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A defined immune profile that predicts protection against a pathogen-of-interest, is referred to as a correlate of protection (CoP). A validated SARS-CoV-2 CoP has yet to be defined, however considerable insights have been provided by pre-clinical vaccine and animal rechallenge studies which have fewer associated limitations than equivalent studies in human vaccinees or convalescents, respectively. This literature review focuses on the advantages of the use of animal models for the definition of CoPs, with particular attention on their application in the search for SARS-CoV-2 CoPs. We address the conditions and interventions required for the identification and validation of a CoP, which are often only made possible with the use of appropriate in vivo models.
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1 Introduction

The outbreak of a novel coronavirus, subsequently named severe acute respiratory coronavirus 2 (SARS-CoV-2), in Wuhan, China, in early December 2019, rapidly escalated to pandemic status on March 11th 2020 (1). SARS-CoV-2, the causative agent of coronavirus disease, COVID-19, has since claimed over 6 million lives (2). Fortunately, the development, approval and deployment of effective SARS-CoV-2 vaccines has since significantly reduced fatality rates and ameliorated the impact of SARS-CoV-2 infections on billions of lives.

Since the beginning of the pandemic, international efforts have been made to understand SARS-CoV- 2 pathogenicity and host immune responses. However, the immune profile/s associated with protection is/are still unclear. A person’s immunity to a pathogen can be inferred by measurement of the component of the “immune response that is responsible for and statistically interrelated with protection,” also known as a ‘correlate of protection (CoP)’, a term coined by Stanley Plotkin (3). Profiling the prevalence of a CoP in community samples of vaccinees and convalescents would efficiently capture rates of immunity against the disease of interest. Hence, a CoP is a parameter that is invaluable for the fields of vaccinology, infectious disease immunology, epidemiology and health policy.

To define a CoP unequivocally, animal research remains critical - from the early stages of understanding the immunology of a disease, to providing proof-of-concept evidence in support of candidate CoPs. SARS-CoV-2 is no different, with COVID-19 animal models being central to the extraordinary immunology research and vaccine development efforts over the last three years. This review focuses on the mechanisms by which SARS-CoV-2 animal research assists, and in some cases supersedes, human research in the search for SARS-CoV-2 CoPs, with reference to the immunological insights provided by COVID-19 animal models used in challenge and vaccine pre-clinical studies.



2 Correlates of protection

Identifying a CoP that is universally observed and easily measured in an immunised population is of significant value for; a) vaccine development, such that vaccine candidates aim to drive the protective response, b) vaccine licensure, whereby protection likelihood can be inferred upon measurement of a CoP in vaccinees (also known as immunobridging), and c) public health policy-making in the midst of a pandemic, where accurate rates of immunity can be measured to appropriately inform governmental decisions on the application of non-pharmaceutical interventions (NPIs). A prime example of a validated CoP that supports vaccine development is haemagglutinin inhibition (HAI) titres (of at least 1:40) for the approval of seasonal influenza vaccines (4).

For the purpose of this review, it is important to consider precisely what ‘protection’ means in the context of SARS-CoV-2 infection, particularly as COVID-19 has many variable manifestations in humans, including asymptomatic, mild, moderate, severe or fatal disease, and chronic disease. Successful management of a pandemic relies on reduced transmission rates and/or lower rates of hospitalisation, therefore either low virology scores or minimal pathology could be considered as a ‘protected’ outcome. This review focuses on animal models where veterinary pathologist assessments, post-cull, engender the scope for precise characterisation of clinical as well as virology outcomes post-challenge. This is particularly valuable as the mechanism of limiting viral load may differ from the mechanism of infection control and resolution.

The terms ‘co-correlate’ and ‘surrogate’ describe a collaborative and redundant network of protective immune mechanisms, respectively (3). ‘Absolute’ and ‘relative’ correlates capture the weight of involvement of the immune parameter in mediating protection, either by dominating the protective response (the former) or by variably contributing to protection (the latter) (3). In the search for a CoP, knowledge gaps must also be accounted for; a statistically significant CoP may, in actuality, be a by-product of an unknown protective mechanism. We need to recognise the limitations and shortcomings of statistical correlations and that even with supporting ‘proof-of-concept’ investigations, such as adoptive transfer or depletion experiments, unknown knock-on effects of such immune manipulations may contribute to the observed exacerbation or elimination of infection.

Additionally, given immune system variability with age, sex, genetics, epigenetics and microbiome composition, a CoP in one population may differ to that in another population, particularly with respect to the magnitude of responses and epitope-specific responses. In which case, a universal CoP for SARS-CoV-2 may not exist, with different parameters defining protection in different groups. Hence, it is important to bear in mind which populations are involved in the study and whether data from different cohorts is pooled for analysis in an attempt to extract a universal CoP, or alternatively the data is separated by age, sex or ethnicity to define cohort-specific CoPs. Furthermore, each vaccine platform or formulation may exploit different protective immune mechanisms, thereby pointing to the existence of vaccine-specific CoPs. Such factors convolute the definition of a CoP.



3 COVID-19 animal models

It is essential that CoP research is based on authentic, relevant and reproducible in vivo models. Since the emergence of SARS-CoV-2 in December 2019, significant efforts have been made to develop accurate COVID-19 animal models (as extensively reviewed in (5–7) and summarised in Figure 1 and Table 1) to probe and understand COVID-19 pathology and immunology in order to develop effective therapeutics and vaccines. Given how critical an animal model is for research into a novel, pandemic-causing virus, the World Health Organisation (WHO) Research and Development Blueprint Team launched WHO-COM, a group focused on ‘COVID-19 in vivo modelling’ (55), as has the National Institute of Health (NIH) through the ‘Accelerating COVID-19 Therapeutic Interventions and Vaccines’ (ACTIV) preclinical working group.’ The WHO recognises non-human primates (NHPs), ferrets, mice and hamsters, to differing degrees, as models that capture the major physical manifestations of COVID-19, including pathology and/or immune signatures.




Figure 1 | SARS-CoV-2 animal model development overview demonstrating the preferred SARS-CoV-2 animal models on the left, and inadequate/impractical COVID-19 models with defined limitations on the right, and the processes by which animal models are identified in the central column. Created with BioRender.com.




Table 1 | Summary of the pros and cons associated with each model and the research papers discussed in this review that applied these models for the definition of CoPs.



The genus of Old World Monkeys (OWMs) (taxonomically known as Cercopithecidae), are the gold standard for modelling human disease, given the extensive homology between the closely-related species that diverged twenty-three to twenty-five million years ago. The Rhesus Macaque Genome Sequencing and Analysis Consortium reported that macaques and humans share 93.54% sequence identity, with 97.5% sequence identity in high confidence orthologues (56). Salguero et al. has provided a direct comparison of the key macaque species used in COVID-19 research, rhesus macaques (Macaca mulatta) (RhMs) and cynomolgus macaques (Macaca fascicularis) (CyMs). Matched viral strains, viral loads and routes of challenge were used to conclude that RhMs and CyMs have a similar capacity to recapitulate a mild-to-moderate human SARS-CoV-2 infection, both pathologically, virologically and immunologically (8).

BALB/c and C57BL6 mice also model COVID-19, with the added advantages of housing- and manipulation-ease. They share 69.1% sequence identity with humans. Murine angiotensin-converting enzyme 2 (ACE2), which shares 82.11% of its gene sequence with humans, does however have negligible affinity to SARS-CoV-2 Spike (57). Thus, the murine SARS-CoV-2 infection model requires either genetic manipulation of the SARS-CoV-2 virus so as to become mouse-adapted, or the breeding of transgenic mice that express human ACE2 (hACE2) e.g. K18-hACE2 C57BL/6J mice (a flaw of which is the variability of hACE2 expression levels) (7). It is important to note that cause of death in mice following SARS-CoV-2 infection is high viral burden in the brain rather than in the lung, implying COVID-19 pathology differs between the species (42). However, these models do capture human COVID-19 clinical symptoms of anosmia, thrombosis, and weight loss (41).

Syrian Hamster ACE2 has affinity to SARS-CoV-2 Spike and hence the species are naturally susceptible to SARS-CoV-2 infection (41). Clinical symptoms consistent with COVID-19 are seen, including weight loss, respiratory distress and inflammation-driven lung pathology (41). For example, a 5% increase in percentage weight loss as a consequence of high dose challenge was reported in Syrian hamsters, with 75% of these animals meeting the humane euthanasia criteria by day seven post-challenge, thus capturing severe COVID-19 (32). Furthermore, this small animal model mirrors the age-bias of COVID-19, with thirty-two to thirty-four-week-old hamsters exhibiting more substantial weight loss during acute infection, as well as persistent inflammation and unresolved lung tissue damage fourteen days post-challenge with SARS-CoV-2, in comparison to the six-week-old hamsters that had recovered by this timepoint (33).

Ferrets are susceptible to SARS-CoV-2 infection as evident from the mild lung pathology and detection of viral shedding in the nose and throat (41, 48). SARS-CoV-2 is detectable in the upper respiratory tract (URT) of ferrets by day two post-challenge and they present with similar URT symptoms to humans, including nasal discharge and sneezing (41).

Inadequate/impractical SARS-CoV-2 infection models include pigs, where despite in silico prediction of swine ACE2 and SARS-CoV-2 Spike affinity, supported by their natural susceptibility to SARS-CoV-1, they are poor SARS-CoV-2 hosts. Minks on the other hand are susceptible to SARS-CoV-1 and SARS-CoV-2 with outbreaks of the latter occurring in mink farms (58), however, their aggressive nature restricts their use as a common laboratory model (41).



4 Limitations of human studies for the definition of SARS-CoV-2 CoPs that are met by animal models

Prior to the emergence of effective vaccines, human largescale serology studies reported that SARS-CoV-2-specific immune responses were detectable following primary exposure, which conceptually could provide protection upon re-exposure (59–64). However, the degree of protection in the studied populations was heterogenous [further complicated by variants of concern (VOCs)]. Identifying the role of the humoral and/or the cellular response in mediating protection, as well as the precise characteristics of the humoral and/or cellular response that engender this protection, remains a challenge. In vivo models have played a key role in pin-pointing which immune parameters are mediating this protection in humans.

A major limitation of human studies for the identification of CoPs, is the failure to conclude, with confidence, whether the anamnestic response following natural primary infection or vaccination is protective upon re-exposure. Firstly, researchers cannot say with certainty whether or not a convalescent or vaccinated participant has been exposed to the pathogen during the follow-up period, particularly if an individual were to have sterilising immunity against the pathogen and would therefore lack any serological evidence of breakthrough/reinfection (an anti-SARS-CoV-2 Nucleocapsid response would only emerge post-infection). Vaccine efficacy is deduced from the reduced rates of infection seen in vaccinees versus placebo controls in an area where the virus is endemic and in active circulation during the clinical trials. However, vaccinees are not necessarily ever exposed to the aetiological agent during the course of the trial. Government-enforced lockdowns and other NPIs in place during the phase II and III clinical trials would no doubt impact the rate of transmission, which firstly, may disguise the true weight of impact of vaccination while also limiting the number of infections, thus restricting the statistical significance of outcomes. Swadling et al. did attempt to ascertain exposures to SARS-CoV-2, using IFI27 as a blood biomarker of viral exposure at subclinical levels, such that PCR negativity and IFI27 positivity would suggest protection from reinfection (59, 65, 66). However, it is important to note that IFI27 is non-specific for SARS-CoV-2, and is upregulated in response to other respiratory infections including H1N1/09 influenza and respiratory syncytial virus (66). In which case, it must be recognised that only the endpoint of failed protection can be confidently defined in humans, with the eventuality of a positive PCR result post-vaccination or primary infection, while the endpoint of successful protection is largely ambiguous.

The incidence of asymptomatic COVID-19 further limits our ability to characterise successful protection. Rates of asymptomatic SARS-CoV-2 infections are high, with 47% of 165 SARS-CoV-2 positive cases in a ~12,000 frontline worker cohort reported as asymptomatic (64). PCR testing was predominantly encouraged for those presenting with COVID-19 symptoms in large-scale human studies, therefore endpoints of failed protection in the form of asymptomatic COVID-19 often fail to be recorded. The consequence of failing to capture asymptomatic cases is seen in the phase III trial of mRNA-1273. mRNA-1273 was reported to be 94.1% effective in preventing COVID-19 from fourteen days post-boost, however, this trial only identified symptomatic COVID-19 cases, given the limited capacity for routine screening of the large population size (n = ~30,000) (67). The revised efficacy of mRNA-1273 was subsequently found to be 82% when asymptomatic cases were accounted for (68). Failing to accurately capture asymptomatic cases also limits the drawing of associations between vaccine-induced immune responses and protection against asymptomatic infection, as was unsuccessful in the study by Feng et al. (69).

