
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal Pre-proof

Evaluation of non-clinical toxicity studies of COVID-19 vaccines

N.K.M. Schilder, B. Tiesjema, P.T. Theunissen, K. Oude Rengerink, J.W. van der
Laan

PII: S0273-2300(23)00106-X

DOI: https://doi.org/10.1016/j.yrtph.2023.105438

Reference: YRTPH 105438

To appear in: Regulatory Toxicology and Pharmacology

Received Date: 23 December 2022

Revised Date: 15 June 2023

Accepted Date: 21 June 2023

Please cite this article as: Schilder, N.K.M., Tiesjema, B., Theunissen, P.T., Rengerink, K.O., van der
Laan, J.W., Evaluation of non-clinical toxicity studies of COVID-19 vaccines, Regulatory Toxicology and
Pharmacology (2023), doi: https://doi.org/10.1016/j.yrtph.2023.105438.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Inc.

https://doi.org/10.1016/j.yrtph.2023.105438
https://doi.org/10.1016/j.yrtph.2023.105438


CRediT author statement 
N.K.M. Schilder: Methodology, Software, Formal analysis, Validation, Investigation, Data curation, 
Writing – original draft and - review and editing, Visualization, Project administration. B. Tiesjema: 
Validation, Resources, Writing – review and editing. P.T. Theunissen: Validation, Writing – review 
and editing. K. Oude Rengerink: Methodology, Validation, Writing – review and editing. J.W. van der 
Laan: Conceptualization, Methodology, Validation, Resources, Writing – review and editing, 
Supervision, Project administration, Funding acquisition. 
 
 

Jo
urn

al 
Pre-

pro
of



1 
 

Evaluation of non-clinical toxicity studies of COVID-19 vaccines 1 

N.K.M. Schilder1,3, B. Tiesjema1, P. T. Theunissen1, K. Oude Rengerink2, J.W. van der Laan1,3 2 

 3 

1 Section on Pharmacology, Toxicology and Kinetics. Medicines Evaluation Board, Graadt van 4 

Roggenweg 500, 3531AH Utrecht, The Netherlands. 5 

2 Section of Methodology Working Group. Medicines Evaluation Board, Graadt van Roggenweg 6 

500, 3531AH Utrecht, The Netherlands. 7 

3 Division of Toxicology, Leiden Academic Center for Drug Research, Einsteinweg 55, 2333CC 8 

Leiden, The Netherlands. 9 

 10 

Corresponding author 11 

Jan Willem van der Laan 12 

Medicines Evaluation Board 13 

Graadt van Roggenweg 500 14 

3531AH Utrecht 15 

jw.vd.laan@cbg-meb.nl 16 

+31652756424 17 

Contact information other authors: 18 

N.K.M. Schilder: natalia.schilder@hotmail.com  19 

B. Tiesjema: b.tiesjema@cbg-meb.nl 20 

P. Theunissen: p.theunissen@cbg-meb.nl 21 

K. Oude Rengerink: k.ouderengerink@cbg-meb.nl 22 

Word count abstract: 195 23 

Word count text: 5530 24 

Word count references: 729  25 

Jo
urn

al 
Pre-

pro
of



2 
 

Abstract 26 

In this study we evaluated the outcomes of non-clinical toxicity studies of various SARS-CoV-2 vaccines 27 

produced with different manufacturing technologies, with focus on Repeated Dose Toxicity (RDT) and 28 

Developmental and Reproductive Toxicity (DART) studies. We found that RDT and DART studies at 29 

doses relevant for human treatment showed no adverse effects while remaining observations were 30 

expected findings including local reactogenicity, immune response and macroscopic findings at the 31 

injection site. We have also reviewed the European Medicines Agency (EMA) nonclinical assessment 32 

reports for market authorization. Regardless of utilized vaccine manufacturing technology EMA 33 

assessment of the non-clinical studies consisted most frequently of comments related to study design, 34 

species selection and missing data. Sponsors have often submitted platform studies (vaccine studies 35 

with the same technology/construct but using other antigens) as supplementary data. Animal model-36 

based toxicity testing has shown rather small effects, which have been never serious adverse effects. 37 

The translational value to support clinical development is mainly to inflammatory effects, indicative of 38 

the primary action of the vaccines. From a 3R perspective supportive platform technology data 39 

consisting of previously executed RDT and DART studies from the same platform technology are 40 

encouraged to be implemented in the vaccine assessment process. 41 

Keywords 42 

COVID-19 vaccines 43 

Developmental and Reproductive Toxicity (DART) study 44 

Repeated Dose Toxicity (RDT) study 45 

Supportive platform technology 46 

Vaccine concept 47 
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1. Introduction 49 

Since the emergence of SARS-CoV-2, scientists have aimed at rapid and effective vaccine development. 50 

Currently, there are five main vaccine technologies on which a vaccine can be based and that have 51 

been employed for COVID-19 vaccine development: inactivated, live attenuated, subunit/peptide 52 

based, vector based and nucleic acid based vaccines1.  53 

Viral infections are prototypic species-specific diseases, which makes clinical translation of animal 54 

models difficult2. In case of SARS-CoV-2, it has been shown that mice and rats are not susceptible due 55 

to the inability of the virus to entry rodents cells via the rodent orthologue receptor of the human 56 

