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             1 General information  
 
1.1 Provide the approval 

number of the ‘Netherlands 
Food and Consumer 
Product Safety Authority’. 
 
 

 

50200 

 
 1.2 Provide the name of the 

licenced establishment. 
Biomedical Primate Research Centre 

 
    1.3 Provide the title of the 

project. 
Evaluation of vaccines and antiviral therapeutics against coronavirus 
infections 
 
  

2 Categories 
 

2.1        Please tick each of the 
following boxes that 
applies to your project. 
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 Basic research 
  Translational or applied research 
   Regulatory use or routine production 
  Research into environmental protection in the interest of human or 
animal 
  Research aimed at preserving the species subjected to procedures 
  Higher education or training 
  Forensic enquiries 
  Maintenance of colonies of genetically altered animals not used in 
other animal procedures 
 
 

3 General description of the project 
 

3.1 Background 
 Describe the project (motivation, background and context) with respect to the categories selected in 2.1.  
 
 
 Coronaviruses (CoVs) are a group of enveloped viruses with non-segmented, single-stranded, and 
positive-sense RNA genomes. CoVs are important pathogens as they infect a variety of economically 
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important vertebrates, such as pigs and chickens, but have also been described in birds, bats, mice, and 
various wild animals. In addition, CoVs can also infect the respiratory, gastrointestinal, hepatic,and 
central nervous system of humans.  Until the end of 2019, six human coronaviruses (HCoV) were 
described; HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, severe acute respiratory syndrome 
(SARS-CoV), the Middle East respiratory syndrome (MERS)-CoV (1-3).  
Until 2002, CoVs were only known to cause mild respiratory infections in humans. However, in November 
2002, a severe respiratory disease first appeared in southern China and quickly spread to other 
countries, leading to over 8,000 confirmed cases at the end of the pandemic in June 2003, with a 
mortality rate of∼9.6% (4). The causative agent was identified and named SARS-CoV, a zoonotic 
coronavirus. SARS-CoV originated in horseshoe bats, and had later adapted to infect the intermediate 
host, the palm civet, and ultimately infected humans (5). After an incubation period of 4–6 days, SARS 
patients develop flu-like symptoms and pneumonia, which in severe cases lead to fatal respiratory 
failure, and acute respiratory distress syndrome (6). No cases of SARS have been reported since 2004, 
but a rich gene pool of SARS-related coronaviruses was discovered in bats living in a cave in Yunnan, 
China, highlighting the necessity to prepare for future re-emergence (7).  
Eight years after the SARS pandemic, in June 2012, MERS-CoV emerged in Saudi Arabia as the causative 
agent of a SARS-like respiratory disease (8). Although human-to-human transmission is considered 
limited, MERS-CoV has caused two major outbreaks in Saudi Arabia (2012) and in South Korea (2015), 
with the number of confirmed cases exceeding 2,000, and with a mortality rate of ∼35% (9). Similar to 
SARS-CoV, MERS-CoV originated in bats, but it later adapted to dromedary camels as intermediate hosts 
(10). Currently, no vaccines or specific antiviral drugs are available for either SARS-CoV or MERS-CoV.  
 
In December 2019, a cluster of 27 patients were hospitalized in Wuhan, China, with respiratory 
symptoms of unknown etiology. Cases showed symptoms such as fever, dry cough, dyspnoea, and 
radiological findings of bilateral lung infiltrates. The causative agent was quickly identified as a 
coronavirus, initially called 2019-nCoV (2019 new coronavirus)(11), and on 10 January its genome 
sequence was made publicly available (GenBank acc. no. MN908947). On 11 February, the virus was 
officially named SARS-CoV-2, and the disease caused by the virus, COVID-19 (Coronavirus disease 
2019).Since the first publications, the pandemic spread rapidly and on 30 January 2020, the World 
Health Organization declared the SARS-CoV-2 outbreak a public-health emergency of international 
concern (PHEIC) (12).  SARS-CoV-2 spread very quickly across the globe, and within the first two years 
of the COVID-19 pandemic, more than 450 million cases were reported worldwide, more than 100 million 
in the EU/EEA alone (13), with a mortality rate exceeding 1% before vaccines became available. The 
COVID-19 pandemic disrupted supply chains around the world, tested the resilience of global healthcare 
systems, and exposed weaknesses in public procurement processes (14). 
The fast-track availability of vaccines (Adenovirus-based Astra Zeneca, and mRNA-based Pfizer/BioNTech 
and Moderna), relying on knowledge gained during the development of MERS vaccines (e.g. stabilization 
of Spike antigen in pre-fusion state), was essential to reduce the impact of the SARS-CoV-2 pandemic. 
For their proven potential to cause global pandemics, and the abovementioned lack of vaccines and 
antivirals, SARS and MERS are prioritized by the WHO on their R&D blueprint (12, 15). The WHO R&D 
Blueprint focuses on severe emerging diseases with potential to generate a public health emergency, and 
for which insufficient, or no preventive (vaccines) and curative solutions (antiviral therapeutics ) exist 
(12, 15). The WHO list of diseases to be prioritized is:  
 