Inherent human biases have also been shown to skew PCR testing frequency. In a study by Lumley et al., baseline seropositive and seronegative healthcare workers (HCWs) were screened biweekly in an attempt to define an association between the rates of PCR-positivity and anti-Spike IgG titres. The group observed that seronegative HCWs had a much greater attendance to the non-obligatory asymptomatic screenings than seropositive individuals, epitomising a phenomenon known as ‘outcome ascertainment bias,’ which manifests in convalescent participants with an inherent assumption that reinfection is unlikely. The problem with bias in this particular setting, is that over the course of this investigation, seropositive HCWs that did return PCR-positive results during mandatory testing presented with asymptomatic infections, further increasing the likelihood that there were undetected PCR-positive results amongst the seropositive HCWs (64). Testing of human participants must therefore be frequent and mandatory, irrespective of symptom presentation, if researchers carrying out vaccine efficacy studies wish to detect near 100% of infections.

High variability between human re-exposure events is also inevitable in a real-world setting. This includes variable viral inocula which will have an impact on whether or not COVID-19 disease manifests, and cannot be accounted for when comparing human vaccinees and control groups. Furthermore, given the rapid evolutionary trajectory of a virus upon zoonosis to a new host species, it is possible that human participants are exposed to different viral strains. In fact, reinfection of study participants or cases of vaccine breakthrough have been, and continue to often be, caused by SARS-CoV-2 VOCs that escape the immune responses induced during primary immunisation (e.g (70).). Although many studies sequence the virus from reinfected participants to confirm infection by a VOC, this complicates the interpretation of immunological parameters associated with protection. Specifically, it is difficult to extrapolate whether prior immunisation provided, or would have provided, strain-specific protection versus broad-range protection.

As the timing of viral challenge is also unknown, the viral and immune trajectories at critical timepoints post-challenge cannot be studied in human trials. Strong correlations between the IFI27 biomarker and a subset of memory CD8+ T cells, implied HCoV cross-reactive SARS-CoV-2-reactive memory CD8+ T cells to facilitate ‘abortive SARS-CoV-2 infection’ (59). However, if reinfection were to have occurred in a controlled manner, many immune parameters could have been traced. This would rule out the possibility that this CD8+ T cell subset is only a consequential biomarker of controlled infection, with a different mechanism actually being responsible for viral control.

Only controlled human challenge studies can overcome the aforementioned limitations of human clinical trials and longitudinal studies. However, human challenge studies are associated with high cost and risk, and in the case of SARS-CoV-2, there is also a paucity of naïve participants due to vaccination or previous challenge (71)). Therefore, though extremely valuable, human challenge studies are infrequently performed. Animal challenge studies not only fill this void, but also overcome the drawbacks of human challenge trials.

Considering the many limitations of COVID-19 vaccine efficacy clinical trials discussed above, there are several obvious benefits of animal models. Animal models overcome biases, lack of attendance to screenings and escape of asymptomatic cases, as frequent mandatory testing is considerably more feasible. In pre-clinical vaccine or rechallenge studies, animals are intranasally- and intratracheally-challenged with matched inoculation doses following vaccination. In which case there is a known, comparable exposure event, and the endpoint of protection can be determined with near certainty. Animal studies also follow identical regimens for vaccine dose administration, challenge and rechallenge, therefore immunologists can map immune landscapes at each critical timepoint. Carrying out challenge and testing under the same, known conditions facilitates direct comparability and the extraction of CoPs with greater confidence.

It is also important to remember that the definition of CoPs relies on a range of outcomes arising post-immunisation to extract immune profiles that differentiate protected from unprotected groups. However, stratification of outcomes was limited in human trials as, a) suboptimal SARS-CoV-2 vaccines did not progress through human clinical trials, b) the inclusion of placebo control groups in SARS-CoV-2 vaccine trials during the pandemic was an ethical dilemma (72) which limited the duration of study of these groups, and c) SARS-CoV-2 vaccine candidate efficacy was high. Pre-clinical studies however involved the testing of a range of vaccines with different efficacies, different dose numbers, dosing intervals and formulations, under the same conditions to yield an array of phenotypes post-challenge that increases the power behind the correlations that are drawn between immune parameters and protection.

Another advantage of using animal models to define CoPs, is that research animals, often contained within closed facilities, have a more definable immunological history in comparison to human participants that have a more diverse and undetermined virome and bacteriome. This is particularly relevant as human studies have identified a CD8+ T cell response against SARS-CoV-2 Nucleocapsid (N105-113) epitope, presented by HLA-B*07:02, in 80% of naïve participants and is significantly associated with mild COVID-19 (73–76). This response has been proposed to originate from a seasonal human coronavirus (HCoV) infection, due to the marked homology between this SARS-CoV-2 Nucleocapsid epitope and HCoV-OC43 and HCoV-HKU1 Nucleocapsid (73–76). Similarly, Swadling et al. proposed that pre-existing memory T cells against the highly conserved HCoV proteins NSP7, NSP12, and NSP13 of the replication transcription complex (RTC) facilitates abortive infection in seronegative HCWs (59), as also reported by Kundu et al. (77). Upon a complex immunological background, it is difficult to conclude the source of protection. Animal challenge studies however, can describe more accurately the specific immune signature left by SARS-CoV-2 vaccination and infection, as they are less likely to have been exposed to closely-related HCoVs.

An array of clinical (CT, X-ray), immunological (serology and blood analysis) and viral (PCR from URT and lower respiratory tract (LRT)) assessments can be carried out on human challenge study participants at timepoints throughout immunisation and acute infection to capture the clinical, immune and viral dissemination trajectories. However, the thoroughness of pathological assessment of a human subject will never match that possible in animal subjects (except perhaps in the context of post-mortem analysis of human COVID-19 fatalities (78), which is not as relevant for CoP identification). Performing histopathologic assessment of animal tissue post-cull supports the precise definition and stratification of disease endpoints which can be compiled with immunological data to reach conclusions on CoPs for the disease-of-interest (examples of measurable immunological data are demonstrated in Figure 2).




Figure 2 | An overview of immunological assays and analysis that can be performed on animal samples. MNA, microneutralisation assay; ELISA, enzyme-linked immunosorbent assay; ADNP, antibody-dependent neutrophil phagocytosis; ADMP, antibody-dependent macrophage phagocytosis; FcyRs, fragment crystallisable of antibody receptor; ADCC, antibody-dependent cellular cytotoxicity; ADNK, antibody-dependent NK cell activation; PBMC, peripheral blood mononuclear cells; RNAseq, RNA sequencing. Created with BioRender.com.



Candidate CoPs identified from preclinical and/or human phase III vaccine trials, can also be validated in later immunology research studies involving animal models (Figure 3). For example, animal thymectomies, cell depletion or adoptive transfer experiments can be carried out to determine whether the feature identified in human phase III studies directly explains protection outcomes when an animal is rechallenged with SARS-CoV-2. Hence outputs from clinical research can also be complemented by animal research.




Figure 3 | A vaccine development pipeline highlighting the stages where candidate CoPs can be identified and confirmed. Created with BioRender.com.





5 Strategies to facilitate CoP identification in COVID-19 animal models


5.1 Adoptive transfer and cell depleted animal models

As mentioned, one of the major advantages of using animal models for the identification of CoPs is the capacity to manipulate the immune response post-immunisation to demonstrate the consequence of introducing or withdrawing immune parameters on outcome post-challenge (described in Figure 4).




Figure 4 | Schematic of the scope to manipulate the immunological response by I) administering the candidate CoP to the challenge model (at top in blue) via i) adoptive transfer of T cells from a convalescent individual or ii) passive immunisation with convalescent serum or a therapeutic mAb or II), removing candidate CoP from challenge model (at bottom in red) via i) T cell depletion or ii) use of an immunodeficient animal model. Challenging the animal with virus and ascertaining the effects of removal/addition of these immune features on virology and pathology, can provide evidence for/against the candidate CoPs. Created with BioRender.com.



The independent role of T cells in protection against SARS-CoV-2, was investigated by McMahan et al. and Hasenkrug et al. in the macaque challenge model for SARS-CoV-2 by performing T cell depletion experiments.

Hasenkrug et al.’s experiment involved anti-CD4 and anti-CD8a monoclonal antibody (mAb)-mediated depletion of CD4+ and CD8+ T cells, prior to primary challenge with ~4 x 105 TCID50. In the four CD8+ T cell-depleted RhMs, they report amplified CD4+ T cell numbers and responsivity in the cervical lymph nodes (LNs) and spleen during acute infection, likely to compensate for the lack of CD8+ T cell-mediated cellular adaptive immunity. Viral load measurements by qPCR confirms infection clearance in the control group by day fourteen, while in T cell-depleted groups, the infection was resolved by day twenty-one. Therefore, while the delay in viral clearance is likely attributable to the lack of T cell response, eventual clearance is not impacted by impaired T cell activity (28).

In contrast to Hasenkrug et al. that depleted the T cell subsets prior to primary infection, McMahan et al. depleted CD8+ T cells seven weeks post-primary infection, prior to rechallenge with 1 x 105 TCID50, to investigate the role of memory CD8+ T cells in protection against reinfection. In comparison to the five control sham-mAb treated RhMs, that were successfully protected from reinfection, 100% and 25% of the eight CD8-depleted RhMs had detectable SARS-CoV-2 RNA in nasal swabs and BAL samples, respectively (10). Together, the results of these RhMs studies, implies a role for T cells in controlling viral load.

Despite expansion of receptor-binding domain (RBD)-responsive memory CD4+ and CD8+ T cells post-vaccination of hACE2-C57BL/6 mice with an alum-adjuvanted recombinant RBD vaccine, adoptive transfer of splenic CD4+ and CD8+ T cells from vaccinated-mice did not protect recipient naïve mice upon challenge, but passive transfer of immunised sera was found to be protective (9). Similarly, Matchett et al. reports on the persistence and expansion of Nucleocapsid (N219-227)-specific memory CD8+ T cells in the lung and lung draining mediastinal LN post-challenge and post-successful vaccination with a SARS-CoV-2 Nucleocapsid-expressing human adenoviral vector 5 (HAd5)-vectored vaccine. However CD8+ T cell depletion only partially abrogated protection upon challenge of vaccinated K18-ACE2 C57BL/6 mice (40). While these results are most likely due to the mouse less faithfully modelling the human immune system, it is also possible that T cells are only a ‘surrogate’ of protection, that support the emergence of a protective humoral response.

Understanding the relationship between the cellular and humoral response in the context of COVID-19 can also be thoroughly investigated via T cell manipulation experiments in animal models. The aforementioned study by Hasenkug et al., observed significantly attenuated peripheral B cell responses in the CD4+ T cell-depleted RhMs in comparison to control animals, in all but the animal that failed to achieve >90% CD4-depletion, confirming the involvement of CD4+ T cells at this adaptive axis (28). A delayed induction of IgM or isotype switching post-challenge was also observed in 50% of CD4+ T cell-depleted RhMs (28). This rate of dependency on CD4+ T cells for the induction of an antibody response explains the positive correlation between anti-Spike or RBD IgG titres and Spike-specific CD4+ T cell frequency and activity, found in human studies (79). However, the effect of CD4+ T cell-depletion on antibody development had no additional consequence on outcome post-challenge of this RhM cohort (28). Therefore CD8+ T cells may sufficiently mediate protection under these circumstances, as implied by the findings of McMahan et al.

Rydyznski et al. reports that the three arms of the antigen-specific adaptive immune response (antibody, CD4+ and CD8+ T cells) were mounted successfully in 73% of mild human COVID-19 cases, with unsuccessful coordination of such responses occuring in the elderly (greater than sixty-five years old) most prone to severe COVID-19 disease (80). The RhM SARS-CoV-2 model confirms a role for T cells in protection, with evidence thus far suggestive of T cell responses supporting viral control. Further work is necessary to underpin the true weight of the role of T cells in providing protection and to define the precise T cell population responsible for protection.



