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The availability of effective vaccines and a high vaccination rate allowed the recent mitigation, or even 
withdrawal, of many protective measures for containing the SARS CoV‑2 pandemic. At the same time, 
new and highly mutated variants of the virus are found to have significantly higher transmissibility 
and reduced vaccine efficacy, thus causing high infection rates during the third year of the pandemic. 
The combination of reduced measures and increased infectivity poses a particular risk for unvaccinated 
individuals, including animals susceptible to the virus. Among the latter, non‑human primates (NHPs) 
are particularly vulnerable. They serve as important models in various fields of biomedical research and 
because of their cognitive capabilities, they receive particular attention in animal welfare regulations 
around the world. Yet, although they played an extraordinarily important role for developing and 
testing vaccines against SARS‑CoV‑2, the protection of captive rhesus monkeys against Covid‑19 has 
rarely been discussed. We here report upon twofold mRNA vaccination of a cohort of 19 elderly rhesus 
monkeys (Macaca mulatta) against infection by SARS‑CoV‑2. All animals were closely monitored on 
possible side effects of vaccination, and were tested for neutralising antibodies against the virus. The 
data show that vaccination of rhesus monkeys is a safe and reliable measure to protect these animals 
against SARS‑CoV‑2.

In its third year, the SARS-CoV-2 pandemic has reached its highest incidences so far. Due to new, highly mutated 
variants of the virus with significantly higher transmissibility and reduced vaccine  efficacy1–4, the number of cases 
increased from about 100 million in 2020 to 300 million in 2021, and to more than 600 million since (World 
Health Organization, Coronavirus Dashboard, https:// covid 19. who. int, accessed 13.09.2022). A high vaccination 
rate and the basic effectiveness of the available vaccines also against the new subtypes of the  virus5,6 prevented a 
corresponding increase in hospitalisations and admissions to intensive care and enabled the reduction of many 
protective measures against the virus.

For non-vaccinated individuals, as well as for animals susceptible to the  virus7,8, though, more liberal pro-
tective measures increase the risk of infection by the virus. Among susceptible animals, Old World monkeys 
(Catarrhini) are particularly vulnerable. They exhibit the same twelve key amino acid residues in the Angiotensin-
converting enzyme 2 (ACE2) receptor, the contact surface to enter host cells, as  humans9,10.

Among the Catarrhini, rhesus macaques (Macaca mulatta), cynomolgus macaques (Macaca fascicularis), and 
the African Green Monkey (Chlorocebus sabaeus) are easily infected by the virus and exhibit symptoms of disease 
similar to those in humans. Rhesus monkeys, in particular, have become an important model for research on the 
physiology and treatment of the disease, including the neurological symptoms associated with the so-called “long 
COVID”11–19. They are capable of displaying severe symptoms after infection and served in pre-clinical testing for 
each of the five vaccines now approved for human use by European and/or U.S. regulatory  agencies20–24. Rhesus 
monkeys were also used to investigate the safetiness of vaccines in infant studies, to inform paediatric  trials25,26.

Despite their important role in the development and testing of SARS-CoV-2 vaccines and the treatment of 
COVID-19, little details about possible side effects following vaccination of rhesus monkeys have been reported. 
Because they serve as important models for a variety of biomedical research  fields27–32, many animals live in 
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research facilities. Even in these husbandries, despite their high hygiene and biosafety requirements, complete 
protection against pathogens from the environment is usually not possible. The likelihood of contact with SARS-
CoV-2 will increase as general societal protective measures become less stringent. Therefore, measures for the 
health and wellbeing of these research animals should now, under the current conditions of the pandemic, 
include their active protection against SARS-CoV-2 infection, especially if animals are older and at higher risk 
for developing severe symptoms.

We here report the vaccination of a cohort of 19 rhesus macaques between 9 and 20 years of age with the 
BNT162b2 vaccine (BioNTech/Pfizer), including thorough pre- and post-vaccination investigation. Vaccination 
was performed due to veterinary advice. Our report is thought to serve as a reference for research institutes and 
zoos currently reasoning the pros and cons of vaccinating their animals.

Methods
The applied methods in this paper consisted of behavioural and veterinary procedures. All methods, including 
animal housing, were performed in accordance with the applicable international, national, and ethical guide-
lines. They were following the Directive 2010/63 of the European Commission, the Regulation for the Welfare 
of Experimental Animals issued by the Federal Government of Germany, and the ARRIVE guidelines, and they 
were approved by the Ministry of Health (Senator für Gesundheit, TVA 144) of the State of Bremen. All monkeys 
(N = 19) were bred for scientific purposes and were obtained from the German Primate Centre (DPZ, Göttingen). 
They were housed in large, environmentally enriched compartments, in groups of two or four monkeys. Three 
individuals were single-housed, with visual and auditory contact with other monkeys. A detailed description of 
the housing conditions can be found  elsewhere33.