• Crimean-Congo Hemorrhagic Fever 
• Ebola and Marburg Viral Disease 
• Lassa Fever 
• Nipah and Henipa viral diseases 
• Rift Valley Fever 
• Zika disease 
• SARS-CoV-1, MERS-CoV, and SARS-CoV-2 
• Disease X 
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The WHO put SARS and MERS on the 2018 list of priority diseases and added SARS-CoV-2 in 2020 (12, 
15). Although SARS-CoV-2 vaccines have been essential in the reduction of the impact of the SARS-CoV-
2 epidemic, there is still room for improvement. Current SARS-CoV-2 vaccines protect against severe 
disease and hospitalization, but do not prevent transmission, do not fully protect against variants of 
concern and do not provide long-lived protection.  
Novel coronaviruses with Disease X characteristics can join the MERS- and SARS-CoVs on the list. The 
ongoing SARS-CoV-2 epidemic, as well as the outbreaks of pathogenic SARS- and MERS-CoVs in the last 
two decades, have shown the urgency of developing vaccines and anti-viral therapeutics against the 
known emerged coronaviruses, but also points towards the need for preparedness for future outbreaks of 
yet unknown CoVs. It is highly likely that new CoV outbreaks will occurin the future due to the increased 
interactions of human with animals. To diminish the impact of such new outbreaks, there is an urgent 
need to develop effective therapies and broadly-acting vaccines against coronaviruses. 
The current proposal concerns a continuation of CCD project AVD5020020209404. In project 
AVD5020020209404 10 vaccines and one monoclonal antibody were evaluated for efficacy against SARS-
CoV-2. Of the 10 evaluated vaccines one vaccine was registered and several others are currently in 
clinical development (16-19). 
 

 
3.2 Purpose 
 3.2.1 Describe the project’s immediate and ultimate goals. Describe to which extent achieving the 
project’s immediate goal will contribute to achieving the ultimate goal. 
 
• If applicable, describe all subobjectives  
 The immediate goal of this research project is to test the immunogenicity, efficacy, and safety 
(absence of serious adverse events) of coronavirus vaccines, and to determine the pharmacokinetics, 
safety, and efficacy of anti-viral therapeutics that are developed for use in humans, in nonhuman 
primates (NHP). The focus of the project will be on coronavirus vaccines and antivirals designed to 
protect against infection with coronaviruses. 
The ultimate goal of this research project is to accelerate the development of vaccines and anti-viral 
therapeutics capable of protecting humans from (novel) coronavirus infections. 
 
3.2.2 Provide a justification for the project’s feasibility.  
 The institute has extensive and long-standing expertise in conducting vaccination studies using 
nonhuman primates. Since 2012, researchers at the institute have been working on respiratory 
infections, like influenza, RSV, and SARS-CoV-2, in macaques and marmosets, and on the evaluation of 
vaccines against these viruses. With this they are thus skilled in working with pathogenic, airborne 
viruses (16-18, 20-24). The institute has the appropriate facilities and experience to work with airborne 
pathogenic viruses at DM-III and ML-III biosafety conditions. In addition, the institute has the 
appropriate virological knowledge and expertise for assessment of vaccine efficacy, and to determine 
absence of pathogenicity. The experience with respiratory viruses guarantees that these animal studies 
will be adequately performed. 
 3.2.3 Are, for conducting this project, other laws and regulations applicable that may affect the welfare 
of the animals and/or the feasibility of the project? 
  No  

 Yes > Describe which laws and regulations apply en describe the effects on the welfare of  the animals 
and the feasibility of the project. 
      
 
3.3 Relevance  
 
3.3.1 What is the scientific and/or social relevance of the objectives described above? 

 Coronavirus epidemics can cause considerable morbidity and high mortality world-wide, and especially 
can affect vulnerable groups, like the elderly and people with underlying diseases. Also, the economic 
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and societal impact of coronavirus epidemics can be substantial (as exemplified by SARS-CoV-2 
pandemic) (13, 14). Therefore, the availability of (broadly-protecting) vaccines or anti-viral therapeutics 
against coronaviruses will have great societal impact. Novel vaccines, new vaccine delivery methods, and 
anti-viral therapeutics require evaluation in appropriate animal models such that the level as well as the 
mechanism of protection can be adequately established and understood, before these new vaccines can 
be evaluated in clinical studies (25, 26). 
3.3.2 Who are the project’s stakeholders? Describe their specific interests.   
 The stakeholders for coronavirus vaccines and anti-viral therapeutics are: 
• The world population: The reduction of the impact of (future) coronavirus epidemics will be 

of great societal and economic importance. Most notably, the most vulnerable people, 
those with underlying diseases and the elderly, for whom protection from coronavirus 
infection will increase their quality of life.  

• The scientific community: Information obtained from the planned research described in this 
proposal will increase knowledge on coronavirus infection, efficacy of vaccines and antiviral 
compounds, correlates of protection, and as such will contribute to the preparedness to 
reduce the impact of future CoV epidemics. 

• Pharmaceutical companies: Proof of concept for vaccines and antiviral compounds obtained 
in the studies described in this proposal will contribute to the clinical development and 
ultimately registration of their products. 

• For the animals as stakeholders, there are no direct benefits and they will experience 
moderate discomfort as a result of the experimental procedures. 