5.2 Passive transfer of antibody to animal models

The scope to manipulate animal immune responses to identify the parameters crucial for protection continues with passive transfer of antibody. Given the above indications that the role of T cells impacts B cells responsivity and antibody titres, proof-of-concept that antibodies are in fact the key mediators of infection resolution and protection can be achieved via the passive transfer of antibody to animals involved in pre-clinical vaccine and rechallenge studies.

Rogers et al. isolated S+ and RBD+ memory B cells (MBCs) from eight SARS-CoV-2 human convalescent donors and neutralising mAbs were passively transferred to Syrian hamsters by intraperitoneal infusion at five different concentrations. Twelve hours later, the animals were intranasally challenged with a dose of 1 x 106 PFU of SARS-CoV-2. Using weight loss as the measure of disease magnitude, neutralising antibody (NAb) titres of ~22 ug/ml and 12 ug/ml, confers full protection or a 50% reduction in disease burden, respectively (35). Similarly, passive transfer of 10 mg of mRNA-1273-vaccinated RhM IgG to Syrian Hamsters also provided protection upon SARS-CoV-2 challenge (but 2 mg did not) (81).

McMahan et al. isolated SARS-CoV-2-specific NAbs from nine challenged macaques. Twelve RhMs, divided into four groups, were intravenously infused with concentrations of IgG that differed by an order of magnitude and were subsequently challenged with 1 x 105 TCID50 of SARS-CoV-2. A dose-dependent effect of SARS-CoV-2-specific NAb titrations on viral load was observed, with the group infused with the highest IgG titres (250 mg/kg) yielding negative PCR results from BAL and nasal swab samples and hence are protected from infection. McMahan et al. was the first to propose NAbs as a CoP for COVID-19, as it is an immune parameter that significantly differentiates protected from non-protected NHPs and correlates with protection (10).

The pre-clinical evaluation of pharmaceutical mAbs for their therapeutic and/or prophylactic effects, represents another setting for experimental passive transfer of NAbs to animals, to assess the role of antibody in protection against SARS-CoV-2 challenge. Two mAbs, tixagevimab and cilgavimab, of AstraZeneca’s Evusheld, which potently and collaboratively target the ‘open’ and ‘closed’ conformations of the ACE2 RBD, reduce pathology and viral load when tested as a therapeutic intervention and provides protection when administered prophylactically to female hACE2-BALB/c mice (44). Similarly, the REGN-COV pre-clinical trial of the mAb cocktail, casirivamab plus imdevimab, successfully limited pathology and viral load when administered prophylactically and therapeutically in the mild COVID-19 RhM challenge model and severe COVID-19 Syrian golden hamster challenge model with low and high dose SARS-CoV-2 inocula (12).

The functional capacity of the Fc domain of passively transferred antibody must also be considered. McMahan et al. found functional antibody responses including antibody-dependent complement deposition (ADCD), antibody-dependent NK cell activation (ADNKA) and antibody-dependent neutrophil phagocytosis (ADNP) to correlate with protection in their passive transfer experiments (10). Administering genetically-engineered antibody to animals has also accelerated the field’s understanding of the role of the Fc domain of antibody in the context of SARS-CoV-2 infection. An Fc-mutated mAb fails to confer clinical, viral and pathological protection when administered therapeutically to both K18-hACE2 transgenic mice and Syrian hamsters, however the functional Fc mAb did successfully protect these animal models in the early days post-challenge (13). This is suggestive of a crucial role for the Fc domain in the control of acute infection in these models. Whether the Fc has a prophylactic role is less clear. Serum levels of intraperitoneally administered anti-RBD NAb, prior to intranasal challenge with 1 x 103 PFU of SARS-CoV-2, correlated with clinical protection from COVID-19 and inversely correlated with lung vRNA in the K18-hACE2 transgenic mouse model, irrespective of whether the Fc region was loss-of-function mutated (13). Meanwhile, a non-RBD-based S2 stem helix-targeting neutralising mAb, S2P6, that activates Fc-mediated effector functions antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP), effectively limits lung vRNA when administered prophylactically in the Syrian hamster challenge model (36). These results demonstrate the potential collaborative effect of neutralising and Fc functional SARS-CoV-2-specific antibodies to confer complete protection.

Additional immune manipulation strategies facilitated the interrogation of the potential mechanisms underlying antibody Fc-mediated protection. The investigative strategies adopted were based on the observation that functional Fc mAb-treated mice had reduced counts of TNFa+iNOS+CD80+CD11b+ monocytes and an amplified frequency of activated CD8+ T cells (13). Depletion of monocytes in functional Fc mAb-treated mice, resulted in the loss of clinical protection, yet a sustained ability to reduce viral burden. Depletion of CD8+ T cells in functional Fc mAb-treated mice contributed to the loss of viral control, but not a loss of clinical protection (13). This is in support of the aforementioned T cell depletion experiments that proposed T cells as mediators of viral control. The proposed mechanism of protection of functional Fc mAb-treated mice is that phagocytosis and antigen presentation follows virus-Fab-Fc-FcyR immune complex formation on monocytes, so as SARS-CoV-2-reactive cytotoxic CD8+ T cells can be activated and destroy virally infected cells (13).



5.3 High versus low dose vaccine comparison

The identification of a CoP relies equally on vaccine breakthrough as it does successful immunisation in order to stratify outcomes and define the immune profiles that differentiate protected from unprotected groups. Formulated in lipid nanoparticles (LNPs), Moderna’s mRNA vaccine, mRNA-1273, was 94.1% effective at preventing symptomatic disease and 100% effective in preventing severe disease, when two doses were administered twenty-eight days apart in a phase III trial. However, given the efficacy of the vaccine, with only eleven of 15,210 vaccinated participants (0.07%) contracting COVID-19, CoPs could not be identified (67). As in the name, CoP, statistical power and ‘correlations’ underpin the investigation of candidate CoPs, therefore the low number of vaccine breakthrough cases means this need will not be met by human SARS-CoV-2 vaccine clinical trial data. Hence, pre-clinical vaccine studies that investigate protective and sub-protective vaccine dosing strategies under matched conditions, diversifies challenge outcomes and immune profiles, from which statistically significant correlations with protection can be drawn (summarised in Figure 5).




Figure 5 | Schematic representing the scope to identify CoPs by investigating a range of a) vaccine candidate platforms, b) number of vaccine doses, and c) vaccine dosing regimens to give a range of outcomes in order to identify the immune profile that differentiates protected from unprotected animals. Created with BioRender.



BALB/cJ, C57BL/6J and B6C3F1/J mice were intramuscularly vaccinated with mRNA-1273 as part of a two-dose regimen with three week intervals (47), as were twelve RhMs at four week intervals (14, 47). A vaccine dose-dependent effect on binding and NAb emergence was observed (14). Challenge of vaccinated BALB/cJ mice with 1 x 105 PFU of SARS-CoV-2 at week five or week thirteen post-boost, and vaccinated RhMs challenged with 7.6 x 105 PFU at week four post-boost, revealed a vaccine dose-dependent reduction in lung viral load (47), such that NAb responses were negatively correlated with viral load in the nasal turbinates (14).

He et al. found that the lowest dose of Ad26.COV2.S kept SARS-CoV-2 sgRNA levels at a minimum in the LRT of RhMs challenged with 1 x 105 TCID50 six weeks post-single-dose vaccination. However, a higher vaccine dose also protected against the establishment of a SARS-CoV-2 infection in the URT, in addition to the LRT (15). This was attributed to the trend for poorer anti-RBD IgG and NAb kinetics and response magnitudes, as well as reduced T cell and RBD-specific IgG+ MBC activity in the low dose vaccine groups (15). Specifically, the MBC compartment was amplified in the higher dose groups, which was found to be associated with completely protected groups, in comparison to non-protected or partially protected groups. MBC frequency positively correlated with respective antibody titres and negatively correlated with nasal swab sgRNA levels (15).

Minimal lung pathology and a significant decline in viral load was observed in RhMs vaccinated with a high dose of beta-propiolactone-inactivated SARS-CoV-2 vaccine candidate, PicoVacc. This was observed following intratracheal challenge (1 x 106 TCID50) one week post-completion of the three-dose regimen (16). Medium-dose vaccinated animals induced lower NAb titres and increased incidence of SARS-CoV-2 detection in the pharynx and lung. These results were replicated in PiCoVacc-immunised BALB/c mice and Wistar rats, providing additional support for NAb as a mediator of viral control (16). No significant difference in CD3+, CD4+ or CD8+ frequency, or inflammatory cytokines, were noted between the vaccinated and control groups (16).

From the above-mentioned vaccine pre-clinical studies, a vaccine dose-dependent effect on antibody titres was observed, that subsequently correlated with viral load. This research highlights the necessity for a range of vaccine doses to be tested in animals in order to draw associations between immune profiles and protection.



5.4 Comparison of matched optimal and sub-optimal vaccine candidates

Many vaccine platforms, such as vector-based vaccines or nucleic acid vaccines, are amenable to the testing of different antigenic components that may differ in their immunogenicity and hence in the level of protection the induced immune response provides. Hence, pre-clinical studies of vaccines, that differ only in their antigen composition, provides another mechanism of promoting challenge outcome and immune profile divergence that favours SARS-CoV-2 CoP identification.

Ad26 vector-based vaccines, incorporating different forms of SARS-CoV-2 Spike (Spike sequences that differ in length, that incorporate the furin cleavage site mutation and/or further stabilising mutations) were first tested in RhMs (17). Due to the range of challenge outcomes yielded post-vaccination with the different Ad26 candidate vaccines, the group concluded that NAb titres were the factor that differentiated protected from unprotected RhMs post-challenge, with ADNKA and ADCP also contributing to the separation of these protection statuses (17). In fact, it was proposed that the collaborative effect of antibody neutralisation and Fc-mediated effector functions had an improved correlation with protection (revealed following logistic regression analyses) (17), supportive of the results from the therapeutic Fc functional mAb pre-clinical trial discussed above (13).

The Ad26 vaccine encoding pre-fusion stabilised full-length Spike (Ad26.COV2.S) generated the most substantial immunological effector functions and viral control responses, with BAL samples from RhMs in this group lacking detectable virus upon challenge with 1 x 105 TCID50 of SARS-CoV-2 at week six (17). This evidence-based optimal vaccine was also tested against a suboptimal Ad26 SARS-CoV-2 vaccine in fifty Syrian golden hamsters that model more severe COVID-19. An array of outcomes post-intranasal challenge with 5 x 105 TCID50 of SARS-CoV-2 were elicited, including successful, partial and failed protection which support CoP identification. Clinical and viral outcomes were also found to inversely correlate with anti-RBD and/or NAb responses in this model (32).

Formulated in LNPs, Pfizer/BioNTech’s mRNA vaccine candidates, BNT162b1 and BNT162b2, encoded soluble RBD or pre-fusion stabilised full-length Spike, respectively (18). The intranasal and intratracheal challenge of twelve BNT162b1/BNT162b2-immunised and nine control RhMs with 1.05 x 106 PFU of SARS-CoV-2, revealed that BNT162b2-vaccinated macaques’ BAL PCR results remained negative throughout post-challenge sampling, in comparison to the control and BNT162b1-vaccinated macaques that had a higher incidence of BAL PCR vRNA positivity (18). At challenge, matched neutralising responses were seen in RhMs vaccinated with the BNT162 candidates, hence the aetiology of the improved BNT162b2 efficacy does not fall with enhanced neutralising responses. Augmented levels of circulating CD8+ T cells were detected in mice vaccinated with BNT162b2 versus BNT162b1, likely due to the broader range of T cell epitopes encoded by the BNT162b2 candidate. However, mice were not challenged as part of this study to relate this disparity to protection outcomes (18).