ACE2 entry receptor3. However, they still do show an immunologic response which is sufficient to 57 

enable its use for nonclinical safety testing in line with the WHO recommendations4. Non-clinical 58 

toxicity testing for vaccines is, therefore, routinely performed in rats and rabbits (usually one species 59 

is sufficient). Use of these species has the advantage that historical background data are available to 60 

aid interpretation of possible findings4. 61 

Vaccines differ from small molecule medicines and biological therapeutics in that for vaccines applying 62 

the intended full human dose to the individual animal is sufficient to ensure a safety margin (at least 63 

in respect to adult humans), while for small molecule pharmaceuticals the dose levels are being 64 

increased up to at least a minimal toxic level or a sufficient exposure margin, which thus will have a 65 

greater chance to lead to adverse effects.  66 

Furthermore, the dosing regimen, including dose selection and interval, route of administration, timing 67 

of evaluation of end-points as well as species historical control data is pivotal for the interpretation of 68 

the study4. The WHO Guideline on Preclinical Testing of Vaccines4 recommends the use of a dose 69 

leading to a maximal antibody responses. 70 

These considerations are relevant as well in relation to the Developmental and Reproductive Toxicity 71 

(DART) studies, which have also been conducted with COVID-19 vaccines, as vaccination of the full 72 

adolescent and adult population, including women-of-child-bearing potential, is indicated. In line with 73 

the current WHO guidelines4,5 and the revised ICH S5(R3)6 a DART study with vaccines is designed as 74 

Jo
urn

al 
Pre-

pro
of



4 
 

an Embryo-Fetal Developmental study (EFD) with an early premating starting dose to include 75 

endpoints from the Fertility and Early Embryonic Developmental design (FEED), as well as with long 76 

post-natal survival, sometimes up to 45-60 days to include endpoints of a Pre-Post-Natal 77 

Developmental (PPND) study. A single species is usually considered to be sufficient to provide 78 

important information on potential toxicity of the vaccine and safety of the product during human 79 

pregnancy. 80 

 81 

One of the strategies in the compression of SARS-CoV-2 vaccine development timelines consisted of 82 

providing supportive platform toxicity studies for first-in-human (FIH) clinical trials prior to submitting 83 

product-specific studies belonging to an identical vaccine platform7. The EMA has described supportive 84 

platform studies as ‘a collection of technologies that have, in common, the use of a ‘backbone’ carrier 85 

or vector that is modified with a different active substance or set of active substances for each vaccine 86 

derived from the platform’8. This strategy was recommended by the International Coalition of 87 

Medicines Regulatory Authorities (ICMRA) in March 2020 and includes the use of toxicology data 88 

(repeat dose toxicity (RDT), biodistribution studies) and clinical data from a well characterized 89 

platform.  90 

 91 

For utilization of supportive platform data justification for the absence of product-specific toxicity 92 

studies prior to FIH is needed9. In all cases, additional animal data was still considered necessary for 93 

characterization of the immune response prior to execution of non-clinical toxicity studies. Animal data 94 

on immunogenicity of the candidate vaccines are available prior execution of FIH and non-clinical 95 

toxicity studies. Product-specific studies are expected to follow after initiation of Phase I clinical trials, 96 

justified by rationale supported by data that is provided by the manufacturer10.  97 

 98 

There has been public pressure to reduce the regulatory load on the use of animal testing for vaccine 99 

development and to apply 3R principles in this area2. In an recent overview of five COVID-19 vaccines, 100 
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it was concluded that usually the packages are reasonably complete in accordance to the current 101 

guidelines and not reduced because of time pressure on the development of the vaccine11. Our 102 

question is a level deeper, i.e. were these nonclinical data rather needed to decide about the safety of 103 

the vaccines being developed or could we have saved time and animals without compromising human 104 

safety?  105 

With this in mind, the aim of this study is to evaluate RDT and DART (EFD) studies of COVID-19 vaccines 106 

considered from a European perspective. In the first part of this manuscript the species selection, study 107 

design and outcomes of the RDT and DART studies of COVID-19 will be discussed. In the second part 108 

of the manuscript the EMA assessment of the submitted RDT and DART studies and the impact that 109 

supportive vaccine platform studies have had on the review process and authorization of the COVID-110 

19 vaccines will be discussed.  111 

 112 

2. Materials and Methods 113 

Information was extracted from the Common Technical Documentation of from 8 COVID-19 vaccines 114 

submitted for marketing authorization application (MAA) to EMA until 13-01-2022; Comirnathy, 115 

COVID-19 mRNA vaccine [BNT162b2] (Biontech-Pfizer); Spikevax, COVID-19 mRNA vaccine [mRNA-116 

1273 LNP](Moderna); Vaxzevria,COVID-19 Vaccine AstraZeneca [ChAdOx1-S, vector] (AstraZenaca); 117 

Jcovden, COVID-19 Vaccine [Ad26 vector], (Janssen), Nuvaxovid, recombinant spike protein, 118 

adjuvanted [CoV2373] (Novavax); CureVac COVID-19 mRNA vaccine (CVnCoV); Vidprevtyn COVID-19 119 

vaccine, recombinant adjuvanted (Sanofi); Valneva , SARS-CoV-2 virus [beta-propiolactone inactivated, 120 

adjuvanted with AS03], Valneva. This information is not always publicly available, and excerpts have 121 

been published in the European Public Assessment Reports, which are in the public domain 122 

All, but one, vaccines had been authorized for use in the European Union by December 2022 (n=7, two 123 

are mRNA vaccines, two vector based, two subunit based, and one inactivated). One application 124 