 
3.4 Strategy 
 3.4.1 Provide an overview of the overall design of the project (strategy). If applicable, describe the 
different phases in the project, the coherence, the milestones, selection points and decision criteria.  
 The project comprises five separate components: 

1. Coronavirus infection in NHP 
2. Coronavirus vaccine evaluation in NHP 
3. Coronavirus vaccine evaluation under the “animal rule” 
4. Pharmacokinetics (PK) of CoV antivirals in NHP 
5. CoV antiviral efficacy study in NHP 

 
Coronavirus infection in NHP. Before vaccines or anti-viral therapeutics can be evaluated a 
coronavirus challenge model in NHP must be established. To confirm infectivity and pathogenicity of a 
new virus, or virus stock that has not been tested previously in NHP at our institute, animals will be 
infected and monitored for clinical symptoms, development of fever, loss of body weight, and changes in 
blood parameters. Nasal and tracheal swabs, as well as bronchoalveolar lavages (BAL) will be collected to 
confirm that the animals have become infected and to determine the amount of virus produced. To 
evaluate a new virus, the virus is inoculated via (a combination of routes); i.e. intra-bronchial, oral, 
ocular, intranasal, or via an aerosol as described in Appendix 1. The virus challenge dose needs to be 
established at a level where all animals become infected, i.e. show virus replication.  
 
Vaccine evaluation: For the evaluation of the safety, immunogenicity, and efficacy of a vaccine 
concept, a vaccine evaluation experiment will be performed according to well established procedures, as 
described in Appendix 2. Typically, several immunizations are given over a certain time-period. Following 
immunization, induction of T-cell and antibody immune responses are measured, systemically in the 
blood, as well as locally, in the upper and lower respiratory tract. The strength of these responses as well 
as their duration are determined. Subsequently, the capacity of the vaccine to protect against infection is 
evaluated by experimental challenge of the animals with the coronavirus under investigation (Appendix 
1). 
 
Experimental infection will only be performed when the immunization has induced immune responses 
against the virus that is to be used for experimental infection, such that protection against infection is to 
be expected (i.e. a significant increase in post-vaccination immune responses, either humoral and or 
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cellular, must be observed). Whether protection is achieved depends on local interaction between cells of 
the immune system and local anti-viral antibodies with the virus and virus infected cells in the 
respiratory tract. This cannot be adequately modelled in an in vitro system and thus requires 
experimental infection of an animal. Ideally the vaccine should provide a robust level of protection and 
be able to reduce disease and virus replication in animals infected with a standard virus dose via delivery 
to the (upper) respiratory tract. 
 
Vaccine evaluation under the “Animal Rule”: The Food and Drug Administration (FDA) Animal Rule was 
devised to facilitate approval of candidate vaccines and therapeutics using animal survival data when 
human efficacy studies are not practical or ethical (25-29). This regulatory pathway is critical for 
candidates against pathogens with high case fatality rates that prohibit human challenge trials, as well as 
candidates with low and sporadic incidences of outbreaks that make human field trials difficult (25, 26). 
Important components of a vaccine development plan for Animal Rule licensure are the identification of 
an immune correlate of protection and immunobridging to humans (25, 26), see below for a more 
detailed description of the identification of a CoP and immunobridging to humans. The relationship of 
vaccine-induced immune responses to survival after vaccination and challenge must be established in 
validated animal models and then used to infer predictive vaccine efficacy in humans via immunobridging 
(26). The experiments performed under the Animal Rule are similar to those described in appendices 1 
and 2, but because the Animal Rule applies to the licensure of a vaccine, the criteria are more stringent 
(i.e. require more animals, as well as validation experiments) than those outlined in appendices 1 and 2, 
this is described in Appendix 3.  
As a first step a virus challenge dose that reproducibly yields a pre-defined virus load needs to be 
established, where a number of challenge doses (e.g. 3 doses) are evaluated as described in Appendix 1. 
The virus challenge dose, as established in the initial step, then must be validated in an independent 
second challenge study, as described in Appendix 1. The next step is the identification of a correlate of 
protection (CoP), to this end several vaccine doses will be tested (as described in appendix 2), such that 
a range of, potentially protective, immune responses are induced (26). The animals are then infected 
using the validated virus challenge dose and virus loads are determined in the target tissues. Following 
statistical analysis of the data, a CoP is then established. The CoP then needs to be validated in a second 
independent study, as described in Appendix 2, where a vaccine dose is used that reliably yields 
protective immune responses (i.e. higher than the established CoP). A group of vaccinated animals will 
then be compared with a group of placebo vaccinated animals in a challenge study, as described in 
Appendix 1, to validate the CoP. The CoP thus established will then be used as a (surrogate) CoP in an 
immunobridging clinical trial. When the vaccine is capable of inducing immune responses exceeding the 
established CoP in human volunteers the vaccine potentially qualifies for registration with the FDA and 
European Medicines Agency (EMA) (27, 28). Because of these specific conditions in the study setup, 
these experiments are described in Appendix 3. 
 