Monkeys were aged between 9 and 20 years at the time of first vaccination. Body weights were between 8.4 
and 18.2 kg. All monkeys were healthy and in good overall condition. They participated in neuroscience labora-
tory procedures, including periods of restricted water  access33, yet all received full food and water supply from at 
least three days before vaccination to five days after vaccination. Monkeys were vaccinated using the BNT162b2 
(BioNTech/Pfizer)  vaccine23. Following the instructions from the supplier, the vaccine concentrate was diluted 
with 1.3 ml of a 0.9% sodium chloride injection. Each monkey was injected with 0.2 ml (equivalent to a dose of 
10 µg) intramuscularly.

All procedures were done in awake monkeys. The monkeys entered a horizontal primate chair, in which they 
sat in a Sphinx-like position. The rear of the chair was opened for administering the vaccine and conducting 
follow-up examinations. Vaccination was scheduled in two groups—ten monkeys in the first and nine in the 
second. The grouping was purely for organisational reasons and was not study-related. All monkeys received a 
second injection six weeks after the first vaccination.

Before vaccination, body weight and rectal temperature were taken from all monkeys. The follow-ups were 
carried out for seven days after vaccination at approximately the same time of the day and included daily control 
of body temperature and body weight as well as inspection of injection sites and checking for cold symptoms 
(runny nose, tearing eyes, sneezing, coughing) and appetite. If body temperature, general condition, and overall 
behaviour were unremarkable, measuring of temperature and weight were suspended at the weekends. All mon-
keys were familiar with these procedures and they were routinely entering the primate chair used for veterinary 
investigation. More details are provided  elsewhere33.

Three animals were tested for neutralising antibodies against SARS-CoV-2 prior to vaccination and four to 
five weeks after first and second vaccination. All other animals were tested after second vaccination only. The test 
used pseudovirus  particles34 equipped with the spike (S) protein of either the early B.1 lineage, or the currently 
dominating BA.4 and BA.5 lineages (identical on amino acid level). We used a replication-deficient vesicular 
stomatitis virus coding for eGFP and firefly luciferase (VSV*ΔG-FLuc35, kindly provided by Gert Zimmer, Insti-
tute of Virology and Immunology, Mittelhäusern and Bern, Switzerland). Pseudovirus particles were produced 
according to an established  protocol36, incubated for 30 min at 37 °C with serial dilutions of heat-inactivated 
blood serum and then added to target cells (Vero cell line). A detailed protocol of the pseudovirus neutralisation 
assay can be found  elsewhere37. If the serum contains neutralising antibodies against the S protein embedded 
in the pseudovirus particle, they will bind to the S protein and block pseudovirus cell entry. As a result, the 
number of infected cells will decrease depending on the concentration of neutralising antibodies in the sample, 
resulting in reduced activity of pseudovirus-encoded firefly luciferase in cell lysates, which serves as a surrogate 
for pseudovirus cell entry. Finally, the serum dilution that leads to half-maximal inhibition of pseudovirus cell 
entry (NT50, neutralising titer 50%) was determined. The higher the NT50, the stronger is the neutralising 
activity of the sample.

NT50 was calculated by estimating the relative inhibition of pseudovirus cell entry at ascending dilution fac-
tors of the serum. The NT50 is equivalent to the IC 50 obtained from a nonlinear fit to the dose–response curve. 
Data were analysed and visualised using GraphPad Prism (Dotmatics, Boston, MA) and Matlab (The MathWorks, 
Natick, MA). If not stated otherwise, statistical testing was performed using the Wilcoxon signed rank test, at 95% 
significance level. Effect size was calculated as Cohen’s d, using the standard deviation of pre-test data as reference.

Results
Nineteen rhesus monkeys, subdivided into two cohorts of ten and nine monkeys, received two doses of the 
BNT162b2 (BioNTech/Pfizer) vaccine, diluted to the concentration recommended for children. The second 
cohort was vaccinated three weeks after the first, and the interval between the two vaccinations was six weeks. 
All animals were tested for body temperature and body weight on the day of vaccination and during 7 days 
thereafter. The injection site was closely inspected whenever body temperature was taken, and all animals were 
daily monitored for their appetite, behaviour, cold symptoms, and general appearance. Blood serum of three 
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example animals was used to test and quantify the presence of antibodies to the S proteins of SARS-CoV-2 line-
ages B.1 and BA.4/BA.5 before and after the first vaccination, and the serum of all animals was tested after the 
second vaccination.