(CVnCoV) was withdrawn in October 2021. All detailed information has been derived from the internal 125 

medicinal product database of the Medicines Evaluation Board (MEB) (Utrecht, the Netherlands), the 126 
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MEB being part of the European Network of Regulatory Authorities on Human Pharmaceuticals. Only 127 

the RDT and DART studies were included in the evaluation.  128 

The DART studies consisted of Embryo-Fetal Developmental (EFD) toxicity studies with early 129 

administration in dams, a few weeks before mating (representing some aspects of a FEED study, at 130 

least in females)  and a long follow-up postnatally (representing some aspects of a Pre- and Postnatal 131 

Developmental (PPND) study). All studies submitted to the EMA by the applicants and EMA assessment 132 

documents were reviewed. 133 

 134 

Choice of species selection, study design and outcomes 135 

The design and outcomes of the studies were provided by the applicant in the MAA. In total, 10 136 

vaccine-specific RDT studies and 17 supportive RDT studies, 8 vaccine-specific DART studies and 1 137 

supportive DART study were identified. Table 1 provides an overview of the conducted non-clinical 138 

studies for the evaluated COVID-19 vaccines. The 8 evaluated vaccines comprise four different vaccine 139 

technologies, i.e. nucleic acid based, vector based, inactivated and subunit-based vaccines, indicated 140 

by their names.  141 

Nonclinical studies as referred to in the following guidelines were summarized and scored:  142 

1) EMA Guideline on Preclinical Pharmacological and Toxicological Testing of Vaccines12  143 

2) WHO Guidelines on non-clinical evaluation of vaccines4 144 

3) FDA Developmental and Reproductive Toxicity studies for vaccines13 145 

4) WHO Guidelines on the nonclinical evaluation of vaccine adjuvants and adjuvanted 146 

vaccines5 147 

5) ICH S5 (R3) Guideline on Reproductive toxicity (2020)6 148 

 149 

In Repeated Dose Toxicity studies, the applicants reported the common general toxicity endpoint 150 

such as: clinical observations, body weight, food consumption, body temperature, ophthalmology, 151 

haematology, urinalysis, clinical chemistry (incl. liver enzymes), albumin/globulin ratio, metabolic 152 
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state and inflammatory markers (e.g. C-reactive protein). The summarized product-specific effects 153 

were scored by frequency with the following semi-quantitative scores:  154 

Table 1 Scores of Effects (terms used in the dossiers) 

(0) No effect 

(1) Incidental/one/two/(sporadically in) few/some cases/within range of historical control 

data/within reference vales/within normal physiological range/common in 

species/strain/age/age-related  

(1) Very slight to slight/Slightly/marginally/(mostly) mild(ly)/minimal(ly)/minimal to mild/transient 

(2)  Moderate* (only indication of increase and decrease) 

(3) Highly frequent/(noted for nearly) all cases/most cases 

(3) Significant (as indicated in the document) 

 155 

All scores were designated in appropriate context, i.e. based on presence of the words of frequency 156 

stated above, and on surrounding data concerning the effect or the prevalence in animals. Time of 157 

effect (i.e. during study period or recovery period) was also considered.  158 

‘Moderate’ refers to effects not accompanied by any word of frequency, solely and indication of 159 

increase or decrease of the concerning parameter. Here, the same approach applies to a ‘moderate’ 160 

score being designated in appropriate context.  161 

In DART studies, the applicants reported in addition the developmental toxicity endpoints: (FEED) 162 

Mating and fertility performance, estrous cycle evaluation; (EFD) gravid uterine weight, implantation 163 

sites, live and dead conceptuses, fetal body weight, and fetal evaluations (variations, malformations); 164 

(PPND) F0 Parturition observations, clinical observations, female necropsy/macro- and microscopy, F1 165 

physical development, necropsy and microscopy. 166 

In order to compare the effects in the DART studies observed in the product-specific COVID-19 vaccine 167 

to effects observed in RDT studies, these were categorized as well and assigned a semi-quantitative 168 

score based on frequency. An overview can be found in Supplementary Table 1. 169 
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 170 

2.1 Principal Component Analysis 171 

In order to compare the effects for the list of parameters between the different vaccines (as described 172 

above), a Principal Component Analysis (PCA) was performed using Python software (version 3.9.12 173 

Scikit-learn package version 1.0.2). PCA shows the inter-individual variability in a two-dimensional way, 174 

representing comparison of the effects (or effect scores) of the RDT and DART studies, respectively, as 175 

explained above. 176 

 177 

First, the attributed scores were selected for a PCA. To do this, in case of a range in scoring value the 178 

most dominant and/or principal finding was chosen to represent the concerning category. Additionally, 179 

as in multiple product-specific studies some endpoints were not performed or not specified, the 180 

Multiple Imputation by Chained Equations (MICE) algorithm was applied to deal with missing data by 181 

using available data of all the effect scores14. Two vaccine studies; one mRNA (RDT) and one subunit 182 

(DART) were upfront excluded from analysis (only for the PCA analysis) due to too much missing data 183 

(availability <60%) for correct estimations. Lastly a dimensional reduction was performed in order to 184 

visually compare the studies on their similarities in effects. The 2D representation is described by so-185 

called principal components (PC1 and PC2). 186 

 187 

2.2 EMA assessment documents 188 

The assessment documents compiled by the EMA were screened for relevant review and assessment 189 

information concerning Repeated dose toxicity (RDT) studies and Development and Reproductive 190 

toxicity (DART). Comments concerning supportive studies were included. EMA assessment of RDT 191 

studies belonging to the vaccine containing whole inactivated viruses was limited to one.  192 

Selected from 144 documents, this information was derived from: 193 

• European Public assessment Reports (EPARs) – publicly available  194 

• (Co-)Rapporteur (Rolling Review) assessments 195 
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• CHMP member comments/peer reviews  196 