Pharmacokinetics (PK) of CoV antiviral therapeutics: For this type of study, animals will be administered 
with different dosages of an antiviral therapeutic as described in Appendix 4. If necessary, the 
therapeutic may be given at multiple time-points over a certain period. At regular time-points after 
administration, blood samples will be collected for measurement of the concentration of the compound, 
or active component thereof. In parallel, blood chemistry and hematology will be performed to monitor 
for adverse effects of the compound. General behaviour, health, body weight, and body temperature will 
also be monitored. Antiviral therapeutics are first tested in vitro, and in other animal models, like 
rodents, before they are evaluated for safety and efficacy in NHP. 
 
Antiviral therapeutics: We will focus on the prophylactic and curative use of antiviral therapeutics as 
described in Appendix 5. In a therapeutic efficacy study protocol, we will make use of a standard viral 
inoculum (see Appendix 1), and an established antiviral compound dose will be used. In this protocol, the 
animals will first be infected, and at a later time-point be given the antiviral compound. In the protocol, 
the absence or decrease in viral load in nasal and tracheal swabs as well as Bronchoalveolar lavages 
(BAL) will be measured as an indicator of antiviral activity. Additionally, during the studies the animals 
will be monitored for adverse effects of the compound, including monitoring of general behaviour and 
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health. A group of non-treated animals will be included as infection controls. Antiviral therapeutics are 
first tested in vitro, and in other animal models, like rodents, and must have demonstrated some form of 
efficacy before they are evaluated for safety and efficacy in NHP.  
 
The criteria to consider vaccine candidates or antiviral compounds for evaluation are:  
• Demonstration that the vaccine or antiviral compounds are non-toxic,  
• If specific host molecules are targeted, cross recognition of macaque homologues has been 

demonstrated,  
• The vaccine or antiviral compound cannot be adequately tested in other than NHP animal models, for 

instance due to the mechanism of action (i.e. interaction with specific receptors), or the type of 
immunological assessment needed, This concerns only vaccines and antiviral compounds for which it 
is not possible to directly evaluate them in other species because interaction with specific host 
molecules is required that are only present in humans and in NHPs, but not in other species. In this 
case, we would like to add the additional requirement that for this type of vaccine or antiviral 
compound a similar strategy that targets slightly different molecules but uses the same mode of 
action has been evaluated and found to be effective in other species. 

• The immunogenicity of vaccine candidates or effectiveness of antiviral compounds should have been 
proven in other species, unless this is not possible because the specific vaccine or antiviral compound 
modality used does not work in other species.  

  3.4.2 Provide a justification for the strategy described above. 
 Several research groups, including BPRC, have established nonhuman primate (NHP) models for infection 
with coronaviruses like SARS-CoV-1, SARS-CoV-2 and MERS CoV (16, 17, 20, 21, 30-46). Mostly widely 
used in CoV research are rhesus macaques and cynomolgus macaques and their susceptibility for 
infection with coronaviruses is well established.  
Several animal species have been used to study coronavirus infection (31, 44, 47-50). However, of these 
different species, NHP have the advantage that they physiologically, anatomically, and immunologically 
most closely resemble humans. This has important implications, both for vaccine evaluation and antiviral 
therapeutics (Appendices 2, 3, 4 and 5), as well as for the interaction with coronaviruses since this is 
affected both by physiology and by the reaction of the innate and adaptive immune system. These 
aspects are important for the evaluation of vaccines and antiviral therapeutics. The proper evaluation of 
these vaccines and antiviral therapeutics requires adequate infection models in NHP, which is the purpose 
of the studies proposed here.  

 
 3.4.3 List the different types of animal procedures. Use a different appendix ‘description animal 
procedures’ for each type of animal procedure. 

 Serial number Type of animal procedure  
           1 Development of a coronavirus infection model in NHP 
           2 Coronavirus vaccine evaluation in NHP 
  Vaccine 

evaluation 
under the 
“Animal 
Rule” 

        3 Coronavirus vaccine evaluation under the “Animal Rule” 

4 Phamacokinetics (PK) of CoV antivirals in NHP 

 5 Antiviral efficacy of CoV antivirals in NHP 
     

 References 
 
1. Chen Y, Liu Q, Guo D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. 
Journal of medical virology. 2020;92(4):418-23. DOI: 10.1002/jmv.25681. 
2. Fung TS, Liu DX. Human Coronavirus: Host-Pathogen Interaction. Annual review of microbiology. 
2019;73:529-57. DOI: 10.1146/annurev-micro-020518-115759. 
3. Okba NM, Raj VS, Haagmans BL. Middle East respiratory syndrome coronavirus vaccines: current 
status and novel approaches. Current opinion in virology. 2017;23:49-58. DOI: 
10.1016/j.coviro.2017.03.007. 