General appearance and overall behaviour. Monitoring of monkeys by animal caretakers and scien-
tific staff (DW, DQPO, IG) did not provide evidence of significant physiological effects during the seven days 
following vaccination. No signs of cold symptoms and no changes in general appearance were detected and all 
monkeys seemed to have a normal appetite. Injection sites were unremarkable—daily inspection did not reveal 
redness or hardening, and monkeys did not show specific responses to palpation. A few deviations were noted 
at the behavioural level: one monkey revealed a slight change in motion profile and sometimes preferred climb-
ing onto a platform, rope, or other housing element instead of jumping. This change in behaviour was observed 
after both injections and lasted for two days. Two other monkeys were described to appear a bit tired during a 
few days after first vaccination, and two other monkeys were described to be significantly less active than usual 
during a period of three to 4 days in-between the two vaccinations, about 2.5 weeks after the first vaccination.

Body temperature and body weight. Figure 1 summarises the data on body temperature and body 
weight during the week after first vaccination, relative to temperature and weight at the day of vaccination. 
Because no animal showed a consistent sign of reduced well-being, measurements were suspended at the week-
end and were performed during days 1, 2, 3, 6, and 7 after vaccination, providing a total of 95 values each for 
body temperature and body weight. For body temperature, 22 values deviated by more than 0.5 °C from the value 
at the day of vaccination, and half of those (12%) were higher than the initial temperature (Fig. 1A). Exactly one 
week after vaccination, the body temperature of five animals deviated by more than 0.5° from the initial tem-
perature. It was higher in two animals and it was lower in three other animals as compared to the day of vaccina-
tion. There was no statistical indication in the group of animals for a consistent change of body temperature one 
week after vaccination following paired testing (Z(1,18) = 0.262, P = 0.79) (Fig. 1B). For body weight, 23 values 
deviated by more than 1% of the body weight at the day of vaccination, and 21 of those (22%) were indicating a 
loss of weight (Fig. 1C). One week after vaccination, 1 monkey gained more than 1% of body weight, while six 
animals lost more than 1%. Though hardly recognisable by observation of behaviour and overall appetite, this 
constitutes a significant effect on body weight (Z(1,18) = 2.399, P = 0.016) (Fig. 1D). Effect size, however, was 
negligible (d = 0.0352) and there was no relation to body temperature (Pearson correlation, P = 0.66) (Fig. 1E).

Figure 2 shows the corresponding measurements obtained during the week following the second vaccination, 
again referenced to the day of vaccination. Data were similar to the results obtained after the first vaccination. 
Body temperature was unremarkable (Z(1,18) = 0, P = 1), slight increases in temperature were as frequent as slight 
decreases (Fig. 2A,B). Body weight changes were again significant (Z(1,18) = 3.019, P = 0.003) with nine animals 
having a weight loss of more than 1% (Fig. 2C,D). Effect size was still negligible (d = 0.0598) and the weight loss 
did not correlate with temperature (Pearson correlation, P = 0.49) (Fig. 2E). Yet, one individual revealed a loss 
of almost 5% one week after vaccination, increasing to almost 17% about three months after second vaccination. 
The weight then stabilised. About 2.5 weeks after the first vaccination, the monkey showed slightly reduced activ-
ity for a few days, but otherwise behaved inconspicuously and did not show any abnormalities during several 
veterinary checks.

Figure 1.  Deviations of body temperature and body weight after first vaccination. (A) Body temperature 
of N = 19 monkeys at five days during the week following vaccination. Body temperature taken at day of 
vaccination serves as reference (black horizontal line). (B) Body temperature deviation sorted by magnitude. 
Bars indicate body temperature deviation one week after vaccination, thin lines indicate minima and maxima 
during the week of measurement. (C,D) Body weight deviation during the week following the vaccination. 
Conventions as in (A,B). (E) Correlation of body temperature (ascending) and body weight (descending) ranks. 
Black lines connect the ranks of individual animals.
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Antibody testing. Presence of neutralizing antibodies against the SARS-CoV-2 S protein was investigated 
by a pseudovirus neutralisation test. The test was performed on blood serum from three example animals before 
and after first vaccination, and on serum from all animals after second vaccination. Pseudovirus particles were 
equipped with S proteins of different SARS-CoV-2 lineages to test the efficiency of the immune response against 
the B.1 lineage, which dominated the early phase of the pandemic, and against the BA.4/BA.5 lineages, which 
were dominating at the time of vaccination. No neutralising antibodies were detected in the serum of any of 
the three example animals before vaccination, but all were tested positive for neutralising antibodies after first 
vaccination (Fig. 3A). The blood serum of all but two animals (N = 19) showed significant neutralising activity 
after the second vaccination (Fig. 3B). Compared to human reference  data38,39 (N = 23), the neutralising antibody 
activity of the cohort of 19 macaques was weaker (Wilcoxon rank sum test, Z = 2.63, P = 0.0086, two-tailed) 
(Fig.  3C). Neutralising antibodies against the variants BA.4/BA.5 were basically absent in the three example 
animals after first vaccination. After the second vaccination, two of the example animals and 6 animals in the 
entire cohort were showing minor neutralising activity for the BA.4/BA.5 subtypes. The immune response did 
not differ between macaques and humans (Z = 0.39, P = 0.6935) (Fig. 3D–F).