• Others (e.g. study summaries, overviews, meeting minutes):  197 

Comments of these documents were summarised and categorised based on theme of content using 198 

Atlas.ti (22.0.6) software15. The following main categories were used: discussion observation, study 199 

design, relevance provided data, species selection, study description (clarity/interpretation of 200 

description on study design), missing information/data, GLP compliance (only RDT studies), vaccine 201 

batch used (only RDT studies). Other, less frequent commentary can be found in Appendix Table A, 202 

together with Atlas.ti summaries of EMA assessment. 203 

 204 

3. Results 205 

3.1 PART I – Evaluation of species selection and study design 206 

First it will be described how the species selection and study design of the non-clinical toxicity studies 207 

of COVID-19 (with a focus on RDT and DART) affected the outcomes of the non-clinical toxicity studies 208 

of the various SARS-CoV-2 vaccine technologies.  209 

In this analysis eight COVID-19 vaccines have been included, of which six were fully evaluated with 210 

respect to the nonclinical packages in relation to their use in the European Union and two were under 211 

rolling review at the final date of data gathering of this study. 212 

 213 

Noteworthy, the evaluation of most of the product-specific COVID-19 RDT studies is supported by 214 

platform studies with products with similar vaccine technology. The supportive studies are based on 215 

previous research on other vaccines including parainfluenza viruses (hMPV, PIV3, RSV),  Rabies, 216 

Chikungunya, Malaria, HIV and Ebola.  Evaluation of local tolerance was conducted in most cases as 217 

part of the RDT studies. Additional toxicity studies, such as single dose toxicity studies, genotoxicity, 218 

allergenicity and (supplementary) immunogenicity studies, were occasionally provided by the 219 

applicants. For some vaccines additional studies were provided to support the use of on novel 220 

excipients, such as lipid nanoparticles and recombinant human albumin (rHA). For DART studies 221 
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additional platform studies with similar vaccine technology have not been provided as a standard 222 

approach.   223 

 224 

3.1.2 Selection of Species 225 

The applicants have utilized rats (Sprague Dawley or Wistar Han) and/or rabbits (New Zealand White) 226 

for RDT as well as for DART studies (Table 2). One applicant has used mice (CD-1) in this respect. 227 

 228 

The WHO guideline (2013) explicitly indicates that it is not necessary to conduct the nonclinical safety 229 

study in the same animal species used for proof-of-concept or nonclinical pharmacology studies, 230 

although it should be immunologically responsive to the vaccine antigen. Next to the choice of animal 231 

species, the study duration and dosing regimen (including dose selection) is pivotal in designing and 232 

interpreting animal toxicity studies4. Figure 1 shows the study duration and dosing regimen of the 233 

conducted product-specific RDT and DART studies.  234 

 235 

3.1.3 Outcomes of RDT studies 236 

In general, the RDT studies were consistent and adhered to the proposed use in humans concerning 237 

the duration of administration and the intended clinical dosing regimen5. To compare the effects 238 

observed in the product-specific COVID-19 vaccine RDT studies, these were categorized and assigned 239 

a semi-quantitative score based on frequency (see section 2. Materials and Methods). The categories 240 

with scores can be found back in Supplementary Table 1. In the RDT studies effects within a score 241 

range of -2 to 2 in frequency, indicated as moderate, were not uncommon. Additionally, a 242 

considerable number of findings for local reactogenicity, induction of immune response and 243 

macroscopic effects at the injection site were designated with score 3, indicated as highly frequent or 244 

significant. In some cases spleen organ weight gain were observed to be highly frequent or significant 245 

(score 3) as well. The vast majority of these effects were of reversible nature.  246 
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RDT 247 
Species Vaccine concept (total 

nr. of studies) 
Age of animals Number of animals 

(females + males) 

Wister Han Rat mRNA1 (2) 9 weeks 90 

54/60 days (~8 weeks) 241 

mRNA3 (1) 9/11 weeks 110 

InAct2 (1) 6/7 weeks 60 

Sprague Dawley Rat mRNA2 (1) 7 weeks 40 

New Zealand White 
Rabbit 

Sub1 (2) 12/14 weeks 40 

21 weeks 160 

Sub2 (1) ~15 weeks 90 

Adeno2 (1) 13/15 weeks 40 

CD-1 mouse Adeno (1) 7/8 weeks 170 

 248 
DART 249 

Species Vaccine concept (total 
nr. of studies) 

Age of animals Number of animals 
(females only) 

Wistar Han Rat mRNA1 (1) 11 weeks 132 

mRNA3 (1) 7 weeks 60 

InAct2 (1) (at least) 10 weeks 88 

Sprague Dawley Rat mRNA2 (1) 74 days (~11 weeks) 88 

Sub2 (2) (at least 8 weeks) 4 (pilot study) 

6.6 weeks 150 

New Zealand White 
Rabbit 

Sub1 (1) 16/19 weeks 132 

Adeno2 (1) 5/6 months 92 

CD-1 mouse Adeno1 (1) 11 weeks 64 

 250 
Table 2: Species selection in vaccine specific (A) Repeated dose Toxicity (RDT) studies and (B) 251 
Developmental and Reproductive Toxicity (DART) studies of COVID-19 vaccine candidates. Vaccines are 252 
anonymized based on their vaccine concept: mRNA(x) (un)modified mRNA-based vaccine encapsulated in lipid 253 
nanoparticle (LNP). Adeno(x) = recombinant replication-incompetent adenoviral vector encoding the spike protein 254 
antigen of SARS-CoV-2. InAct(x) = inactivated SARS-CoV-2 virus formulated with adjuvant. Sub(x) = subunit: 255 
modified spike protein of SARS-CoV-2 formulated with adjuvant. 256 