Thirty-five RhMs were intramuscularly vaccinated with one of six DNA vaccine candidates, each encoding different SARS-CoV-2 Spike variants, or the sham vaccine, to induce heterogenous response profiles (19). Subsequent challenge with 1.1 x 104 PFU of SARS-CoV-2 via intranasal and intratracheal routes, resulted in a ~two-fold reduction in median BAL and nasal viral loads in vaccinated groups in comparison to the sham control group (19). URT and LRT sgRNA levels were found to inversely correlate with NAb titres (with a systems biology approach indicating a potential collaborative effect with Fc-mediated responses of ADCD and ADCP), while ELISpot and ICS results did not correlate, inferring that the humoral and not the cellular compartment mediates this protection (19).

Efficacy of CureVac’s LNP-formulated SARS-CoV-2 mRNA vaccine, CVnCoV, was observed in twenty Syrian golden hamsters in the form of reduced lung pathology, minimal URT and undetectable LRT viral loads (37). RhMs that received high dose CVnCoV vaccination also experienced significantly reduced lung lesion severity and undetectable LRT vRNA (20). However a statistically significant difference in URT vRNA copies between high dose CVnCoV recipient versus unvaccinated/low dose CVnCoV-vaccinated RhMs was not observed following intranasal and intratracheal challenge with 5 x 106 PFU (20), which may provide an explanation for the poor 48.2% efficacy reported from clinical trials, irrespective of the induction of Spike- and RBD-specific IgG and NAbs (82). The failure of the first generation CureVac vaccine was also attributed to the incidence rate of breakthrough infections caused by VOCs (82).

Hence, a second generation CureVac SARS-CoV-2 vaccine (CV2CoV) was developed with enhanced intracellular Spike transcript stability to optimise antigen expression (83). Following positive initial immunogenicity and efficacy results of a high dose prime-boost CV2CoV regimen in Wistar rats (83, 84), a comparison of CVnCoV and CV2CoV vaccines was drawn in eighteen CyMs, inclusive of six control CyMs, which yielded a range of immune profiles and outcomes (30). The higher innate cell, NAb, MBC and T cell responses post-CV2CoV vaccination versus CVnCoV vaccination, coincided with lower sgRNA copies in the URT and LRT post-intranasal and -intratracheal challenge with 1 x 105 TCID50 eight weeks post-vaccination with CV2CoV (30). In fact, NAb titres at two weeks post-boost were found to inversely correlate with BAL and nasal swab sgRNA (30). This is another example of how side-by-side comparisons of vaccines accelerate CoP identification.

Direct comparison of sub-optimal and optimal vaccines, mediates the partitioning of outcomes and immune profiles to identify correlations between immune parameters and protection. A vaccine developed to interrogate the vaccine-associated enhanced disease (VAED)-potential of SARS-CoV-2 vaccines, a formaldehyde-inactivated viral (FIV) SARS-CoV-2 vaccine with a Th2-skewing adjuvant, alhydrogel, was studied in ferrets and RhMs and further supports SARS-CoV-2 CoP investigations (21). While a single dose of FIV did not provide clinical protection (there were insignificant differences between FIV-vaccinated and sham control RhM CT scores, weights and temperatures), vaccinated RhMs did yield significantly lower mean vRNA concentrations, pathology scores and infected lung area post-intranasal and -intratracheal challenge with 5 x 106 PFU of SARS-CoV-2. Deeper analysis of the immune profile associated with this ‘sub-optimal’ protection, revealed that FIV vaccination only elicited a modest neutralising response in ferrets and RhMs providing the most likely explanation for the lack of protective efficacy (21). This example demonstrates how sub-optimal vaccination highlights deficiencies in the immune response, not seen in optimally-vaccinated animals, that ultimately contribute to the lack of protection, thus increasing our confidence in candidate CoPs.



5.5 One versus two vaccine dose comparison

Pre-clinical efficacy studies often investigate the number of vaccine doses required to achieve optimal protection. As a result of this exploratory research, control unvaccinated, primed-only and prime-boosted groups of animals yield a hierarchy of outcomes, from which parameters that distinguish protected from unprotected animals can be identified to inform CoP research. This approach offers significant advantages as monitoring the protective efficacy post-prime, and then subsequently post-boost, in the same animal, can illustrate the trajectory of protective immune response development which may help to identify predictors of immunity. Additionally, it must be considered that protection may be provided via one mechanism post-prime, that evolves to establish a different protective profile post-boost.

The preclinical study of Ad26.COV2.S involving sixty RhMs, found a two-dose regimen to fail to improve protective efficacy as the median number of days with detectable sgRNA in the URT was minimally different between the primed-only and prime-boosted NHPs, despite significantly higher anti-Spike IgG and NAb responses in boosted-RhMs (22). While the boost similarly had a 2.6-2.9-fold amplification effect on NAb titres of Ad26.COV2.S-vaccinated humans, this did not improve protective efficacy, and provides the rationale for Janssen’s adoption of a single-dose regimen (85).

Though the Ad26.COV2.S studies illustrated that one dose was optimal, many of the approved SARS-CoV-2 vaccines adopted a two-dose regimen. Whilst two doses were found to improve the immunogenicity, response longevity and efficacy of these vaccines, many did provide considerable protection post-prime also. In which case, what vaccine-induced response/s is/are responsible for the primary protection and the enhanced protection achieved post-boost?

In the multicontinental clinical trial of ChAdOx-1 nCoV-19, the vaccine was 64.1% protective post-prime, not-too-dissimilar to the 70.4% efficacy reported post-boost (86). NAb titres over the twenty-seven days post-prime of RhMs with ChAdOx-1 nCoV-19 were found to increase (23, 24). This is concordant with the natural increase in NAb titres and the frequency of responders eliciting a neutralising response from week four post-Ad26.COV2.S prime which provides sufficient protection (85).

An evolving humoral profile during the interval between prime and boost is also observed with Pfizer/BioNTech’s SARS-CoV-2 vaccine, BNT162b2. Thomas et al. reported an increase in protective efficacy from 58.4% post-prime to 91.7% from day eleven post-prime to day twenty-one (the day of boost), in 43,409 human participants vaccinated with BNT162b2 (87). The antibody profile post-BNT162b2 prime, reported by Walsh et al., was predominantly non-neutralising, even in the 50% of vaccine recipients that had detectable neutralising responses (88). Protection may therefore be explained by the evolution of non-neutralising antibody with enhanced Fc-effector functionality post-prime (88, 89). In which case, antibody ‘quality’ rather than ‘quantity’ may be responsible for BNT162b2-mediated protection. Alternatively, these results may be explained by in vitro neutralisation assay limitations, such as sensitivity (90), and disregard for the contribution of other serum factors, such as complement, in neutralisation, as reported by Mellors et al. for Ebola virus (91).

Therefore, the boost-induced superior protective response is explained by which immune parameters? NAb titres do increase in humans post-boost with ChAdOx-1 nCoV-19, which correlate with viral and clinical protection and likely contributes to the improved efficacy of ChAdOx-1 nCoV-19 to 70.4% post-boost (23, 38). However, an increase in IgG1 and IgG3 titres may also contribute to this improvement (92). A second dose of BNT162b2, which is reported to improve vaccine efficacy supports the emergence of potent and broadly-neutralising antibody and a predominately class-switched IgG+ SARS-CoV-2-specific MBC repertoire in humans (88, 89).

However, in pre-clinical studies of Novavax’s vaccine, NVX-CoV2373, largely equivalent NAb titres are induced in the single and double-dosed groups. Multivariate analysis revealed that multi-subclass Spike-specific Ig responses, ADCD and NAbs separate fully protected RhMs (both URT and LRT protection) from partially (LRT protection only) or unprotected RhMs. As partially or unprotected RhMs had a poorer ability to drive Fc-mediated effector functions, and functional antibodies explosively mature post-boost with respect to the less dramatic change in NAb titres post-boost, functional antibody may underpin the enhanced efficacy of a two-dose regimen of NVX-CoV2373 (27). In the phase III NVX-CoV2373 trial involving 14,039 participants that took place during Alpha variant circulation, eight of ten vaccine breakthrough cases were Alpha variant infections (70). This observation can be explained by the discovery that RhM and human antibodies lack the ability to simultaneously bind both the FcR and SARS-CoV-2 variants that harbour the E484K mutation, such as the Alpha variant (27). This real-world scenario provided additional support for the role of the Fc of NVX-CoV2373-induced SARS-CoV-2-specific antibody in mediating protection.

A combination of data collated from animal and human trials has aided understanding of the evolution of the immune response required for optimal vaccine-mediated protection. The combination of animal and human efficacy and immunogenicity data post-prime and -boost has been used to deduce that functional binding antibody and NAbs are strong CoP candidates.



5.6 The use of different adjuvants

Optimising a vaccine’s adjuvanticity is a crucial consideration in any vaccine design process. Adjuvanticity describes a vaccine’s ability to stimulate innate immune cells (required for the eventual induction of an antigen-specific response by adaptive immune cells) mediated by the ‘adjuvant’ component of the vaccine formulation. A number of factors influence a vaccinologist’s decision to use a particular adjuvant, including safety profiles, vaccine dose-sparing aims and a pathogen’s CoP, particularly were protection to be T cell subset-dependent (93). Commonly used adjuvants include water-in-oil emulsions, aluminium-containing adjuvants, pattern recognition receptors and LNPs (94). The use of the Th2-skewing alhydrogel adjuvant for the FIV SARS-CoV-2 vaccine discussed above, for example, highlights the capacity of adjuvants to diversify the post-challenge outcomes for the investigation of CoPs in pre-clinical vaccine studies.

Pre-clinical studies support the optimisation of vaccine immunogenicity via the testing of different adjuvants. For example, hACE2-BALB/c mice primed and boosted with NVX-CoV2373, of recombinant Spike plus saponin-based Matrix-M adjuvant, achieved higher frequencies of multifunctional effector memory T cells, T follicular helper (Tfh) cells and germinal centre (GC) B cells, as well as an amplified anti-Spike antibody response, than those administered the vaccine that lacked the Matrix-M adjuvant. This enhanced immunogenicity likely explains the minimal virology and pathology seen in SARS-CoV-2-challenged hACE2-BALB/c mice, CyMs and RhMs vaccinated with NVX-CoV2373, in comparison to groups that received the vaccine lacking the Matrix-M adjuvant (31, 45).

Many adjuvants have been investigated and compared under the same experimental conditions in animal models, in an attempt to optimise SARS-CoV-2 vaccine candidate efficacy. Arunchalam et al. reports that different adjuvants yield an array of COVID-19 outcomes. AS03-adjuvanted RBD-nanoparticle-vaccinated RhMs were found to be the most protected upon intranasal and intratracheal challenge with 3.2 x 106 PFU of SARS-CoV-2 at week four, with undetectable vRNA in pharyngeal, nasal and BAL samples. AS03 adjuvant was found to induce the highest NAb titres, with NAbs significantly correlating with protection in this study. This NAb response positively correlated with the CD4+ T cell response, with a balanced Th1-Th2 response, as well as a higher frequency of circulating Tfh cells, being attributable to the adjuvant in use (25). ADNP also differentiated protected from unprotected RhMs following partial least-squares discriminant analysis and negatively correlates with viral load, thus providing further evidence for the role of functional antibody (25).

With adjuvant as the basis of comparison in the aforementioned studies, Lederer et al. investigated the effects of adjuvant on GC reactions in a mouse model. Given the theorised adjuvanticity of the LNP formulation of mRNA vaccines, the GC reactions of SARS-CoV-2 mRNA-vaccinated BALB/c mice were compared with those seen post-vaccination with the less-optimal recombinant RBD vaccine candidate adjuvanted with Addavax, a MF59-like adjuvant (rRBD-AddaVax) (95). In the mRNA-vaccinated mice, the frequency of SARS-CoV-2-specific GC B cells in the inguinal LN and the popliteal draining LN remains elevated at day twenty-eight post-vaccination, reminiscent of prolonged GC reactions (95). On the contrary, rRBD-Addavax-vaccinated mice lack evidence for GC reactions and unsurprisingly, NAbs do not emerge (95). Additionally, in stark contrast to the poor magnitude and kinetics of the IgG1-dominant response seen in rRBD-Addavax-vaccinated mice, Th1-polarisation of Tfh cells in the mRNA-vaccinated mice ensures IgG2a and IgG2b class switching in this group (95). Influencing GC reactions via the adoption of different adjuvants in animal models, sheds further light on the cellular and humoral profiles associated with protection outcomes.