Discussion
We here report the vaccination of laboratory rhesus monkeys with an adjusted dose of the BNT162b2 (BioNTech/
Pfizer) vaccine, as recommended for children. The vaccine was developed based on the S protein sequence of 
the SARS-CoV-2 lineage dominating the early phase of the pandemic. Like other vaccines approved for human 
use, it was tested in rhesus monkeys before running clinical  trials23. As of August 2022, the Strategic Advisory 
Group of Experts on Immunization (SAGE) of the World Health Organization considers the vaccine safe and 
effective and recommends its use for all individuals aged 6 months and above.

The interacting residues of the SARS-CoV-2 receptor, ACE2, are identical between rhesus monkeys and 
humans, making them similarly susceptible to the  virus8,9. In a recent  surveillance40, however, no infections were 
detected in a total of more than 20,000 nonhuman primates. This number may give rise to believe that, despite the 
similarity in the receptor binding site, the likelihood of natural infection in nonhuman primates is low. However, 
the article reported that the standard protocols for entering the animal area required fairly extensive protective 
equipment, including disposable gloves, disposable goggles, face shield, face mask, uniform/overall/gown, and 
special shoes/boots/shoe covers. As such, the surveillance report is more likely to demonstrate the effectiveness 
of protective equipment rather than a low infection probability of nonhuman primates.

In fact, the list of animals susceptible to the virus is extensive and, besides apes and monkeys, includes pets, 
livestock and wildlife  animals41,42. Because animals serve as natural reservoirs for viruses and viruses can even 
spread across species, vaccination of susceptible species is considered critical to prevent future re-emergence of 
the  virus43–45. The available veterinary vaccines (Carnivac-Cov, Zoetis, Ancovax) have been primarily developed 
for, and tested on, dogs, cats, and  minks46,47, although the Zoetis vaccine has been given to gorillas as  well43.

Among the susceptible animals, rhesus monkeys become very easily  infected14,41 and can develop mild 
to moderate, occasionally severe respiratory disease, lasting between 8 and 16 days. Tachypnea, dyspnea, 
asthenia, hunched posture, piloerection, reduced appetite, and pale appearance are among the symptoms of 
 infection11,13,17,48–51. Increases in body temperature as early as one day after  infection11,12,17,48,52 and rapid loss of 
body  weight11–13,17,50,52 have frequently been reported. Virus load is higher in older (> 15 years) animals than in 
younger ones. Additionally, immune response in older monkeys is delayed and more likely accompanied by a 
severe cytokine storm, persistent infiltration of lung tissue, and pro-inflammatory responses. Severe interstitial 
pneumonia is more  frequent13,52–54. Notably, swabs from the nose and throat were found to have high viral loads 
independent of the severity of the  disease11. This increases the risk of cross-infection, especially when animals 
are not single-housed but kept in social groups.

Figure 2.  Deviations of body temperature and body weight after second vaccination. Conventions as in Fig. 1.
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The responsibility of maintaining the health and well-being of animals kept for scientific purposes calls for 
measures to protect them against infection by SARS-CoV-2, especially if the animals are of higher age and at 
higher risk for developing severe symptoms of disease. The primary measure to ensure this is an effective hygiene 
measurement and strict access control to the husbandry. Yet, SARS-CoV-2 variants with significantly increased 
transmissibility (like delta and  omicron55,56), evidence of high viral load in vaccinated humans in the absence of 
disease  symptoms5,57, and high incidences suggest an increased risk of the virus gaining entry into even secured 
husbandries. Vaccination of laboratory rhesus monkeys against SARS-CoV-2 to prevent (severe) disease hence 
mitigates the risk of health  deterioration20–24 and prevents temporary or permanent exclusion of the animal 
from the experiment. Thus, vaccination promotes laboratory animal welfare and prevents the need to replace 
any excluded animals. Although existing vaccines have limited efficiency against new emerging SARS-CoV-2 
variants of concern, they are effectively preventing severe symptoms and hospitalization in humans, even over 
prolonged  time6,58.

