covered by the nucleoprotein on the 
inside, the envelope and matrix proteins within the membrane, and the spike 
protein on the surface of the virus. b, The structure of the spike protein; one 
monomer is highlighted in dark brown and the RBD is shown in red. c–l, Current 

SARS-CoV-2 vaccine candidates include inactivated virus vaccines (c), live 
attenuated vaccines (d), recombinant protein vaccines based on the spike 
protein (e), the RBD (f) or on virus-like particles (g), replication-incompetent 
vector vaccines (h), replication-competent vector vaccines (i), inactivated 
virus vector vaccines that display the spike protein on their surface ( j), DNA 
vaccines (k) and RNA vaccines (l).

(Krammer F.  Sars-CoV-2 Vaccines in development. Nature 586: 516-527, 2020)Impfstoff-Varianten

1 Biontec, Moderna
CureVac

2 Astra,CanSino, 
Sputnik, Jansson

3 Wuhan, Sinovac

4 Novavax, 
Longcom

5 Glaxo
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Compressed vaccine development plans

Krammer,�F.�SARSͲCoVͲ2�vaccines�in�development. Nature 586, 516–527�(2020)

Entwicklung und Zulassung von COVID-19 Impfstoffen 

Paul-Ehrlich-Institut

Beispiel COVID-19 Impfstoffe mit möglicher Relevanz für EU

8

Firmen Impfstofftyp Dosen, Route
Impfintervall

Phase der 
Entwicklung

Stand Zulassungs-
verfahren

BioNTech/
Pfizer/Fosun

mRNA eingeschlossen in 
Lipid-Nanopartikel

2 Dosen, i.m.
0, 21 Tage

Phase 3 Rolling Review ab 
05. 10.2020

Moderna/
Lonza/NIH

mRNA eingeschlossen in 
Lipid-Nanopartikel

2 Dosen, i.m.
0, 28 Tage

Phase 3 Rolling Review ab 
16.11.2020

Curevac mRNA eingeschlossen in 
Lipid-Nanopartikel

2 Dosen, i.m.
0, 28 Tage

Phase 1/2

Oxford/
AstraZeneca

Vektor-basiert (ChAdOx1)
nicht replizierend

(1-)2 Dosen i.m.
0, 28 Tage

Phase 3 Rolling Review ab 
01.10.2020

J&J/Janssen Vektor-basiert (hAd26)
nicht replizierend

1-2 Dosen, i.m.
0, 56 Tage

Phase 3

Novavax Rekombinant hergestelltes 
Protein, adjuvantiert

2 Dosen, i.m.
0, 21 Tage

Phase 3

Sanofi 
Pasteur/GSK

Rekombinant hergestelltes 
Protein, adjuvantiert

2 Dosen, i.m.
0, 28 Tage

Phase 1/2

Zugelassen 3/21

Im rolling review
Verfahren

Eingestellt
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BioNTech/Pfizer: Immunogenität

Neutralisierende Antikörper (NT 50%)
18-55 Jahre                   65-85 Jahre

S1-Binding IgG
18-55 Jahre               65-85 Jahre

Hohe neutralisierende Antikörpertiter im Vergleich zu Rekonvaleszentenseren
7 Tage nach der 2. Impfung auch bei Älteren; TH1 gerichtete Immunantwort 

Paul-Ehrlich-Institut

BioNTech/Pfizer: Immunogenität

Neutralisierende Antikörper gegen das 
Impfantigen (BNT162b1) neutralisieren auch 
diverse rekombinant hergestellt Pseudoviren, 
die häufig auftretende Mutationen in der 
Rezeptorbindungsdomäne enthalten. 

Daten zu den aktuell in verschiedenen 
Ländern auftretenden Mutationen in Nerzen 
insbesondere aus DK sind noch nicht 
verfügbar. 

Sahin et al 2020
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Nebenwirkungen des BioNtec Impfstoffes

Lokal
• Schmerzen und Rötungen an 

Einstichstelle (50-90%)
• Häufiger bei jüngeren 

Probanden (<55J)
• Klingen nach wenigen Tagen 

wieder ab

Allgemein
• Abgeschlagenheit (40-70%
• Schüttelfrost, Fieber (10-20%
• Kopfschmerzen (10-20%)
• Eher bei Jüngeren 
• Am stärksten am 2.-3.Tag
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Concerns have emerged regarding the possible 
resistance of SARS-CoV-2 variants to Covid-19 

vaccines17,18 and neutralizing antibodies.19,20 Dur-
ing the study period, an increasing share of 

Figure!2.!Cumulative!Incidence!of!the!Five!Outcomes.

Cumulative incidence curves (1 minus the Kaplan–Meier risk) for the various outcomes are shown, starting from the day of administra-
tion of the first dose of vaccine. Shaded areas represent 95% confidence intervals. The number at risk at each time point and the cumu-
lative number of events are also shown for each outcome. Graphs in which all data are shown with a y axis scale from 0 to 100 (along 
with the data shown, as here, on an expanded y axis) are provided in Figure S8 in the Supplementary Appendix.
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