5.7 Vaccine recipients with variable immune functionality

Next, we must explore the idea that vaccinees may have aged immune systems, conditions associated with immunodeficiency, or are being treated with immunosuppressive drugs. Immune features that are naturally compromised in vaccinated individuals, can indirectly provide evidence for protective mechanisms. For example, failed protection in participants with immunoglobulin deficiency would provide support for the role of the humoral response in protection. Additionally, the potential for redundancy mechanisms to be at play in these recipients may also point to a ‘surrogate of protection’. This is particularly relevant due to the age-bias of COVID-19. The phenomena of ‘inflammageing’ and thymic involution in the aging population equally heightens the requirement for immunisation of this population, as it does explain their increased risk of severe infection and the potential for a failed vaccination. Often in early phase I human clinical trials, only healthy participants below the age of fifty-five years are enrolled. Aged and/or immunocompromised individuals are only included in much later trials and studies, and so there is a considerable lag before it is possible to investigate the immune response to vaccination in these populations.

Hence, ‘aged’ or immunocompromised animal models, can accelerate and further support this research. For example, lower antibody titres were reported in the aged Syrian golden hamster model with respect to the younger cohort. This difference in humoral response magnitude impacted their ability to protect against challenge with 1 x 105 PFU of SARS-CoV-2 (33). While young hamsters had undetectable vRNA in the lung by day five and recovered from infection by day fourteen, aged hamsters had sustained high viral loads in the lung and persistent inflammation (33).

Silva-Cayetano et al. compared the immunogenicity of ChAdOx-1 nCoV-19 in three-month-old versus ‘aged’ twenty-two-month-old C57BL/6 mice. In the twenty-two-month-old ‘aged’ mouse model, the percentage of GC B cells post-ChAdOx-1 nCoV-19 vaccination was lower, coinciding with the absence of GCs in the spleen, reduced numbers of proliferating Tfh cells, an impaired type I IFN response, as well as lower anti-Spike IgG and NAb titres, as seen in older humans (46). The compromised GC response was rescued by the second ChAdOx-1 nCoV-19 vaccine dose in the aged mouse model, with draining LN plasma cells, GC B cells and Tfh cells being detectable by day nine post-boost, which occurs in parallel with an eight-fold increase in anti-Spike IgG and NAb responses (46). Similarly, human ChAdOx-1 nCoV-19 vaccine recipients over the age of seventy had lower Th1 cell frequencies post-prime, but both Spike-specific CD4+ and CD8+ T cell responses were elevated post-boost to match frequencies seen in the younger cohorts (96). Therefore, the vaccine was 61% effective between one to four weeks post-boost in recipients over the age of sixty-five (97). A boost also appears to be sufficient for the induction of a class-switched Spike-specific MBC response in immunosuppressed kidney transplant patients (98).

Recognising the immunogenicity and efficacy of different vaccination strategies for the more challenging vaccine recipient versus healthier vaccine recipients, can further enhance our understanding of candidate SARS-CoV-2 CoPs.



5.8 Alternative vaccine administration routes

The routes of entry of SARS-CoV-2, as a respiratory pathogen, include the mucosal sites of the respiratory system – the nose, throat and lung. Hence, to achieve ‘sterilising immunity,’ one may require sufficient SARS-CoV-2 reactivity at these sites. Therefore, induction of a strong SARS-CoV-2-specific mucosal immune response would likely improve vaccine efficacy, which intuitively can be achieved through intranasal or oral vaccination. The field of mucosal immunology has advanced over the last number of years (99). However rigorous research in animals is required prior to human trials of intranasal/oral vaccination, given the adverse events associated with this vaccine administration route, stemming from strong associations between an intranasally-administered influenza vaccine and the development of Bell’s Palsy in Switzerland (100). Therefore, animal models provide an opportunity to investigate mucosal vaccination, while also determining the role of mucosal responses in protection against a respiratory pathogen. Vaccination of animals via different administration routes will further diversify the immune response and challenge outcomes to deduce CoPs.

A comparison between the intramuscular (IM) and needle-free oral administration routes of an MVA-expressing Spike and Nucleocapsid vaccine, was addressed in RhM studies. Following challenge with 1 x 108 PFU of the Delta variant four weeks post-boost, three protection outcomes were recorded; 1) robust protection via IM vaccination, 2) moderate protection via the buccal route, 3) failed protection via the sublingual route. A higher magnitude of serum and mucosal IgG, and functional Ab-dependent cellular activity was observed in the IM-vaccinated RhMs. Nasal anti-RBD IgG and NAbs, as well as serum ADCD, ADCP and ADNKA, were found to inversely correlate with viral load, providing further evidence for the collaborative efforts of neutralising and non-neutralising antibody to protect against SARS-CoV-2 challenge (101). T cell responses were comparable between the IM and buccal administration routes, hence they may contribute to protection also (101).

Adenoviruses are respiratory viruses, with binding affinity to the coxsackievirus and adenovirus receptor (CAR) expressed on respiratory mucosa, and are responsible for seasonal colds. Therefore unsurprisingly, intranasal (IN) administration of ChAdOx-1 nCoV-19 has been explored for its ability to induce lung-specific and systemic immune responses. ChAdOx-1 nCoV-19 IN administration has been shown to be associated with reduced pathology and URT and LRT virology post-challenge, when compared to IM administration in animal models (38, 49). A horizontal transmission experiment, whereby a naïve hamster is exposed to a challenged hamster for four hours (which more realistically mimics SARS-CoV-2 infection than direct intranasal inoculation), revealed that SARS-CoV-2 Nucleocapsid was undetectable in the lung tissue of the SARS-CoV-2-exposed IN-vaccinated hamsters, in comparison to control and IM-vaccinated hamsters where SARS-CoV-2 Nucleocapsid was detectable (39). This is reflective of LRT viral control, perhaps mediated by the six-fold higher titres of serum anti-Spike, anti-RBD and NAbs induced in IN- versus IM-vaccinated hamsters (38). However, whilst ChAdOx-1 nCoV-19 and Ad5-S-nb2 IN-vaccinated ferrets and RhMs were more protected than the IM-vaccinated animals following SARS-CoV-2 challenge, this cannot be explained by immune parameters that are measurable from blood samples (26, 49). In fact, IN-vaccinated animals failed to induce serum SARS-CoV-2-specific IgG titres or cell-mediated immune responses equivalent to those of IM-prime-boosted animals (26, 49).

It is possible and likely that mucosal rather than serum antibody is providing the improved protection observed following IN-vaccination. Upon challenge with 1 x 106 TCID50 of SARS-CoV-2, IN-ChAdOx-1 nCoV-19-vaccinated RhMs had lower pathology, viral titre and frequency of virus detectability in the URT and LRT in comparison to controls (however many of these differences were insignificant) (39). Nasosorption sampling facilitated the analysis of the mucosal response to IN-vaccination, with mucosal SARS-CoV-2 IgA being detectable post-prime and amplified post-boost. A booster-effect on mucosal IgG was also observed from BAL sampling (39). Principle component analysis defined protected IN-vaccinated animals by their SARS-CoV-2-specific IgA and IgG responses in BAL and nasal samples, with correlations being drawn between nasal and BAL IgA and IgG samples and nasal and BAL vRNA, respectively (39). Similarly, IN-immunisation of female BALB/c mice with Ad5-S-nb2 induced anti-Spike IgA in the BAL, that was undetectable in the IM-immunised animals (26).

Mao et al. developed a vaccination strategy involving IM-priming with BNT162b2 mRNA vaccine, followed by an IN-boost with unadjuvanted recombinant prefusion-stabilised Spike, coined ‘Prime and Spike’. This vaccine strategy, administered to K18-hACE2 transgenic mice, elicited the amplification of nasal, lung and serum IgA and IgG, resident MBCs, long-lived plasma cells (LLPCs), and CD4+ and CD8+ tissue-resident memory (Trm) cells. In comparison to prime-only with a low dose of BNT162b2, known to be unprotective in the K18-hACE2 mouse model, this ‘Prime and Spike’ regimen significantly minimised lung pathology and reduced viral burden in the URT and LRT upon challenge with 6 x 104 PFU. CD8+ Trm cells in the lung and BAL IgA were detected in the ‘Prime and Spike’ group only, while serum IgA and IgG, and BAL IgG, were matched between animals immunised via ‘Prime and Spike’ or prime-boosted with BNT162b2. As challenge was not performed, associations between these mucosal profiles and protection, could not be drawn, but informs the scope to induce mucosal immune responses by IN-vaccination (102).

In summary, comparison of vaccine administration routes in animal models, alludes to tissue-resident and mucosal immune features as CoPs for a respiratory pathogen such as SARS-CoV-2.



5.9 Tissue examination and manipulation scope

A major advantage of the use of animal models for CoP research is the scope for in-depth pathological analysis to better stratify post-challenge outcomes based on well-defined pathology scoring systems such as that seen in Salguero et al. (8). Additionally, an in-depth analysis of animal tissues such as lung, spleen and thymus, and the immune cell populations at these sites, can accelerate our search for a SARS-CoV-2 CoP.

Shaan Lakshmanappa et al. characterised the GC cell populations of RhMs by digesting LNs obtained at necropsy to generate a single cell suspension for flow cytometric analysis (11). A robust GC Tfh cell population in the mediastinal LN and spleen of RhMs was detectable following challenge with ~1.7 x 106 TCID50 of SARS-CoV-2 intranasally, intratracheally and intraocularly (11). Bronchial-associated lymphoid tissue has also been observed in both RhMs and CyMs, with similar frequency and semblance, following pathological analysis, indicative of the induction of localised GC reactions upon challenge (8).

Lung and spleen isolated from BALB/c mice IM-vaccinated with an RBD, full-length Spike- or control luciferase-encoding LNP-formulated mRNA vaccine, revealed the emergence of polyfunctional IFNy+CD4+ and IFNy+CD8+ T cells in the spleen, and to a greater extent, in the lung parenchyma, demonstrative of lung homing and extravasation (103). At nine weeks post-vaccination, Spike- and RBD-specific IgG1+ and IgG2a/b+ MBCs in the spleen were detected, as were LLPCs of varying subsets in the bone marrow by flow cytometry and ELISpot analysis, revealing the scope for a durable protective response (103).

These studies capture the invaluable insights we gain from the in-depth analysis of animal tissue post-vaccination and post-challenge, that peripheral blood mononuclear cell (PBMC) samples from humans fail to provide. PBMC phenotypes are not demonstrative of Trms or GC cells in the LNs (98), hence we only capture a fraction of the immune cell landscape in the absence of tissue. Only study of human cadavers that succumbed to COVID-19 infection was carried out amidst the pandemic which highlighted the profiles associated with fatal COVID-19 (78), but could not aid CoP identification.




6 Future of CoP research in animals


6.1 Flaws of animal research in the search for CoPs

On the basis of the animal studies discussed above, a diverse response by the adaptive arm of the immune system is required for resolution and protection against SARS-CoV-2 infection. A downfall of the NHP challenge model for the definition of COVID-19 CoPs, is the high frequency of protection at reinfection (6), particularly frequent due to challenge with matched SARS-CoV-2 strains, the short intervals between vaccination and challenge, and the mild manifestation of this disease in the animals (except in old RhMs/CyMs). In which case, comparing immune parameters that differentiate protected from non-protected animals at rechallenge can be complicated unless precise pathology scoring systems are used.

Difficulties surrounding the breeding, handling and housing of the animals that most accurately recapitulate human COVID-19, i.e. RhMs and CyMs, contribute to the decision to cull animals soon after challenge. Such difficulties also limit the interval length between vaccine doses and between immunisation and challenge. While cull of animals soon after challenge/rechallenge captures the immune landscape during acute infection, this sacrifices the possibility for analysis of immune response durability and long-term immunity months post-immunisation, post-infection or post-reinfection.

Another clear limitation of animal models for the definition of a CoP, is the poor reproducibility of animal results in humans as was the case in the search for a rotavirus and HIV CoP using an NHP model (3). This is due to the lack of conservation of some immune features. For example, disparities between human and macaque NK cells include the high background activity of macaque NK cells (104) and the difference in frequency of cell surface marker expression (105, 106). This may explain why candidate HIV vaccines that did provide protection against SIV at the pre-clinical stage (which was attributed to ADNKA), were unsuccessful in human clinical trials (107). Contributing to this limitation is the deficiency of species-specific or species-cross-reactive reagents. With that said, murine reagents are widely available and the availability of NHP reagents is improving [NHP-reactive antibody clones are reported on databases such as NIH NHP Reagent Resource (www.nhpreagents.org/_)]. However, the sparser reagent pool and incomplete characterisation of animal model immune components, together limits our ability to yield results that are replicable in human studies.