We here show that after two injections of an adjusted dose of BNT162b2 (BioNTech/Pfizer), all but two rhesus 
monkeys have significant neutralising activity against the SARS-CoV-2 B.1 lineage, the early pandemic variant 
against which the vaccine was originally developed. Additionally, the blood serum of six monkeys had minor 
neutralising activity to the currently dominating SARS-CoV-2 BA.4/BA.5 lineages. This finding mirrors the 
situation in humans, where a third dose of the vaccine is needed to induce robust neutralising activity against 
BA.4/BA.538. However, despite the ability of BA.4/BA.5 to efficiently evade antibody-mediated neutralisation, 
individuals vaccinated with two doses of BNT162b2 showed some neutralising activity against BA.4/BA.559, 
even though the vaccine was developed against an earlier variant of the virus and BA.4/BA.5 possesses high 
potential for immune escape. The neutralising activity for BA.4/BA.5 in macaques was statistically not different 
from that of humans, but it was significantly weaker for the B.1 lineage. This might be due firstly to a generally 
weaker response of the rhesus immune system against the SARS-CoV-2 virus or against the antigen of the S 
protein encoded by the mRNA of the vaccine, secondly to a general weaker stimulation of the rhesus immune 
system by the vaccine, or thirdly to a weaker immune response due to the lower dose of the vaccine, which was 
adjusted as recommended for children.

The observations reported in this paper have a few limitations. First, neutralisation was studied using a 
pseudovirus neutralisation assay. Although, this assay was shown to represent a suitable model to investigate 
SARS-CoV-2 cell entry and its  neutralisation34, data await formal confirmation with clinical SARS-CoV-2 isolates. 
Second, we did not investigate changes in neutralising activity over an extended period. Therefore, at this point 
in time, we cannot make any statement on the longevity of neutralising antibody responses in rhesus macaques. 
Finally, we did not investigate T-cell mediated immune responses in rhesus macaques.

The vaccination had minor side effects, which are reported here to inform veterinarians and personnel. We 
were unable to detect visual abnormalities such as swelling or redness or specific responses of the monkeys to 
palpation of the injection site. Body temperatures fluctuated to some degree, yet we did not observe consistent 
changes in the group of monkeys and we did not identify changes at the level of individuals consistent with 

Figure 3.  Blood serum neutralising activity against pseudoviruses bearing either B.1 or BA.4/BA.5 S proteins. 
(A) Neutralising activity (NT 50) of serum from three example monkeys against the SARS-CoV-2 B.1 lineage 
before (Pre), after first (Post1st), and after second (Post2nd) vaccination. (B) Inhibition of pseudovirus cell 
entry at different serum dilution factors for the SARS-CoV-2 B.1 lineage. Symbols indicate mean values of four 
repeated measurements, error bars indicate SD. Lines indicate nonlinear fit to data points for determining the 
titer at 50% neutralising activity (NT50). Each colour represents one subject. (C) Serum NT50 for the SARS-
CoV-2 B.1 lineage in macaques compared to human reference  data38,39. (D–F) Serum neutralising activity 
for the SARS-CoV-2 BA.4/BA.5 lineage. Conventions as in (A–C). NT 50 values below 6.25 were considered 
negative and were manually set as 1 in (C,F).
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other signs of reduced well-being or weakness. We measured a loss of body weight over the group of animals 
after both the first and the second vaccination. Weight loss was statistically significant but the effect size was 
negligible. On the individual level, we identified one animal that was both losing more weight than others and 
also showing more weakness. Weakness stayed for only a few days but body weight decreased over a time period 
of three months after vaccination before it eventually stabilised. The monkey was examined several times by a 
veterinarian, but the external appearance, blood and faecal samples, and imaging data revealed no physiologi-
cal or other abnormalities, and the monkey behaved normally, including feeding behaviour. As such, we do not 
know whether the weight loss was triggered by the vaccination or by another factor.