 Pagina 7 van 10 

 

4. Perlman S, Netland J. Coronaviruses post-SARS: update on replication and pathogenesis. Nature 
reviews Microbiology. 2009;7(6):439-50. DOI: 10.1038/nrmicro2147. 
5. Li W, Shi Z, Yu M, Ren W, Smith C, Epstein JH, Wang H, Crameri G, Hu Z, Zhang H, Zhang J, 
McEachern J, Field H, Daszak P, Eaton BT, Zhang S, Wang L-F. Bats are natural reservoirs of SARS-like 
coronaviruses. Science (New York, NY). 2005;310(5748):676-9. DOI: 10.1126/science.1118391. 
6. Peiris JSM, Lai ST, Poon LLM, Guan Y, Yam LYC, Lim W, Nicholls J, Yee WKS, Yan WW, Cheung MT, 
Cheng VCC, Chan KH, Tsang DNC, Yung RWH, Ng TK, Yuen KY, group Ss. Coronavirus as a possible 
cause of severe acute respiratory syndrome. Lancet (London, England). 2003;361(9366):1319-25. DOI: 
10.1016/s0140-6736(03)13077-2. 
7. Hu B, Zeng L-P, Yang X-L, Ge X-Y, Zhang W, Li B, Xie J-Z, Shen X-R, Zhang Y-Z, Wang N, Luo D-S, 
Zheng X-S, Wang M-N, Daszak P, Wang L-F, Cui J, Shi Z-L. Discovery of a rich gene pool of bat SARS-
related coronaviruses provides new insights into the origin of SARS coronavirus. PLoS pathogens. 
2017;13(11):e1006698-e. DOI: 10.1371/journal.ppat.1006698. 
8. de Groot RJ, Baker SC, Baric RS, Brown CS, Drosten C, Enjuanes L, Fouchier RAM, Galiano M, 
Gorbalenya AE, Memish ZA, Perlman S, Poon LLM, Snijder EJ, Stephens GM, Woo PCY, Zaki AM, Zambon 
M, Ziebuhr J. Middle East respiratory syndrome coronavirus (MERS-CoV): announcement of the 
Coronavirus Study Group. Journal of virology. 2013;87(14):7790-2. DOI: 10.1128/JVI.01244-13. 
9. Chafekar A, Fielding BC. MERS-CoV: Understanding the Latest Human Coronavirus Threat. Viruses. 
2018;10(2). DOI: 10.3390/v10020093. 
10. Corman VM, Ithete NL, Richards LR, Schoeman MC, Preiser W, Drosten C, Drexler JF. Rooting the 
phylogenetic tree of middle East respiratory syndrome coronavirus by characterization of a conspecific 
virus from an African bat. Journal of virology. 2014;88(19):11297-303. DOI: 10.1128/JVI.01498-14. 
11. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu P, Zhan F, Ma X, 
Wang D, Xu W, Wu G, Gao GF, Tan W. A Novel Coronavirus from Patients with Pneumonia in China, 
2019. New England Journal of Medicine. 2020. DOI: 10.1056/NEJMoa2001017. 
12. WHO. R&D Blueprint and COVID-19 2020 [Available from: https://www.who.int/news-
room/events/detail/2022/08/29/default-calendar/save-the-date---scientific-strategies-from-recent-
outbreaks-to-help-us-prepare-for-pathogen-x. 
13. ECDC. COVID-19 2023 [Available from: https://www.ecdc.europa.eu/en/covid-19. 
14. UN. COVID-19 Response: UN,;  [Available from: https://www.un.org/en/coronavirus. 
15. WHO. WHO Research and Development Blueprint Geneva2018 [1-17]. Available from: 
https://www.who.int/docs/default-source/blue-print/2018-annual-review-of-diseases-prioritized-under-
the-research-and-development-blueprint.pdf?sfvrsn=4c22e36_2. 
16. Solforosi L, Kuipers H, Jongeneelen M, Rosendahl Huber SK, van der Lubbe JEM, Dekking L, 
Czapska-Casey DN, Izquierdo Gil A, Baert MRM, Drijver J, Vaneman J, van Huizen E, Choi Y, Vreugdenhil 
J, Kroos S, de Wilde AH, Kourkouta E, Custers J, van der Vlugt R, Veldman D, Huizingh J, Kaszas K, 
Dalebout TJ, Myeni SK, Kikkert M, Snijder EJ, Barouch DH, Böszörményi KP, Stammes MA, Kondova I, 
Verschoor EJ, Verstrepen BE, Koopman G, Mooij P, Bogers WMJM, van Heerden M, Muchene L, Tolboom 
JTBM, Roozendaal R, Brandenburg B, Schuitemaker H, Wegmann F, Zahn RC. Immunogenicity and 
efficacy of one and two doses of Ad26.COV2.S COVID vaccine in adult and aged NHP. Journal of 
Experimental Medicine. 2021;218(7). DOI: 10.1084/jem.20202756. 
17. Sanchez-Felipe L, Vercruysse T, Sharma S, Ma J, Lemmens V, Van Looveren D, Arkalagud Javarappa 
MP, Boudewijns R, Malengier-Devlies B, Liesenborghs L, Kaptein SJF, De Keyzer C, Bervoets L, Debaveye 
S, Rasulova M, Seldeslachts L, Li LH, Jansen S, Yakass MB, Verstrepen BE, Boszormenyi KP, Kiemenyi-
Kayere G, van Driel N, Quaye O, Zhang X, Ter Horst S, Mishra N, Deboutte W, Matthijnssens J, Coelmont 
L, Vandermeulen C, Heylen E, Vergote V, Schols D, Wang Z, Bogers W, Kuiken T, Verschoor E, 
Cawthorne C, Van Laere K, Opdenakker G, Vande Velde G, Weynand B, Teuwen DE, Matthys P, Neyts J, 
Jan Thibaut H, Dallmeier K. A single-dose live-attenuated YF17D-vectored SARS-CoV-2 vaccine 
candidate. Nature. 2021;590(7845):320-5. DOI: 10.1038/s41586-020-3035-9. 
18. Volkmann A, Koopman G, Mooij P, Verschoor EJ, Verstrepen BE, Bogers WMJM, Idorn M, Paludan 
SR, Vang S, Nielsen MA, Sander AF, Schmittwolf C, Hochrein H, Chaplin P. A Capsid Virus-Like Particle-
Based SARS-CoV-2 Vaccine Induces High Levels of Antibodies and Protects Rhesus Macaques. Frontiers in 
immunology. 2022;13:857440-. DOI: 10.3389/fimmu.2022.857440. 
19. Mooij P, García-Arriaza J, Pérez P, Lázaro-Frías A, Verstrepen BE, Böszörményi KP, Mortier D, 
Fagrouch Z, Kiemenyi-Kayere G, Niphuis H, Acar RF, Meijer L, Stammes MA, Kondova I, Verschoor EJ, 