Furthermore, the scope for genetic manipulation at the NHP level is minimal, particularly in comparison to that of mice, where immunodeficient mice can help us understand the weight of the role of particular immune parameters in mediating protection. Therefore, for NHP-level immune manipulation we rely on immunodepleting with mAbs against specific cellular subsets, or FcyR inhibitors, prior to challenge and rechallenge to define the relevance of cell subsets and Fc effector functions in mediating protection, respectively. However, this approach is not 100% effective, as was observed in CD4+ depletion experiments referenced in (28), which may in some cases be attributable to the limited or less-optimal NHP-reactive reagents. Additionally, for genetic manipulation studies, we must be at a stage to confidently predict candidate CoPs in order to minimise animal sample sizes and unnecessary/wasteful use of research animals.



6.2 Advances in human research to assist in the search for CoPs

A combination of human and animal data often yields the greatest insights into a pathogen’s CoP. Furthermore, the best model for human infection is no doubt the human itself. Hence, advances in biotechnology, immunology and human challenge trials must be applied to further improve CoP research.

To delve into immune responses post-vaccination in detail, LN GC reactions are analysed using digestion or microscopic dissection of isolated animal tissue. However, until recently blood biomarkers such as CXCL13 and circulating Tfh cells were relied upon to detect GC reactions in humans (98). The shortcomings of such techniques include the uncertainty of the antigen-specificity of the reactions, and the limited and short traceability of these markers (98). Fine needle aspiration (FNA) has since allowed for the analysis of GC reactions in the ipsilateral axillary draining LNs (IADLN) of 15 humans vaccinated with BNT162b2 or mRNA-1273 (98). Using fluorescently labelled SARS-CoV-2 probes, an amplification of SARS-CoV-2-specific GC B cell, Tfh cell, class-switched MBC and plasma cell frequencies could be observed post-boost in the IADLNs (98). The significance of the development of the FNA technique is exemplified by the fact that circulating Tfh cell populations, that are amplified post-vaccination, did not correlate with IADLN Tfh cells, SARS-CoV-2-specific GC B cells or NAb responses (98). In other words, whilst these peripheral cells are likely indicative of ongoing LN GC reactions, they are not accurate biomarkers of SARS-CoV-2-specific GC B cell, Tfh cells and MBCs in the IADLN and so fail to accurately illustrate GC reactions, thus highlighting a notable place for FNA in human GC research (98). Therefore, the void that FNA will fill in the study of human GC reactions will no doubt contribute to a greater understanding of this node of the immune system and its role in mediating a protective immune response.

Irrespective of the challenges associated with carrying out a human challenge study as discussed previously, the immune response to a species-specific pathogen is best studied within the species of interest. Hence human COVID-19 challenge trials will be invaluable to the field of immunology research. To date, only provisional findings on viral kinetics have been reported by University College London and Imperial College London. Of the 36 young, naïve and unvaccinated participants, 53% became infected upon challenge with 10 TCID50 of SARS-CoV-2, 89% of which experienced mild-to-moderate symptoms and the remaining 11% were asymptomatic cases. Only reports on the induction of Spike IgG and NAbs post-challenge have emerged thus far, with future studies aiming to pinpoint the immune parameters providing protection in the 47% that did not become infected following challenge (71).

Additionally, the development of organoid, ‘LN-on-a-chip’ technologies will reduce the demand on research animals, thus providing ethical and logistical solutions to the challenges associated with animal research. An organoid developed in the Singh lab, is a gelatin and silicate nanoparticle-based network, that with the addition of appropriate stimuli including integrins, IL-4 and CD40L, has the capacity to direct the differentiation of GC-like B cells at controlled rates within one week (108, 109). ‘From one mouse spleen, 500 organoids can be generated, or one human tonsil can mediate the synthesis of 1,000 organoids’ (110). This exciting field of research will likely attract extensive interest in coming years and perhaps define the future of immunology.




7 Conclusion

Defining pathogen-specific CoPs is a valuable, yet challenging, endeavour for vaccinologists and immunologists. SARS-CoV-2 is now an endemic CoV and will likely persist as another seasonal human coronavirus infection. Therefore, aged or immunocompromised individuals are likely to receive a seasonal vaccination, as is currently advised for influenza virus. However, the difference between SARS-CoV-2 and influenza virus, is the lack of confidence in the SARS-CoV-2 CoP. The absence of a SARS-CoV-2 CoP minimises the capacity for immunobridging, which would support the approval of yearly variant vaccines, thereby slowing the vaccine approval process and putting pressure on vaccine supply networks.

While proposed SARS-CoV-2 CoPs have successfully facilitated immunobridging for the accelerated approval of SARS-CoV-2 vaccines in subgroups of the population who were not included in original human trials (children and pregnant women), and informed ‘boosting’ regimens (111), regulatory agencies remain reluctant to approve vaccines in the absence of an accepted SARS-CoV-2 CoP. Although this is not unheard of when immunogenicity data is directly compared with an approved vaccine, for example, VLA2001 when compared to ChAdOx nCoV-19 (112). Additionally, regulatory agencies recommended approval of the bivalent mRNA-1273.214 (WT/BA.1) based on comparison with approved mRNA-1273 (113), and BNT162b2 Bivalent (WT/BA.4/BA.5) when compared with approved BNT162b2 (114). Acceptance of a SARS-CoV-2 CoP, for which standardised assays have been or can be developed (as is seen with the HAI assay for influenza), will improve the scope for immunobridging, thus accelerating SARS-CoV-2 vaccine approval to meet global demands.

Animal models remain a crucial tool for the identification and confirmation of such CoPs, for reasons outlined in this review. As summarised in Figure 6, the weight of evidence from in vivo studies, supported by clinical trials, provides a degree of confidence that a SARS-CoV-2 humoral response CoP will soon be defined and accepted by both the scientific community and regulators. Designing animal studies to further characterise CoPs, via the mechanisms discussed in this review, will expedite CoP research and vaccine development for SARS-CoV-2 and future pathogens.




Figure 6 | Graphical summary of CoPs proposed in the referenced literature following computational analysis of preclinical study datasets, involving a) macaques, b) Syrian golden hamsters, and c) mice. ADCP, antibody-dependent cellular phagocytosis; ADCC, antibody-dependent cellular cytotoxicity; ADCD, antibody-dependent complement; Ab, antibody. Created with BioRender.com.





Author contributions

CB & MC were responsible for the concept of the review. CB drafted the manuscript. All co-authors reviewed and contributed to the manuscript. All authors contributed to the article and approved the submitted version.




Funding

This work was funded by CEPI grant on SARS-CoV-2 Correlates of Protection awarded to MC. MC, TT and SL are co-funded by US Food and Drug Administration Medical Countermeasures Initiative, contract 75F40120C00085.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1.WHO director-general's opening remarks at the media briefing on COVID-19 - 11 march 2020 (2020). Available at: https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19—11-march-2020.

2. WHO. COVID-19 dashboard (2020). Available at: https://covid19.who.int/.

3. Plotkin, SA. Correlates of protection induced by vaccination. Clin Vaccine Immunol (2010) 17(7):1055–65. doi: 10.1128/CVI.00131-10

4. The European Agency for the Evaluation of Medicinal Products CfPMP. Guideline on influenza vaccines non-clinical and clinical module (EMA/CHMP/VWP/457259/2014) (2016). Available at: https://www.ema.europa.eu/en/documents/scientific-guideline/influenza-vaccines-non-clinical-clinical-module_en.pdf.

5. Shou, S, Liu, M, Yang, Y, Kang, N, Song, Y, Tan, D, et al. Animal models for COVID-19: Hamsters, mouse, ferret, mink, tree shrew, and non-human primates. Front Microbiol (2021) 12:626553(2357). doi: 10.3389/fmicb.2021.626553

6. Albrecht, L, Bishop, E, Jay, B, Lafoux, B, Minoves, M, and Passaes, C. COVID-19 research: Lessons from non-human primate models. Vaccines (2021) 9(8):886. doi: 10.3390/vaccines9080886

7. Muñoz-Fontela, C, Widerspick, L, Albrecht, RA, Beer, M, Carroll, MW, de Wit, E, et al. Advances and gaps in SARS-CoV-2 infection models. PloS Pathog (2022) 18(1):e1010161. doi: 10.1371/journal.ppat.1010161

8. Salguero, FJ, White, AD, Slack, GS, Fotheringham, SA, Bewley, KR, Gooch, KE, et al. Comparison of rhesus and cynomolgus macaques as an infection model for COVID-19. Nat Commun (2021) 12(1):1260. doi: 10.1038/s41467-021-21389-9

9. Yang, J, Wang, W, Chen, Z, Lu, S, Yang, F, Bi, Z, et al. A vaccine targeting the RBD of the s protein of SARS-CoV-2 induces protective immunity. Nature (2020) 586(7830):572–7. doi: 10.1038/s41586-020-2599-8

10. McMahan, K, Yu, J, Mercado, NB, Loos, C, Tostanoski, LH, Chandrashekar, A, et al. Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature (2021) 590(7847):630–4. doi: 10.1038/s41586-020-03041-6

11. Shaan Lakshmanappa, Y, Elizaldi, SR, Roh, JW, Schmidt, BA, Carroll, TD, Weaver, KD, et al. SARS-CoV-2 induces robust germinal center CD4 T follicular helper cell responses in rhesus macaques. Nat Commun (2021) 12(1):541. doi: 10.1038/s41467-020-20642-x

12. Baum, A, Ajithdoss, D, Copin, R, Zhou, A, Lanza, K, Negron, N, et al. REGN-COV2 antibodies prevent and treat SARS-CoV-2 infection in rhesus macaques and hamsters. Science (2020) 370(6520):1110–5. doi: 10.1126/science.abe2402

13. Winkler, ES, Gilchuk, P, Yu, J, Bailey, AL, Chen, RE, Chong, Z, et al. Human neutralizing antibodies against SARS-CoV-2 require intact fc effector functions for optimal therapeutic protection. Cell (2021) 184(7):1804–20.e16. doi: 10.1016/j.cell.2021.02.026

14. Corbett, KS, Flynn, B, Foulds, KE, Francica, JR, Boyoglu-Barnum, S, Werner, AP, et al. Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. New Engl J Med (2020) 383(16):1544–55. doi: 10.1056/NEJMoa2024671

15. He, X, Chandrashekar, A, Zahn, R, Wegmann, F, Yu, J, Mercado, NB, et al. Low-dose Ad26.COV2.S protection against SARS-CoV-2 challenge in rhesus macaques. Cell (2021) 184(13):3467–73.e11. doi: 10.1016/j.cell.2021.05.040

16. Gao, Q, Bao, L, Mao, H, Wang, L, Xu, K, Yang, M, et al. Development of an inactivated vaccine candidate for SARS-CoV-2. Science (2020) 369(6499):77–81. doi: 10.1126/science.abc1932

17. Mercado, NB, Zahn, R, Wegmann, F, Loos, C, Chandrashekar, A, Yu, J, et al. Single-shot Ad26 vaccine protects against SARS-CoV-2 in rhesus macaques. Nature (2020) 586(7830):583–8. doi: 10.1038/s41586-020-2607-z

18. Vogel, AB, Kanevsky, I, Che, Y, Swanson, KA, Muik, A, Vormehr, M, et al. BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature (2021) 592(7853):283–9. doi: 10.1038/s41586-021-03275-y

19. Yu, J, Tostanoski, LH, Peter, L, Mercado, NB, McMahan, K, Mahrokhian, SH, et al. DNA Vaccine protection against SARS-CoV-2 in rhesus macaques. Science (2020) 369(6505):806–11. doi: 10.1126/science.abc6284

20. Rauch, S, Gooch, K, Hall, Y, Salguero, FJ, Dennis, MJ, Gleeson, FV, et al. mRNA vaccine CVnCoV protects non-human primates from SARS-CoV-2 challenge infection. bioRxiv (2020). doi: 10.1101/2020.12.23.424138