 257 

Clinical chemistry (i.e. amino-acid transferases such as AST and ALT, and the A/G ratio) was affected 258 

at a minimal level in several studies with vaccines from different technologies (mRNA, Adeno-vector, 259 

adjuvanted vaccin), These effects appear to correlate to the inflammatory response such as the 260 

excretion of acute phase proteins (CRP) in the liver.  261 

3.1.4 Outcomes of DART studies 262 

For DART studies, a difference was observed between timing of mRNA vaccine administration 263 

during the early gestational period.  For mRNA based vaccines 2, 3, and 1 the test-article was 264 

administered on gestation days 1, 3 or 9, respectively and in case of mRNA based vaccines 2 265 

and 3 the vaccine was administered outside of the proposed interval during early organogenesis 266 

as recommended by the ICH S5 (R3) guideline on reproductive toxicity6. Of note, the timing of 267 

vaccination during early organogenesis has been a point of discussion during the reviewing  268 
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process of mRNA vaccines, which will be elaborated on later in the discussion (see 4. Discussion 271 

and Conclusion). 272 

The occurrence of effects in DART studies was in most cases within the range -1 and 1, meaning 273 

their nature was incidental, slight or common in the species. Some exceptions existed for fetal 274 

evaluations including minor variations in the EFD phase, parturition effects and female macro and 275 

microscopic observations in F0 females and body weight, physical development and macro and 276 

microscopic observations in F1 pups. 277 

 278 

3.1.5 Inter-individual variability based on frequency of observations 279 

Figure 2 shows the Principal Component Analysis (PCA) based on the semi-quantitative assessment of 280 

the COVID-19 vaccine effects. The PCA graphs are displayed in a two-dimensional way representing 281 

comparison of the various scores of the RDT studies. The principal components (PC1 and PC2) on the 282 

axes describe the largest and second largest variations from the toxicity studies, which together 283 

account for approximately 60 -70 % of the varied influences of the original categories16. As expected, 284 

it was observed that studies conducted with similar vaccine technology showed a high similarity in 285 

findings. For instance, Sub1a and Sub1b show little variance for both PC1 and PC2.  286 

Based on the PCA data, differences in dosing regimen between the COVID-19 vaccines did not result 287 

in the variation of the effects for the toxicity studies. However, it can be acknowledged that the 288 

vaccines for which animal strains were selected high similarity in findings of both the RDT and DART 289 

studies regardless of the vaccine technology was observed.  290 

For example, the subunit and adenoviral vector-based vaccines for which the New Zealand White 291 

(NZW) rabbit was chosen as species in the RDT studies showed high similarities in observed effects. 292 

This high species-determined similarity partly overlapped with the designated study variation, 293 

however, the first was stronger. 294 

 295 

 296 

 297 
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Figure 2: Principal component analysis (PCA) based on the semi-quantitative assessment of the COVID-

19 vaccine findings of the Repeated dose Toxicity (RDT) studies (A) and Developmental and 

Reproductive Toxicity (DART) studies (B). Vaccines are anonymized based on their vaccine concept: 

mRNA(x) = (un)modified mRNA-based vaccine encapsulated in lipid nanoparticle (LNP). Adeno(x) = recombinant 

replication-incompetent adenoviral vector encoding the spike protein antigen of SARS-CoV-2. InAct(x) = 

inactivated SARS-CoV-2 virus formulated with adjuvant. Sub(x) = subunit: modified spike protein of SARS-CoV-

2 formulated with adjuvant. One subunit (RDT), one mRNA (DART) and one adenovirus vector based (DART) 

vaccine are excluded from the analysis due to a high amount of not performed/not specified data. The PC values 

for explained variance ratio are: RDT studies: PC1 = 44.08%, PC2 = 17.24%, PC3 = 12.02%, DART studies: 

PC1 = 43.04%, PC2 = 25.05%, PC3 = 17.15%. 
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3.1.6 RDT Effects contributing to the variability 299 

In order to understand the relevance of PC1 and PC2 in the inter-individual variability of the vaccines, 300 

the major contributing categories (i.e. marked by the highest absolute coefficients that exerts an effect 301 

on the PCs) were identified. The PC1 in RDT was mostly determined by clinical chemistry parameters 302 

(A/G ratio, ion levels and bilirubin), gross necropsy, findings at the injection site and adrenal weights. 303 

For PC2 in RDT the variation was determined mostly by haematology (specifically concerning red blood 304 

cells), adrenal weights and clinical chemistry (metabolic state/hydration status).  305 

The findings that contributed mostly to the variation in the RDT studies were, however, , 306 

immunostimulatory and of reversible nature and other trends were absent.  307 

 308 

3.1.6 DART Effects contributing to the variability 309 

For the DART studies, the most contributing variation of  PC1 was determined by body weight and food 310 

consumption, of both the dams during PPND assessment as well as the offspring (pre- and 311 

postweaning). For PC2, the variation was determined mostly by parturition effects, female 312 

necropsy/macro- and microscopic findings and maternal body weight gain. 313 

To investigate the relevance of the DART variation contributors, it was determined how the most 314 

prevalent contributors compared to the moment of vaccine administration. It was also examined 315 

whether there is a correlation between the dams body weight (gain) and body weight (gain) of the 316 

pup, as studies showed that nursing mothers experienced minimal disruption of breastfeeding after 317 