Our general findings are consistent with the reports of preclinical testing of the five vaccines approved for 
human use in the US and/or EU, although the information is very limited—only three of the five studies men-
tion monitoring of meaningful scoring parameters and/or body temperature and weight to check for adverse 
effects of the  vaccination20,22,23, and only one  study20 provided data on body weight and temperature. From 
1 week before first vaccination (baseline) to one week after second vaccination, the mean body weight per week 
and monkey fluctuated between − 6 and + 9% relative to baseline in the placebo group, consisting of seven male 
and female monkeys between 2 and 5 years of age. Body weight fluctuated between − 4 to + 3% over the course 
of 4 days during the last week, after receiving the second sham injection. These numbers provide a reference for 
normal, short-term body weight fluctuations, which are very much in the range of the fluctuations we found in 
our cohort of elderly monkeys.

We conclude that rhesus monkeys show minor side effects as a response to vaccination with an adjusted dose 
of the BNT162b2 vaccine. The antibody response is significantly weaker than in humans, most likely due to the 
smaller vaccination dose. Just as for humans, a booster vaccination is recommended to increase neutralising 
activity against the highly antibody-evasive omicron variant.

Data availability
The datasets used and analysed during the current study are available from the corresponding author upon 
reasonable request.

Received: 24 November 2022; Accepted: 23 February 2023

References
 1. Boehm, E. et al. Novel SARS-CoV-2 variants: The pandemics within the pandemic. Clin. Microbiol. Infect. 27, 1109–1117 (2021).
 2. Karim, S. S. A. & Karim, Q. A. Omicron SARS-CoV-2 variant: A new chapter in the COVID-19 pandemic. Lancet 398, 2126–2128 

(2021).
 3. Araf, Y. et al. Omicron variant of SARS-CoV-2: Genomics, transmissibility, and responses to current COVID-19 vaccines. J. Med. 

Virol. 94, 1825–1832 (2022).
 4. Tallei, T. E. et al. Update on the omicron sub-variants BA.4 and BA.5. Rev. Med. Virol. 33, e2391 (2022).
 5. Puhach, O. et al. Infectious viral load in unvaccinated and vaccinated individuals infected with ancestral, Delta or Omicron SARS-

CoV-2. Nat. Med. 28, 1491–1500 (2022).
 6. Zou, Y., Huang, D., Jiang, Q., Guo, Y. & Chen, C. The vaccine efficacy against the SARS-CoV-2 Omicron: A systemic review and 

meta-analysis. Front. Public Health 10, 940956 (2022).
 7. Zhai, S.-L. et al. Where did SARS-CoV-2 come from?. Vet. Rec. 186, 254–254 (2020).
 8. Damas, J. et al. Broad host range of SARS-CoV-2 predicted by comparative and structural analysis of ACE2 in vertebrates. Proc. 

Natl. Acad. Sci. U. S. A. 117, 22311–22322 (2020).
 9. Melin, A. D., Janiak, M. C., Marrone, F., Arora, P. S. & Higham, J. P. Comparative ACE2 variation and primate COVID-19 risk. 

Commun. Biol. 3, 641 (2020).
 10. Liu, Y. et al. Functional and genetic analysis of viral receptor ACE2 orthologs reveals a broad potential host range of SARS-CoV-2. 

Proc. Natl. Acad. Sci. U. S. A. 118, e2025373118 (2021).
 11. Munster, V. J. et al. Respiratory disease in rhesus macaques inoculated with SARS-CoV-2. Nature 585, 268–272 (2020).
 12. Lu, S. et al. Comparison of nonhuman primates identified the suitable model for COVID-19. Signal Transduct. Target. Ther. 5, 157 

(2020).
 13. Yu, P. et al. Age-related rhesus macaque models of COVID-19. Anim. Model Exp. Med. 3, 93–97 (2020).
 14. Trichel, A. M. Overview of nonhuman primate models of SARS-CoV-2 infection. Comp. Med. 71, 411–432 (2021).
 15. Yuan, L. et al. SARS-CoV-2 infection and disease outcomes in non-human primate models: advances and implications. Emerg. 

Microbes Infect. 10, 1881–1889 (2021).
 16. Salguero, F. J. et al. Comparison of rhesus and cynomolgus macaques as an infection model for COVID-19. Nat. Commun. 12, 

1260 (2021).
 17. Zheng, H. et al. Virulence and pathogenesis of SARS-CoV-2 infection in rhesus macaques: A nonhuman primate model of COVID-

19 progression. PLoS Pathog. 16, e1008949 (2020).
 18. Rutkai, I. et al. Neuropathology and virus in brain of SARS-CoV-2 infected non-human primates. Nat. Commun. 13, 1745 (2022).
 19. Beckman, D. et al. SARS-CoV-2 infects neurons and induces neuroinflammation in a non-human primate model of COVID-19. 