21. Bewley, KR, Gooch, K, Thomas, KM, Longet, S, Wiblin, N, Hunter, L, et al. Immunological and pathological outcomes of SARS-CoV-2 challenge following formalin-inactivated vaccine in ferrets and rhesus macaques. Sci Adv (2021) 7(37):eabg7996. doi: 10.1126/sciadv.abg7996

22. Solforosi, L, Kuipers, H, Jongeneelen, M, Rosendahl Huber, SK, van der Lubbe, JEM, Dekking, L, et al. Immunogenicity and efficacy of one and two doses of Ad26.COV2.S COVID vaccine in adult and aged NHP. J Exp Med (2021) 218(7):e20202756. doi: 10.1084/jem.20202756

23. Lambe, T, Spencer, AJ, Thomas, KM, Gooch, KE, Thomas, S, White, AD, et al. ChAdOx1 nCoV-19 protection against SARS-CoV-2 in rhesus macaque and ferret challenge models. Commun Biol (2021) 4(1):915. doi: 10.1038/s42003-021-02443-0

24. van Doremalen, N, Lambe, T, Spencer, A, Belij-Rammerstorfer, S, Purushotham, JN, Port, JR, et al. ChAdOx1 nCoV-19 vaccine prevents SARS-CoV-2 pneumonia in rhesus macaques. Nature (2020) 586(7830):578–82. doi: 10.1038/s41586-020-2608-y

25. Arunachalam, PS, Walls, AC, Golden, N, Atyeo, C, Fischinger, S, Li, C, et al. Adjuvanting a subunit COVID-19 vaccine to induce protective immunity. Nature (2021) 594(7862):253–8. doi: 10.1038/s41586-021-03530-2

26. Feng, L, Wang, Q, Shan, C, Yang, C, Feng, Y, Wu, J, et al. An adenovirus-vectored COVID-19 vaccine confers protection from SARS-COV-2 challenge in rhesus macaques. Nat Commun (2020) 11(1):4207. doi: 10.1038/s41467-020-18077-5

27. Gorman, MJ, Patel, N, Guebre-Xabier, M, Zhu, AL, Atyeo, C, Pullen, KM, et al. Fab and fc contribute to maximal protection against SARS-CoV-2 following NVX-CoV2373 subunit vaccine with matrix-m vaccination. Cell Rep Med (2021) 2(9):100405. doi: 10.1016/j.xcrm.2021.100405

28. Hasenkrug, KJ, Feldmann, F, Myers, L, Santiago, ML, Guo, K, Barrett, BS, et al. Recovery from acute SARS-CoV-2 infection and development of anamnestic immune responses in T cell-depleted rhesus macaques. mBio (2021) 12(4):e01503–21. doi: 10.1128/mBio.01503-21

29. Han, L, Wei, X, Liu, C, Volpe, G, Zhuang, Z, Zou, X, et al. Cell transcriptomic atlas of the non-human primate macaca fasicularis. Nature (2020) 604(7907):723–31. doi: 10.1038/s41586-022-04587-3

30. Gebre, MS, Rauch, S, Roth, N, Yu, J, Chandrashekar, A, Mercado, NB, et al. Optimization of non-coding regions for a non-modified mRNA COVID-19 vaccine. Nature (2022) 601(7893):410–4. doi: 10.1038/s41586-021-04231-6

31. Guebre-Xabier, M, Patel, N, Tian, J-H, Zhou, B, Maciejewski, S, Lam, K, et al. NVX-CoV2373 vaccine protects cynomolgus macaque upper and lower airways against SARS-CoV-2 challenge. Vaccine (2020) 38(50):7892–6. doi: 10.1016/j.vaccine.2020.10.064

32. Tostanoski, LH, Wegmann, F, Martinot, AJ, Loos, C, McMahan, K, Mercado, NB, et al. Ad26 vaccine protects against SARS-CoV-2 severe clinical disease in hamsters. Nat Med (2020) 26(11):1694–700. doi: 10.1038/s41591-020-1070-6

33. Osterrieder, N, Bertzbach, LD, Dietert, K, Abdelgawad, A, Vladimirova, D, Kunec, D, et al. Age-dependent progression of SARS-CoV-2 infection in Syrian hamsters. Viruses (2020) 12(7):779. doi: 10.3390/v12070779

34. Suresh, V, Parida, D, Minz, AP, Sethi, M, Sahoo, BS, and Senapati, S. Tissue distribution of ACE2 protein in Syrian golden hamster (Mesocricetus auratus) and its possible implications in SARS-CoV-2 related studies. Front Pharmacol (2021) 11:579330. doi: 10.3389/fphar.2020.579330

35. Rogers, TF, Zhao, F, Huang, D, Beutler, N, Burns, A, He, W-T, et al. Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model. Science (2020) 369(6506):956–63. doi: 10.1126/science.abc7520

36. Pinto, D, Sauer, MM, Czudnochowski, N, Low, JS, Tortorici, MA, Housley, MP, et al. Broad betacoronavirus neutralization by a stem helix-specific human antibody. Science (2021) 373(6559):1109–16. doi: 10.1126/science.abj3321

37. Rauch, S, Roth, N, Schwendt, K, Fotin-Mleczek, M, Mueller, SO, and Petsch, B. mRNA-based SARS-CoV-2 vaccine candidate CVnCoV induces high levels of virus-neutralising antibodies and mediates protection in rodents. NPJ Vaccines (2021) 6(1):57. doi: 10.1038/s41541-021-00311-w

38. Bricker, TL, Darling, TL, Hassan, AO, Harastani, HH, Soung, A, Jiang, X, et al. A single intranasal or intramuscular immunization with chimpanzee adenovirus-vectored SARS-CoV-2 vaccine protects against pneumonia in hamsters. Cell Rep (2021) 36(3):109400. doi: 10.1016/j.celrep.2021.109400

39. Doremalen, Nv, Purushotham, JN, Schulz, JE, Holbrook, MG, Bushmaker, T, Carmody, A, et al. Intranasal ChAdOx1 nCoV-19/AZD1222 vaccination reduces viral shedding after SARS-CoV-2 D614G challenge in preclinical models. Sci Transl Med (2021) 13(607):eabh0755. doi: 10.1126/scitranslmed.abh0755

40. Matchett, WE, Joag, V, Stolley, JM, Shepherd, FK, Quarnstrom, CF, Mickelson, CK, et al. Cutting edge: Nucleocapsid vaccine elicits spike-independent SARS-CoV-2 protective immunity. J Immunol (2021) 207(2):376–9. doi: 10.4049/jimmunol.2100421

41. Muñoz-Fontela, C, Dowling, WE, Funnell, SGP, Gsell, P-S, Riveros-Balta, AX, Albrecht, RA, et al. Animal models for COVID-19. Nature (2020) 586(7830):509–15. doi: 10.1038/s41586-020-2787-6

42. Dinnon, KH, Leist, SR, Schäfer, A, Edwards, CE, Martinez, DR, Montgomery, SA, et al. A mouse-adapted model of SARS-CoV-2 to test COVID-19 countermeasures. Nature (2020) 586(7830):560–6. doi: 10.1038/s41586-020-2708-8

43. Alsoussi, WB, Turner, JS, Case, JB, Zhao, H, Schmitz, AJ, Zhou, JQ, et al. A potently neutralizing antibody protects mice against SARS-CoV-2 infection. J Immunol (2020) 205(4):915–22. doi: 10.4049/jimmunol.2000583

44. Zost, SJ, Gilchuk, P, Case, JB, Binshtein, E, Chen, RE, Nkolola, JP, et al. Potently neutralizing and protective human antibodies against SARS-CoV-2. Nature (2020) 584(7821):443–9. doi: 10.1038/s41586-020-2548-6

45. Tian, J-H, Patel, N, Haupt, R, Zhou, H, Weston, S, Hammond, H, et al. SARS-CoV-2 spike glycoprotein vaccine candidate NVX-CoV2373 immunogenicity in baboons and protection in mice. Nat Commun (2021) 12(1):372. doi: 10.1038/s41467-020-20653-8

46. Silva-Cayetano, A, Foster, WS, Innocentin, S, Belij-Rammerstorfer, S, Spencer, AJ, Burton, OT, et al. A booster dose enhances immunogenicity of the COVID-19 vaccine candidate ChAdOx1 nCoV-19 in aged mice. Med (2021) 2(3):243–62.e8. doi: 10.1016/j.medj.2020.12.006

47. Corbett, KS, Edwards, DK, Leist, SR, Abiona, OM, Boyoglu-Barnum, S, Gillespie, RA, et al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature (2020) 586(7830):567–71. doi: 10.1038/s41586-020-2622-0

48. Ryan, KA, Bewley, KR, Fotheringham, SA, Slack, GS, Brown, P, Hall, Y, et al. Dose-dependent response to infection with SARS-CoV-2 in the ferret model and evidence of protective immunity. Nat Commun (2021) 12(1):81. doi: 10.1038/s41467-020-20439-y

49. Marsh, GA, McAuley, AJ, Au, GG, Riddell, S, Layton, D, Singanallur, NB, et al. ChAdOx1 nCoV-19 (AZD1222) vaccine candidate significantly reduces SARS-CoV-2 shedding in ferrets. NPJ Vaccines (2021) 6(1):67. doi: 10.1038/s41541-021-00315-6

50. Lu, S, Zhao, Y, Yu, W, Yang, Y, Gao, J, Wang, J, et al. Comparison of nonhuman primates identified the suitable model for COVID-19. Signal Transduction Targeted Ther (2020) 5(1):157. doi: 10.1038/s41392-020-00269-6

51. Zhao, Y, Wang, J, Kuang, D, Xu, J, Yang, M, Ma, C, et al. Susceptibility of tree shrew to SARS-CoV-2 infection. Sci Rep (2020) 10(1):16007. doi: 10.1038/s41598-020-72563-w

52. Xu, L, Yu, D-D, Ma, Y-H, Yao, Y-L, Luo, R-H, Feng, X-L, et al. COVID-19-like symptoms observed in Chinese tree shrews infected with SARS-CoV-2. Zoological Res (2020) 41(5):517. doi: 10.24272/j.issn.2095-8137.2020.053

53. Schlottau, K, Rissmann, M, Graaf, A, Schön, J, Sehl, J, Wylezich, C, et al. SARS-CoV-2 in fruit bats, ferrets, pigs, and chickens: an experimental transmission study. Lancet Microbe (2020) 1(5):e218–e25. doi: 10.1016/S2666-5247(20)30089-6

54. Shi, J, Wen, Z, Zhong, G, Yang, H, Wang, C, Huang, B, et al. Susceptibility of ferrets, cats, dogs, and other domesticated animals to SARS–coronavirus 2. Science (2020) 368(6494):1016–20. doi: 10.1126/science.abb7015

55. WHO. R&D blueprint COVID-19 animal models (2020). Available at: https://cdn.who.int/media/docs/default-source/blue-print/who-ad-hoc-covid19-working-group-summary-4-april-2020.pdf?sfvrsn=c22ba354_1&download=true.