COVID-19 vaccination17.  318 

In general, changes in dam body weight (gain) correlated with changes in dam food consumption. More 319 

than half of the vaccines showed transient decrease in body weight gain following vaccine 320 

administration. For some vaccines changes in pup body weight gain have been observed, these were 321 

however of transient nature or present within treated groups with incidentally small litter size resulting 322 

in increased access to maternal resources. It is therefore unlikely to be caused by changes in lactation 323 

following vaccination.  324 
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In general, no adverse findings on offspring development were noted for any of the vaccines.    325 

 326 

3.2 PART II – EMA regulatory assessment per vaccine technology 327 

In the second part of the manuscript the EMA assessment of the submitted RDT and DART studies and 328 

the impact that supportive vaccine platform studies have had on the review process and authorization 329 

of the COVID-19 vaccines will be discussed. 330 

 331 

3.2.1 Main themes of RDT and DART study assessment  332 

For analysis of the commentary themes of the study assessments, the assessment documents 333 

compiled by the EMA concerning RDT and DART studies were qualitatively analysed. The analysis of 334 

the rolling review EMA assessment has been summarized in Table 3.  335 

The RDT studies assessment of all vaccine technologies consisted mainly of commentary related to 336 

study design, species selection and missing data (figure 4A). Discussions of observations played a large 337 

role in the commentary of RDT studies. The three main categories of the EMA assessment concerning 338 

DART studies also mostly consisted of commentary related to study design, species selection and 339 

missing data (figure 4B). Overall, the categories deducted from the assessment of the vaccines showed 340 

to be less diverse compared to the assessment of RDT studies.  341 

 342 

3.2.2 Diverse nature of RDT study assessment  343 

EMA comments were diverse concerning RDT study design. Categories concerning study design 344 

recurrent in all vaccine technologies focused on the dosage chosen, lack of inclusion of a control group 345 

(e.g. lipid nanoparticle, adjuvant or preservative only group (i.e. 2-phenoxyethanol)) or shortcomings 346 

in histopathology examination of tissue samples. EMA assessment related to species selection referred 347 

predominantly to total volume of administration feasible in the utilized animal and the induction of 348 

the immune response, for example connected with inflammatory markers and the inflammatory 349 

response of the innate immune system. 350 
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RDT 351 

                    Vaccine 
concept 
Category 

mRNA 
vaccines 

Adenoviral 
vaccines 

Whole Inactivated 
vaccines 

Subunit 
vaccines 

Missing data 6 5 8 2 

Relevance 4 4 1 3 

Species selection 6 7 1 7 

Study design 18 3 8 12 

Discussion of 
observations 

17 1 4 5 

Used batch 1 - - 2 

Study description 2 - 2 - 

GLP 3 - 3 - 

 352 

DART 353 

                    Vaccine 
concept 
Category 

mRNA 
vaccines 

Adenoviral 
vaccines 

Subunit vaccines 

Missing data 8 3 1 

Relevance 4 - 1 

Species selection 5 5 5 

Study design 6 3 3 

Discussion of 
observations 

3 4 2 

 354 
Table 3: EMA assessment per vaccine concept for Developmental and Reproductive Toxicity studies of 355 
COVID-19 vaccines. The commentary of the EMA assessment is derived from European Public assessment 356 
Reports (EPARs) (publicly available), (Co-)Rapporteur (Rolling Review) assessments, CHMP member 357 
comments/peer reviews and others (e.g. study summaries, overviews, meeting minutes). Number refers to 358 
number of total comments within the vaccine concept on the concerning categories. Sp. Selection = species 359 
selection, Discussion ob. = discussion observations.  360 

 361 

Comments of EMA concerning missing information focused on lack of immunogenicity data in the 362 

pivotal RDT, whereas companies refer to provided supportive studies. Additionally, other information 363 

stated as missing concerned the dose and design of these supportive studies. In the assessment of the 364 

RDT studies the lack of data on potential differences between SARS-CoV-2 variants and its 365 

consequences for the safety of vaccines based upon the original Wuhan strain was frequently 366 

discussed.  367 

Furthermore, comments have been made regarding of the potential effects on liver enzymes (i.e. 368 

increased activity of gamma-glutamyl transferase (GGT), increased aspartate transferase (AST) levels 369 

together with increased liver weights or hepatocellular vacuolation) in relation to local inflammatory 370 

responses.  371 

 372 
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3.2.3 Divergent views of applicants on assessment of DART studies  373 

Concerning assessment of DART studies, the EMA comments on the study design referred most 374 

frequently to either justification (e.g. referral to previous studies) or shortcomings (e.g. number of 375 

timepoints included) in the immunogenicity potential and the dose regimen of the studies. Regulatory 376 

comments on the dose regimen was mostly intertwined with concerns regarding the timing of 377 

administration in relation to mother-pup antibody transfer during lactation, but also placental transfer 378 

during gestation. Comments on the dose used being an excess of the human dose was provided to 379 

support translation to the clinical situation and in case of deviation in the dose of the administered 380 

adjuvant.  381 

Comments on the species selection for DART studies were aimed at susceptibility of the species to 382 