Cell Rep. 41, 111573 (2022).
 20. Corbett, K. S. et al. Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. N. Engl. J. Med. 383, 

1544–1555 (2020).
 21. Mercado, N. B. et al. Single-shot Ad26 vaccine protects against SARS-CoV-2 in rhesus macaques. Nature 586, 583–588 (2020).
 22. van Doremalen, N. et al. ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature 586, 578–582 

(2020).
 23. Vogel, A. B. et al. BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature 592, 283–289 (2021).
 24. Guebre-Xabier, M. et al. NVX-CoV2373 vaccine protects cynomolgus macaque upper and lower airways against SARS-CoV-2 

challenge. Vaccine 38, 7892–7896 (2020).
 25. Garrido, C. et al. SARS-CoV-2 vaccines elicit durable immune responses in infant rhesus macaques. Sci. Immunol. 6, eabj3684 

(2021).
 26. Milligan, E. C. et al. Infant rhesus macaques immunized against SARS-CoV-2 are protected against heterologous virus challenge 

one year later. Sci. Transl. Med. 14, eadd6383 (2022).
 27. Gardner, M. B. & Luciw, P. A. Macaque models of human infectious disease. ILAR J. 49, 220–255 (2008).



7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3274  | https://doi.org/10.1038/s41598-023-30473-7

www.nature.com/scientificreports/

 28. Evans, D. T. & Silvestri, G. Nonhuman primate models in AIDS research. Curr. Opin. HIV AIDS 8, 255–261 (2013).
 29. Roelfsema, P. R. & Treue, S. Basic neuroscience research with nonhuman primates: A small but indispensable component of 

biomedical research. Neuron 82, 1200–1204 (2014).
 30. Verdier, J.-M., et al. Lessons from the analysis of nonhuman primates for understanding human aging and neurodegenerative 

diseases. Front. Neurosci. 9 (2015).
 31. Estes, J. D., Wong, S. W. & Brenchley, J. M. Nonhuman primate models of human viral infections. Nat. Rev. Immunol. 18, 390–404 

(2018).
 32. Lehmann, S. J. & Corneil, B. D. Completing the puzzle: Why studies in non-human primates are needed to better understand the 

effects of non-invasive brain stimulation. Neurosci. Biobehav. Rev. 132, 1074–1085 (2022).
 33. Wegener, D., Oh, D. Q. P., Lukaß, H., Böer, M. & Kreiter, A. K. Blood analysis of laboratory Macaca mulatta used for neurosci-

ence research: Investigation of long-term and cumulative effects of implants, fluid control, and laboratory procedures. eNeuro 8, 
0284–0221.2021 (2021).

 34. Schmidt, F. et al. Measuring SARS-CoV-2 neutralizing antibody activity using pseudotyped and chimeric viruses. J. Exp. Med. 
217, e20201181 (2020).

 35. Berger Rentsch, M. & Zimmer, G. A vesicular stomatitis virus replicon-based bioassay for the rapid and sensitive determination 
of multi-species type I interferon. PLoS One 6, e25858 (2011).

 36. Kleine-Weber, H., et al. Mutations in the spike protein of middle east respiratory syndrome coronavirus transmitted in Korea 
increase resistance to antibody-mediated neutralization. J. Virol. 93 (2019).

 37. Arora, P. et al. SARS-CoV-2 Omicron sublineages show comparable cell entry but differential neutralization by therapeutic anti-
bodies. Cell Host Microbe 30, 1103-1111.e1106 (2022).

 38. Arora, P. et al. Augmented neutralisation resistance of emerging omicron subvariants BA.2.12.1, BA.4, and BA.5. Lancet Infect. 
Dis. 22, 1117–1118 (2022).

 39. Arora, P., et al. Lung cell entry, cell-cell fusion capacity, and neutralisation sensitivity of omicron sublineage BA.2.75. Lancet Infect. 
Dis. (2022).

 40. Yee, J. et al. Developing and validating SARS-CoV-2 assays for nonhuman primate surveillance. J. Med. Primatol. 51, 264–269 
(2022).

 41. Goraichuk, I. V., Arefiev, V., Stegniy, B. T. & Gerilovych, A. P. Zoonotic and reverse zoonotic transmissibility of SARS-CoV-2. Virus 
Res. 302, 198473 (2021).

 42. Meekins, D. A., Gaudreault, N. N. & Richt, J. A. Natural and experimental SARS-CoV-2 infection in domestic and wild animals. 
Viruses 13, 1993 (2021).