 Pagina 8 van 10 

 

GeurtsvanKessel CH, de Bruin E, Sikkema RS, Luczkowiak J, Delgado R, Montenegro D, Puentes E, 
Rodríguez E, Bogers WMJM, Koopman G, Esteban M. Poxvirus MVA Expressing SARS-CoV-2 S Protein 
Induces Robust Immunity and Protects Rhesus Macaques From SARS-CoV-2. Frontiers in immunology. 
2022;13:845887-. DOI: 10.3389/fimmu.2022.845887. 
20. Böszörményi KP, Stammes MA, Fagrouch ZC, Kiemenyi-Kayere G, Niphuis H, Mortier D, van Driel N, 
Nieuwenhuis I, Vervenne RAW, Haaksma T, Ouwerling B, Adema D, Acar RF, Zuiderwijk-Sick E, Meijer L, 
Mooij P, Remarque EJ, Oostermeijer H, Koopman G, Hoste ACR, Sastre P, Haagmans BL, Bontrop RE, 
Langermans JAM, Bogers WM, Kondova I, Verschoor EJ, Verstrepen BE. The Post-Acute Phase of SARS-
CoV-2 Infection in Two Macaque Species Is Associated with Signs of Ongoing Virus Replication and 
Pathology in Pulmonary and Extrapulmonary Tissues. Viruses. 2021;13(8):1673-. DOI: 
10.3390/v13081673. 
21. Rockx B, Kuiken T, Herfst S, Bestebroer T, Lamers MM, Oude Munnink BB, de Meulder D, van 
Amerongen G, van den Brand J, Okba NMA, Schipper D, van Run P, Leijten L, Sikkema R, Verschoor E, 
Verstrepen B, Bogers W, Langermans J, Drosten C, Fentener van Vlissingen M, Fouchier R, de Swart R, 
Koopmans M, Haagmans BL. Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman 
primate model. Science. 2020;368(6494):1012-5. DOI: 10.1126/science.abb7314. 
22. Mooij P, Stammes MA, Mortier D, Fagrouch Z, van Driel N, Verschoor EJ, Kondova I, Bogers WMJM, 
Koopman G. Aerosolized Exposure to H5N1 Influenza Virus Causes Less Severe Disease Than Infection 
via Combined Intrabronchial, Oral, and Nasal Inoculation in Cynomolgus Macaques. Viruses2021. 
23. Mooij P, Mortier D, Stammes M, Fagrouch Z, Verschoor EJ, Bogers WMJM, Koopman G. Aerosolized 
pH1N1 influenza infection induces less systemic and local immune activation in the lung than combined 
intrabronchial, nasal and oral exposure in cynomolgus macaques. Journal of General Virology. 2020. DOI: 
10.1099/jgv.0.001489. 
24. Koopman G, Mortier D, Michels S, Hofman S, Fagrouch Z, Remarque EJ, Verschoor EJ, Mooij P, 
Bogers WMJM. Influenza virus infection as well as immunization with DNA encoding haemagglutinin 
protein induces potent antibody-dependent phagocytosis (ADP) and monocyte infection-enhancing 
responses in macaques. Journal of General Virology. 2019. DOI: 10.1099/jgv.0.001251. 
25. Snoy PJ. Establishing efficacy of human products using animals: the US food and drug 
administration's "animal rule". Veterinary pathology. 2010;47(5):774-8. DOI: 
10.1177/0300985810372506. 
26. Finch CL, Dowling WE, King TH, Martinez C, Nguyen BV, Roozendaal R, Rustomjee R, Skiadopoulos 
MH, Vert-Wong E, Yellowlees A, Sullivan NJ. Bridging Animal and Human Data in Pursuit of Vaccine 
Licensure. Vaccines. 2022;10(9). DOI: 10.3390/vaccines10091384. 
27. European Medicines Agency. Guideline on procedures for the granting of a marketing authorisation 
under exceptional circumstances. . Pursuant to Article. 14(8):of Regulation (EC) No726/2004, updated 
2004 London2005 [Available from: https://www.ema.europa.eu/en/documents/regulatory-procedural-
guideline/guideline-procedures-granting-marketing-authorisation-under-exceptional-circumstances-
pursuant/2004_en.pdf. 
28. FDA. Product Development Under the Animal Rule - Guidance for Industry. 2015 2015/10//. 
29. Allio T. The FDA Animal Rule and its role in protecting human safety. Expert Opinion on Drug Safety. 
2018;17(10):971-3. DOI: 10.1080/14740338.2018.1518429. 
30. Gong S-R, Bao L-L. The battle against SARS and MERS coronaviruses: Reservoirs and Animal 
Models. Animal models and experimental medicine. 2018;1(2):125-33. DOI: 10.1002/ame2.12017. 
31. Sutton TC, Subbarao K. Development of animal models against emerging coronaviruses: From SARS 
to MERS coronavirus. Virology. 2015;479-480:247-58. DOI: 10.1016/j.virol.2015.02.030. 
32. Carrion R, Patterson JL. An animal model that reflects human disease: the common marmoset 
(Callithrix jacchus). Current opinion in virology. 2012;2(3):357-62. DOI: 10.1016/j.coviro.2012.02.007. 
33. Fouchier RAM, Kuiken T, Schutten M, van Amerongen G, van Doornum GJJ, van den Hoogen BG, 
Peiris M, Lim W, Stöhr K, Osterhaus ADME. Aetiology: Koch's postulates fulfilled for SARS virus. Nature. 
2003;423(6937):240-. DOI: 10.1038/423240a. 
34. Prescott J, Falzarano D, de Wit E, Hardcastle K, Feldmann F, Haddock E, Scott D, Feldmann H, 
Munster VJ. Pathogenicity and Viral Shedding of MERS-CoV in Immunocompromised Rhesus Macaques. 
Frontiers in immunology. 2018;9:205-. DOI: 10.3389/fimmu.2018.00205. 