SARS-CoV-2, as well as discussion on interspecies differences in placental antibody transfer in the part 383 

of gestation representing the second half in human pregnancy. Various applicants had different views 384 

on fetal- and pup-maternal IgG ratios during gestation and lactation periods. Additionally, comments 385 

also stated that allometric rules do not apply to local immune responses as induced by vaccines, 386 

making exposure weight adjusted exposure margins irrelevant for local use. 387 

The EMA assessment on missing information in the DART studies was diverse among the vaccine 388 

technologies. In all three mRNA vaccines included, data on mRNA placental transfer and milk excretion 389 

was mentioned as important missing information. Comments on the adenoviral vector-based vaccines 390 

frequently pointed out that information was lacking regarding potential embryo-fetal toxicity of the 391 

adenovirus carrier. With regard to the subunit vaccine, the assessment focused solely on missing 392 

information regarding possible effects of the antigen:adjuvant stoichiometry on immunogenicity. Next 393 

to the three most discussed effects (study design, species selection and missing data), comments on 394 

the relevance of the data and discussion of effects was also profoundly present in the EMA assessment.  395 

 396 

3.2.4 Comment categories regarding supportive platform studies  397 
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As indicated before, applicants of the various vaccine technologies have used platform data to support 398 

their vaccine development. Aiming at reduction of animal testing, we investigated the regulatory 399 

emphasis on the supportive data in the EMA assessment (Figure 3). Concerning the RDT studies, 400 

supportive studies were mentioned especially during the assessment of effects of the product-specific 401 

studies. This was specifically the case for one mRNA vaccine. Additionally, supportive studies were 402 

supplied in the context of study design, missing information or when signifying relevance of the data. 403 

Logically, comparison with product-specific studies was applied mostly for justification of study design. 404 

Comparison to other SARS-CoV-2 vaccines the assessment was engaged primarily in the discussion of 405 

effects and relevance of data in the assessment of RDT studies. 406 

 407 

Concerning DART studies, supportive studies (usually studies from the same company with different 408 

antigens but with the same adjuvants) were provided mainly when missing information was being 409 

discussed. The supportive studies complemented the missing information on neurological 410 

developmental effects, potential of reprotoxic/teratogenic effects and the antigen:antigen ratio effect 411 

on immunogenicity. A smaller proportion of the delivered supportive studies were mentioned in the 412 

context of discussions of observations and study design. Opposite to the EMA assessment concerning  413 
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RDT studies, comparison to other SARS-CoV-2 assessment was most profoundly applied in the 415 

justification of the species selection. Comparison of the studies with product-specific studies (e.g. RDT 416 

or genotoxicity studies) was mostly carried out to resolve commentary concerning the provided study 417 

design and their shortcomings, e.g. incompliance with guidelines. 418 

 419 

4. Discussion and Conclusions 420 

By evaluating the non-clinical SARS-CoV-2 vaccine toxicity studies, we have found that there were no 421 

clear adverse effects. Effects are, not unexpectedly, local reactogenicity, immune response and 422 

macroscopic findings at the injection site. The majority of the observed findings are 423 

immunostimulatory effects, which, together with their reversible nature, can be considered non-424 

adverse. Inflammatory reactions at the injection site are considered as intended reactions 425 

representing the immune response to the antigen18. This has been described earlier in a workshop 426 

report19. 427 

The outcome of the examination of 30 RDT studies of potential new vaccines across multiple species 428 

20, was in the same line, showing no unexpected adverse findings. Evidence of an inflammatory 429 

response at the dose site was often accompanied by changes in draining lymph nodes, spleen and 430 

clinical pathology. Baldrick’s work11 recently confirmed these findings, both for general toxicity 431 

testing and developmental and reproductive toxicity  (DART) for 5/6 COVID-19 vaccines, which are 432 

also included in our analysis. Even though vaccine dosing for DART testing took place on different 433 

days during (early) gestation, these differences did not affect the overall safety assessment. Taking 434 

into account the ICH S5 (R3)6 Guideline on Reproductive toxicity and WHO Guidelines on non-clinical 435 

evaluation of vaccines and vaccine adjuvants and adjuvanted vaccines (2005, 2013)4,5, it is important 436 

to keep in mind that in the design and evaluation of vaccination during early organogenesis a 437 

distinction should be made between the potential effects of the inflammatory response induced by 438 

vaccine components, and the exposure of the offspring to the vaccine-induced antibodies  439 
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It is clear that small scale non-clinical vaccine toxicity studies do not have sufficient power to predict 440 

the rare potentially clinically relevant adverse effects21.  Theoretically this is a lasting obstacle in the 441 

general development of preventive vaccines, which applies also to the SARS-CoV-2 vaccine RDT and 442 

DART toxicity studies.  443 

With regard to the reported effects on AST and ALT it is important to have a specific discussion. These 444 

effects also received attention in the comments of the EMA evaluation. Should this be taken as a 445 

specific toxicity phenomenon, or might it be related to the primary induction of an innate immune 446 

response? We have seen that minimal changes in AST and ALT have been reported in relation to various 447 

vaccine technologies, i.e. with mRNA vaccines, but also with an adenovector vaccine and an adjuvanted 448 

vaccine. Donahue et al22 have described effects of mRNA vaccines on AST and ALT. In our dataset a 449 

relation could be found with the occurrence of the acute phase protein response, indicating a 450 

involvement of the liver in the innate immune response. This suggests that these effects are more 451 

related to the primary pharmacology of vaccines, and should not be qualified as toxic. 452 

Having appreciated the previously emphasized importance of a relevant animal species for non-clinical 453 

vaccine safety testing, Principal Component Analysis (PCA) indicated that effects in both the RDT and 454 

DART toxicity studies are mostly determined by the choice of species, i.e. species-specific, and suggest 455 

that the choice of species impacts the outcome of the study more than the utilized vaccine technology. 456 