 43. Sharun, K., Tiwari, R., Saied, A. A. & Dhama, K. SARS-CoV-2 vaccine for domestic and captive animals: An effort to counter 
COVID-19 pandemic at the human-animal interface. Vaccine 39, 7119–7122 (2021).

 44. Saied, A. A. Besides human booster doses: Could vaccinating highly susceptible animals to SARS-CoV-2 be the needed urgent 
strategic step?. Int. J. Surg. 104, 106761 (2022).

 45. Choudhary, O. P., Priyanka & Saied, A. A. COVID-19 vaccination in animals: A strategy for combating the global outbreak. Int. 
J. Surg. 105, 106848 (2022).

 46. Hoyte, A. et al. Experimental veterinary SARS-CoV-2 vaccine cross neutralization of the Delta (B.1.617.2) variant virus in cats. 
Vet. Microbiol. 268, 109395 (2022).

 47. Chavda, V. P., Feehan, J. & Apostolopoulos, V. A veterinary vaccine for SARS-CoV-2: The first COVID-19 vaccine for animals. 
Vaccines 9, 631 (2021).

 48. Fahlberg, M. D. et al. Cellular events of acute, resolving or progressive COVID-19 in SARS-CoV-2 infected non-human primates. 
Nat. Commun. 11, 6078 (2020).

 49. Williamson, B. N. et al. Clinical benefit of remdesivir in rhesus macaques infected with SARS-CoV-2. Nature 585, 273–276 (2020).
 50. Hoang, T. N. et al. Baricitinib treatment resolves lower-airway macrophage inflammation and neutrophil recruitment in SARS-

CoV-2-infected rhesus macaques. Cell 184, 460-475.e421 (2021).
 51. Chandrashekar, A. et al. SARS-CoV-2 infection protects against rechallenge in rhesus macaques. Science 369, 812–817 (2020).
 52. Song, T. Z. et al. Delayed severe cytokine storm and immune cell infiltration in SARS-CoV-2-infected aged Chinese rhesus 

macaques. Zool. Res. 41, 503–516 (2020).
 53. Speranza, E. et al. Age-related differences in immune dynamics during SARS-CoV-2 infection in rhesus macaques. Life Sci. Alliance 

5, e202101314 (2022).
 54. Zheng, H. Y. et al. Pro-inflammatory microenvironment and systemic accumulation of CXCR3+ cell exacerbate lung pathology 

of old rhesus macaques infected with SARS-CoV-2. Signal Transduct. Target. Ther. 6, 328 (2021).
 55. Paton, R. S., Overton, C. E. & Ward, T. The rapid replacement of the SARS-CoV-2 Delta variant by Omicron (B.1.1.529) in England. 

Sci. Transl. Med. 14, eabo5395 (2022).
 56. Twohig, K. A. et al. Hospital admission and emergency care attendance risk for SARS-CoV-2 delta (B.1.617.2) compared with 

alpha (B.1.1.7) variants of concern: A cohort study. Lancet Infect. Dis. 22, 35–42 (2022).
 57. Singanayagam, A. et al. Community transmission and viral load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant in vaccinated 

and unvaccinated individuals in the UK: A prospective, longitudinal, cohort study. Lancet Infect. Dis. 22, 183–195 (2022).
 58. Fiolet, T., Kherabi, Y., MacDonald, C. J., Ghosn, J. & Peiffer-Smadja, N. Comparing COVID-19 vaccines for their characteristics, 

efficacy and effectiveness against SARS-CoV-2 and variants of concern: A narrative review. Clin. Microbiol. Infect. 28, 202–221 
(2022).

 59. Bowen, J. E. et al. Omicron spike function and neutralizing activity elicited by a comprehensive panel of vaccines. Science 377, 
890–894 (2022).

Author contributions
D.W., A.K.K. and M.H. conceived and designed research, D.Q.P.O., I.G., A.K.K., H.L., M.H. and D.W. performed 
research, D.Q.P.O., M.H. and D.W. analysed and interpreted data, M.H. and D.W. prepared figures, D.Q.P.O., M.H. 
and D.W. wrote the manuscript, D.Q.P.O., I.G., A.K.K., H.L., M.H. and D.W. approved final version of manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was funded by Deutsche Forschun-
gsgemeinschaft (Grant no. WE 5469/3-1).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.W.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3274  | https://doi.org/10.1038/s41598-023-30473-7

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Monitoring and immunogenicity of SARS-CoV-2 vaccination of laboratory rhesus monkeys (Macaca mulatta)
	Methods
	Results
	General appearance and overall behaviour. 
	Body temperature and body weight. 
	Antibody testing. 

	Discussion
	References