 Pagina 9 van 10 

 

35. Rowe T, Gao G, Hogan RJ, Crystal RG, Voss TG, Grant RL, Bell P, Kobinger GP, Wivel NA, Wilson JM. 
Macaque model for severe acute respiratory syndrome. Journal of virology. 2004;78(20):11401-4. DOI: 
10.1128/JVI.78.20.11401-11404.2004. 
36. van Doremalen N, Munster VJ. Animal models of Middle East respiratory syndrome coronavirus 
infection. Antiviral Research. 2015;122:28-38. DOI: 10.1016/j.antiviral.2015.07.005. 
37. Yao Y, Bao L, Deng W, Xu L, Li F, Lv Q, Yu P, Chen T, Xu Y, Zhu H, Yuan J, Gu S, Wei Q, Chen H, 
Yuen K-Y, Qin C. An animal model of MERS produced by infection of rhesus macaques with MERS 
coronavirus. The Journal of infectious diseases. 2014;209(2):236-42. DOI: 10.1093/infdis/jit590. 
38. Yu P, Xu Y, Deng W, Bao L, Huang L, Xu Y, Yao Y, Qin C. Comparative pathology of rhesus macaque 
and common marmoset animal models with Middle East respiratory syndrome coronavirus. PloS one. 
2017;12(2):e0172093-e. DOI: 10.1371/journal.pone.0172093. 
39. van Doremalen N, Haddock E, Feldmann F, Meade-White K, Bushmaker T, Fischer RJ, Okumura A, 
Hanley PW, Saturday G, Edwards NJ, Clark MHA, Lambe T, Gilbert SC, Munster VJ. A single dose of 
ChAdOx1 MERS provides protective immunity in rhesus macaques. Sci Adv. 2020;6(24):eaba8399. DOI: 
10.1126/sciadv.aba8399. 
40. van Doremalen N, Purushotham JN, Schulz JE, Holbrook MG, Bushmaker T, Carmody A, Port JR, 
Yinda CK, Okumura A, Saturday G, Amanat F, Krammer F, Hanley PW, Smith BJ, Lovaglio J, Anzick SL, 
Barbian K, Martens C, Gilbert SC, Lambe T, Munster VJ. Intranasal ChAdOx1 nCoV-19/AZD1222 
vaccination reduces viral shedding after SARS-CoV-2 D614G challenge in preclinical models. Science 
Translational Medicine. 2021:eabh0755-eabh. DOI: 10.1126/scitranslmed.abh0755. 
41. Cohen AA, van Doremalen N, Greaney AJ, Andersen H, Sharma A, Starr TN, Keeffe JR, Fan C, Schulz 
JE, Gnanapragasam PNP, Kakutani LM, West AP, Saturday G, Lee YE, Gao H, Jette CA, Lewis MG, Tan TK, 
Townsend AR, Bloom JD, Munster VJ, Bjorkman PJ. Mosaic RBD nanoparticles protect against challenge 
by diverse sarbecoviruses in animal models. Science. 2022;377(6606):eabq0839-eabq. DOI: 
10.1126/science.abq0839. 
42. Williamson BN, Feldmann F, Schwarz B, Meade-White K, Porter DP, Schulz J, van Doremalen N, 
Leighton I, Yinda CK, Pérez-Pérez L, Okumura A, Lovaglio J, Hanley PW, Saturday G, Bosio CM, Anzick S, 
Barbian K, Cihlar T, Martens C, Scott DP, Munster VJ, de Wit E. Clinical benefit of remdesivir in rhesus 
macaques infected with SARS-CoV-2. Nature. 2020;585(7824):273-6. DOI: 10.1038/s41586-020-2423-
5. 
43. Munster VJ, Feldmann F, Williamson BN, van Doremalen N, Perez-Perez L, Schulz J, Meade-White K, 
Okumura A, Callison J, Brumbaugh B, Avanzato VA, Rosenke R, Hanley PW, Saturday G, Scott D, Fischer 
ER, de Wit E. Respiratory disease in rhesus macaques inoculated with SARS-CoV-2. Nature. 
2020;585(7824):268-72. DOI: 10.1038/s41586-020-2324-7. 