This confirms the knowledge on species specificity retrievable from adequate historical control data23. 457 

Although the PCA analysis provided a useful way on visualising the inter-individual variation of findings 458 

between the COVID-19 vaccines, the analysis on the contributing categories to variation indicated that 459 

the major contributors to the variation in findings observed in both RDT and DART studies demonstrate 460 

a low relevance of the differences between these studies. These contributors were not clearly adverse, 461 

as suspected co-occurring dam-pup body weight gain decrease, due to disruption of lactation, was not 462 

observed and other contributors were not found to be vaccine specific, due to their marginal and 463 

immune stimulatory nature.  464 
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This also indicates that a less optimal choice in species selection is unlikely to contribute to overlooking 465 

relevant adverse effects. Still, due the limited numbers of studies as well as qualitative nature of the 466 

scoring the interpretation of the PCA analysis has limitations. Future work should focus on validating 467 

the results obtained in this study in a quantitative way and giving a more accurate representation of 468 

variation between the different studies. 469 

 470 

The combination of negligibly low frequency of findings with absence of adverse effects, together with 471 

a low inter-individual variability, show that product-specific DART studies provide little added value to 472 

the existing platform data existing on DART findings of vaccines. DART studies have often been 473 

delivered after the start of clinical studies for COVID vaccines24,  and obstetrician can rely only on DART 474 

studies in animals as data on pregnancy outcome in women vaccinated in clinical trials is limited25, 475 

supportive DART studies using products with similar vaccine technology have a large potential in 476 

making the gap in the lack of evidence on pregnant women smaller. Surprisingly, none of the applicants 477 

have actively included supportive platform data on DART studies. Recently, research has shown that 478 

experience using mRNA and adenoviral vector based vaccine platform data have been useful in 479 

providing evidence of absence of specific reproductive safety concerns26. Additionally, most of the 480 

adverse effects of vaccines have been argued to be caused by the encapsulation/vehicle and not by 481 

vaccine-related immune response, i.e. the biological activity of the expressed antigens, as has been 482 

extensively discussed for LNP encapsulations27. This accumulative knowledge encourages the use of 483 

supportive platform data for vaccine safety assessment. A recent workshop of the Coalition of 484 

Epidemic Preparedness (CEPI)28 supports the statement that new vaccine development might be 485 

accelerated by usage of identical platform technology for determination of non-clinical safety , making 486 

a case that additional (product-specific) DART studies might not be required, however still warranting 487 

a case-specific assessment.  488 

 489 
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Of note, in the current study we did not observe an increased incidence of birth defects, embryo fetal 490 

lethality or growth abnormalities, which is a major public concern of vaccination and drug treatment 491 

in general during pregnancy. A number of systematic reviews on possible adverse effects of COVID-19 492 

mRNA vaccines on pregnancy in human have been published29–31 indicating that COVID-19 (mRNA) 493 

vaccination in pregnancy appeared to be safe. The lack of adverse findings of mRNA vaccines on 494 

pregnancy in these systematic reviews corresponds with the lack of adverse findings in the EFD studies 495 

in animals taken into account in our analysis. 496 

 497 

Innovatively, we found that assessment of the studies by the EMA consisted most frequently of 498 

comments related to study design, species selection and missing information regardless of the utilized 499 

vaccine technology and supportive platform studies often substantiated the comments on these main 500 

three categories. This was the case for both RDT and DART studies. It was observed that data from 501 

supportive studies were used to fill in knowledge gaps of product-specific studies. Usually the product-502 

specific studies were less elaborative in comparison to the supportive studies. In particular, one of the 503 

applicants of a mRNA-based vaccine (mRNA2) seemed to include a product-specific RDT study with 504 

poor study design as part of the strategy to rely mostly on multiple provided supportive studies with 505 

highly similar mRNA constructs. Noteworthy, supportive information, such as available clinical data, 506 

were used to highlight shortcomings in the design or to argue the necessity of additonal 507 

measurements. In some cases, this even led to product-specific studies being regarded as unnecessary 508 

by the assessors, because of the availability of clinical studies. 509 

Collectively, our study demonstrated the limited added and translational value of product-specific non-510 

clinical studies for SARS-CoV-2 vaccines, due to their low frequency of observations outside of 511 

expected pharmacological inflammatory responses and their species-specificity. Thus, from a 3R 512 

perspective, both for RDT and for DART studies applicants are encouraged to use supportive platform 513 

technology data. However, the absence of clear adversity in the main contributors to the findings of 514 

the studies of the various vaccines indicate that suboptimal choices in species selection does not lead 515 
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to overlooking relevant adverse effects. This statement answers also the question raised in the 516 

Introduction, whether these nonclinical data were rather needed to decide about the safety of the 517 

vaccines. In fact, sponsors could have saved time and animals without compromising human safety 518 

when relying on supportive platform technology data. 519 

Therefore, product-specific safety studies confined to minimal requirements, and with a justified 520 

package of supportive studies, these minimal studies are considered sufficient to support clinical 521 

development. This can form an intermediate step in the shift towards fully animal-free methods in 522 

non-clinical toxicity testing. Regulatory improvement on supportive platform technology data and 523 

further development of new animal-free approach methods (NAM) are promising tools in this shift.  524 

 525 
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Highlights  

• In vivo animal toxicity testing shows limited value in establishing safety of vaccines. 

• Vaccine-induced effects are strongly species-specific.  

• Platform studies support EMA comments on product-specific vaccine assessment. 

• Confined non-clinical studies provided with supportive studies support clinical development.  
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