44. Munoz-Fontela C, Dowling WE, Funnell SGP, Gsell PS, Riveros-Balta AX, Albrecht RA, Andersen H, 
Baric RS, Carroll MW, Cavaleri M, Qin C, Crozier I, Dallmeier K, de Waal L, de Wit E, Delang L, Dohm E, 
Duprex WP, Falzarano D, Finch CL, Frieman MB, Graham BS, Gralinski LE, Guilfoyle K, Haagmans BL, 
Hamilton GA, Hartman AL, Herfst S, Kaptein SJF, Klimstra WB, Knezevic I, Krause PR, Kuhn JH, Le Grand 
R, Lewis MG, Liu WC, Maisonnasse P, McElroy AK, Munster V, Oreshkova N, Rasmussen AL, Rocha-Pereira 
J, Rockx B, Rodriguez E, Rogers TF, Salguero FJ, Schotsaert M, Stittelaar KJ, Thibaut HJ, Tseng CT, 
Vergara-Alert J, Beer M, Brasel T, Chan JFW, Garcia-Sastre A, Neyts J, Perlman S, Reed DS, Richt JA, Roy 
CJ, Segales J, Vasan SS, Henao-Restrepo AM, Barouch DH. Animal models for COVID-19. Nature. 
2020;586(7830):509-15. DOI: 10.1038/s41586-020-2787-6. 
45. Letko M, Marzi A, Munster V. Functional assessment of cell entry and receptor usage for SARS-CoV-
2 and other lineage B betacoronaviruses. Nature Microbiology. 2020;5(4):562-9. DOI: 10.1038/s41564-
020-0688-y. 
46. de Wit E, Rasmussen AL, Falzarano D, Bushmaker T, Feldmann F, Brining DL, Fischer ER, Martellaro 
C, Okumura A, Chang J, Scott D, Benecke AG, Katze MG, Feldmann H, Munster VJ. Middle East 
respiratory syndrome coronavirus (MERS-CoV) causes transient lower respiratory tract infection in rhesus 
macaques. Proc Natl Acad Sci U S A. 2013;110(41):16598-603. DOI. 
47. Sia SF, Yan L-M, Chin AWH, Fung K, Choy K-T, Wong AYL, Kaewpreedee P, Perera RAPM, Poon LLM, 
Nicholls JM, Peiris M, Yen H-L. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature. 
2020;583(7818):834-8. DOI: 10.1038/s41586-020-2342-5. 
48. Imai M, Iwatsuki-Horimoto K, Hatta M, Loeber S, Halfmann PJ, Nakajima N, Watanabe T, Ujie M, 
Takahashi K, Ito M, Yamada S, Fan S, Chiba S, Kuroda M, Guan L, Takada K, Armbrust T, Balogh A, 



 Pagina 10 van 10 

 

Furusawa Y, Okuda M, Ueki H, Yasuhara A, Sakai-Tagawa Y, Lopes TJS, Kiso M, Yamayoshi S, Kinoshita 
N, Ohmagari N, Hattori S-i, Takeda M, Mitsuya H, Krammer F, Suzuki T, Kawaoka Y. Syrian hamsters as 
a small animal model for SARS-CoV-2 infection and countermeasure development. Proceedings of the 
National Academy of Sciences. 2020:202009799-. DOI: 10.1073/pnas.2009799117. 
49. Sun S-H, Chen Q, Gu H-J, Yang G, Wang Y-X, Huang X-Y, Liu S-S, Zhang N-N, Li X-F, Xiong R, Guo 
Y, Deng Y-Q, Huang W-J, Liu Q, Liu Q-M, Shen Y-L, Zhou Y, Yang X, Zhao T-Y, Fan C-F, Zhou Y-S, Qin C-
F, Wang Y-C. A mouse model of SARS-CoV-2 infection and pathogenesis. Cell Host & Microbe. 2020. DOI: 
https://doi.org/10.1016/j.chom.2020.05.020. 
50. Shi J, Wen Z, Zhong G, Yang H, Wang C, Huang B, Liu R, He X, Shuai L, Sun Z, Zhao Y, Liu P, Liang 
L, Cui P, Wang J, Zhang X, Guan Y, Tan W, Wu G, Chen H, Bu Z. Susceptibility of ferrets, cats, dogs, and 
other domesticated animals to SARS–coronavirus 2. Science. 2020:eabb7015-eabb. DOI: 
10.1126/science.abb7015. 
 