56. Gibbs, RA, Rogers, J, Katze, MG, Bumgarner, R, Weinstock, GM, Mardis, ER, et al. Evolutionary and biomedical insights from the rhesus macaque genome. Science (2007) 316(5822):222–34. doi: 10.1126/science.1139247

57. Qiu, Y, Zhao, Y-B, Wang, Q, Li, J-Y, Zhou, Z-J, Liao, C-H, et al. Predicting the angiotensin converting enzyme 2 (ACE2) utilizing capability as the receptor of SARS-CoV-2. Microbes infection (2020) 22(4-5):221–5. doi: 10.1016/j.micinf.2020.03.003

58. Oreshkova, N, Molenaar, RJ, Vreman, S, Harders, F, Oude Munnink, BB, Hakze-van der Honing, RW, et al. SARS-CoV-2 infection in farmed minks, the Netherlands, April and may 2020. Euro Surveill (2020) 25(23):2001005. doi: 10.2807/1560-7917.ES.2020.25.23.2001005

59. Swadling, L, Diniz, MO, Schmidt, NM, Amin, OE, Chandran, A, Shaw, E, et al. Pre-existing polymerase-specific T cells expand in abortive seronegative SARS-CoV-2. Nature (2022) 601(7891):110–7. doi: 10.1038/s41586-021-04186-8

60. Tomic, A, Skelly, DT, Ogbe, A, O’Connor, D, Pace, M, Adland, E, et al. Divergent trajectories of antiviral memory after SARS-CoV-2 infection. Nat Commun (2022) 13(1):1251. doi: 10.1038/s41467-022-28898-1

61. Ogbe, A, Kronsteiner, B, Skelly, DT, Pace, M, Brown, A, Adland, E, et al. T Cell assays differentiate clinical and subclinical SARS-CoV-2 infections from cross-reactive antiviral responses. Nat Commun (2021) 12(1):2055. doi: 10.1038/s41467-021-21856-3

62. Wyllie, D, Jones, HE, Mulchandani, R, Trickey, A, Taylor-Phillips, S, Brooks, T, et al. SARS-CoV-2 responsive T cell numbers and anti-spike IgG levels are both associated with protection from COVID-19: A prospective cohort study in keyworkers. medRxiv (2021). doi: 10.1101/2020.11.02.20222778

63. Hall, VJ, Foulkes, S, Charlett, A, Atti, A, Monk, EJM, Simmons, R, et al. SARS-CoV-2 infection rates of antibody-positive compared with antibody-negative health-care workers in England: a large, multicentre, prospective cohort study (SIREN). Lancet (2021) 397(10283):1459–69. doi: 10.1016/s0140-6736(21)00675-9

64. Lumley, SF, O’Donnell, D, Stoesser, NE, Matthews, PC, Howarth, A, Hatch, SB, et al. Antibody status and incidence of SARS-CoV-2 infection in health care workers. New Engl J Med (2020) 384(6):533–40. doi: 10.1056/NEJMoa2034545

65. Gupta, RK, Rosenheim, J, Bell, LC, Chandran, A, Guerra-Assuncao, JA, Pollara, G, et al. Blood transcriptional biomarkers of acute viral infection for detection of pre-symptomatic SARS-CoV-2 infection: a nested, case-control diagnostic accuracy study. Lancet Microbe (2021) 2(10):e508–e17. doi: 10.1016/S2666-5247(21)00146-4

66. Shojaei, M, Shamshirian, A, Monkman, J, Grice, L, Tran, M, Tan, CW, et al. IFI27 transcription is an early predictor for COVID-19 outcomes, a multi-cohort observational study. Front Immunol (2023) 13:1060438. doi: 10.3389/fimmu.2022.1060438

67. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. New Engl J Med (2020) 384(5):403–16. doi: 10.1056/NEJMoa2035389

68. Thompson, MG, Burgess, JL, Naleway, AL, Tyner, H, Yoon, SK, Meece, J, et al. Prevention and attenuation of covid-19 with the BNT162b2 and mRNA-1273 vaccines. New Engl J Med (2021) 385(4):320–9. doi: 10.1056/NEJMoa2107058

69. Feng, S, Phillips, DJ, White, T, Sayal, H, Aley, PK, Bibi, S, et al. Correlates of protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat Med (2021) 27(11):2032–40. doi: 10.1038/s41591-021-01540-1

70. Heath, PT, Galiza, EP, Baxter, DN, Boffito, M, Browne, D, Burns, F, et al. Safety and efficacy of NVX-CoV2373 covid-19 vaccine. New Engl J Med (2021) 385(13):1172–83. doi: 10.1056/NEJMoa2107659

71. Killingley, B, Mann, AJ, Kalinova, M, Boyers, A, Goonawardane, N, Zhou, J, et al. Safety, tolerability and viral kinetics during SARS-CoV-2 human challenge in young adults. Nat Med (2022) 28(5):1031–41. doi: 10.1038/s41591-022-01780-9

72. Ambrosino, D, Han, HH, Hu, B, Liang, J, Clemens, R, Johnson, M, et al. Immunogenicity of SCB-2019 coronavirus disease 2019 vaccine compared with 4 approved vaccines. J Infect Dis (2022) 225(2):327–31. doi: 10.1093/infdis/jiab574

73. Kared, H, Redd, AD, Bloch, EM, Bonny, TS, Sumatoh, H, Kairi, F, et al. SARS-CoV-2-specific CD8+ T cell responses in convalescent COVID-19 individuals. J Clin Invest (2021) 131(5):e145476. doi: 10.1172/JCI145476

74. Peng, Y, Felce, SL, Dong, D, Penkava, F, Mentzer, AJ, Yao, X, et al. An immunodominant NP105–113-B*07:02 cytotoxic T cell response controls viral replication and is associated with less severe COVID-19 disease. Nat Immunol (2022) 23(1):50–61. doi: 10.1038/s41590-021-01084-z

75. Mallajosyula, V, Ganjavi, C, Chakraborty, S, McSween, AM, Pavlovitch-Bedzyk, AJ, Wilhelmy, J, et al. CD8+ T cells specific for conserved coronavirus epitopes correlate with milder disease in patients with COVID-19. Sci Immunol (2021) 6(61):eabg5669. doi: 10.1126/sciimmunol.abg5669

76. Francis, JM, Leistritz-Edwards, D, Dunn, A, Tarr, C, Lehman, J, Dempsey, C, et al. Allelic variation in class I HLA determines CD8+ T cell repertoire shape and cross-reactive memory responses to SARS-CoV-2. Sci Immunol (2022) 7(67):eabk3070. doi: 10.1126/sciimmunol.abk3070

77. Kundu, R, Narean, JS, Wang, L, Fenn, J, Pillay, T, Fernandez, ND, et al. Cross-reactive memory T cells associate with protection against SARS-CoV-2 infection in COVID-19 contacts. Nat Commun (2022) 13(1):80. doi: 10.1038/s41467-021-27674-x

78. Blanco-Melo, D, Nilsson-Payant, BE, Liu, WC, Uhl, S, Hoagland, D, Møller, R, et al. Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell (2020) 181(5):1036–45.e9. doi: 10.1016/j.cell.2020.04.026

79. Grifoni, A, Weiskopf, D, Ramirez, SI, Mateus, J, Dan, JM, Moderbacher, CR, et al. Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19 disease and unexposed individuals. Cell (2020) 181(7):1489–501.e15. doi: 10.1016/j.cell.2020.05.015

80. Rydyznski Moderbacher, C, Ramirez, SI, Dan, JM, Grifoni, A, Hastie, KM, Weiskopf, D, et al. Antigen-specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and associations with age and disease severity. Cell (2020) 183(4):996–1012.e19. doi: 10.1016/j.cell.2020.09.038

81. Corbett, KS, Nason, MC, Flach, B, Gagne, M, O’Connell, S, Johnston, TS, et al. Immune correlates of protection by mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. Science (2021) 373(6561):eabj0299. doi: 10.1126/science.abj0299

82. Kremsner, PG, Ahuad Guerrero, RA, Arana-Arri, E, Aroca Martinez, GJ, Bonten, M, Chandler, R, et al. Efficacy and safety of the CVnCoV SARS-CoV-2 mRNA vaccine candidate in ten countries in Europe and Latin America (HERALD): a randomised, observer-blinded, placebo-controlled, phase 2b/3 trial. Lancet Infect Dis (2022) 22(3):329–40. doi: 10.1016/S1473-3099(21)00677-0

83. Roth, N, Schön, J, Hoffmann, D, Thran, M, Thess, A, Mueller, SO, et al. Optimised non-coding regions of mRNA SARS-CoV-2 vaccine CV2CoV improves homologous and heterologous neutralising antibody responses. Vaccines (2022) 10(8):1251. doi: 10.3390/vaccines10081251

84. Hoffmann, D, Corleis, B, Rauch, S, Roth, N, Mühe, J, Halwe, NJ, et al. CVnCoV and CV2CoV protect human ACE2 transgenic mice from ancestral b BavPat1 and emerging B.1.351 SARS-CoV-2. Nat Commun (2021) 12(1):4048. doi: 10.1038/s41467-021-24339-7

85. Sadoff, J, Le Gars, M, Shukarev, G, Heerwegh, D, Truyers, C, de Groot, AM, et al. Interim results of a phase 1–2a trial of Ad26.COV2.S covid-19 vaccine. New Engl J Med (2021) 384(19):1824–35. doi: 10.1056/NEJMoa2034201

86. Voysey, M, Clemens, SAC, Madhi, SA, Weckx, LY, Folegatti, PM, Aley, PK, et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis of four randomised controlled trials in Brazil, south Africa, and the UK. Lancet (2021) 397(10269):99–111. doi: 10.1016/S0140-6736(20)32661-1

87. Thomas, SJ, Moreira, ED, Kitchin, N, Absalon, J, Gurtman, A, Lockhart, S, et al. Safety and efficacy of the BNT162b2 mRNA covid-19 vaccine through 6 months. New Engl J Med (2021) 385(19):1761–73. doi: 10.1056/NEJMoa2110345

88. Walsh, EE, Frenck, RW, Falsey, AR, Kitchin, N, Absalon, J, Gurtman, A, et al. Safety and immunogenicity of two RNA-based covid-19 vaccine candidates. New Engl J Med (2020) 383(25):2439–50. doi: 10.1056/NEJMoa2027906

89. Goel, RR, Apostolidis, SA, Painter, MM, Mathew, D, Pattekar, A, Kuthuru, O, et al. Distinct antibody and memory b cell responses in SARS-CoV-2 naïve and recovered individuals following mRNA vaccination. Sci Immunol (2021) 6(58):eabi6950. doi: 10.1126/sciimmunol.abi6950

90. Earle, KA, Ambrosino, DM, Fiore-Gartland, A, Goldblatt, D, Gilbert, PB, Siber, GR, et al. Evidence for antibody as a protective correlate for COVID-19 vaccines. Vaccine (2021) 39(32):4423–8. doi: 10.1016/j.vaccine.2021.05.063

91. Mellors, J, Tipton, T, Fehling, SK, Akoi Bore, J, Koundouno, FR, Hall, Y, et al. Complement-mediated neutralisation identified in Ebola virus disease survivor plasma: Implications for protection and pathogenesis. Front Immunol (2022) 13:857481. doi: 10.3389/fimmu.2022.857481

92. Barrett, JR, Belij-Rammerstorfer, S, Dold, C, Ewer, KJ, Folegatti, PM, Gilbride, C, et al. Phase 1/2 trial of SARS-CoV-2 vaccine ChAdOx1 nCoV-19 with a booster dose induces multifunctional antibody responses. Nat Med (2021) 27(2):279–88. doi: 10.1038/s41591-020-01179-4

93. Allen, AC, Wilk, MM, Misiak, A, Borkner, L, Murphy, D, and Mills, KHG. Sustained protective immunity against bordetella pertussis nasal colonization by intranasal immunization with a vaccine-adjuvant combination that induces IL-17-secreting TRM cells. Mucosal Immunol (2018) 11(6):1763–76. doi: 10.1038/s41385-018-0080-x

94. Reinke, S, Thakur, A, Gartlan, C, Bezbradica, JS, and Milicic, A. Inflammasome-mediated immunogenicity of clinical and experimental vaccine adjuvants. Vaccines (2020) 8(3):554. doi: 10.3390/vaccines8030554

95. Lederer, K, Castaño, D, Gómez Atria, D, Oguin, TH, Wang, S, Manzoni, TB, et al. SARS-CoV-2 mRNA vaccines foster potent antigen-specific germinal center responses associated with neutralizing antibody generation. Immunity (2020) 53(6):1281–95.e5. doi: 10.1016/j.immuni.2020.11.009

96. Swanson, PA, Padilla, M, Hoyland, W, McGlinchey, K, Fields, PA, Bibi, S, et al. AZD1222/ChAdOx1 nCoV-19 vaccination induces a polyfunctional spike protein-specific Th1 response with a diverse TCR repertoire. Sci Trans Med (2021) 13(620):eabj7211. doi: 10.1126/scitranslmed.abj7211

97. Paranthaman, K, Subbarao, S, Andrews, N, Kirsebom, F, Gower, C, Lopez-Bernal, J, et al. Effectiveness of BNT162b2 and ChAdOx-1 vaccines in residents of long-term care facilities in England using a time-varying proportional hazards model. Age Ageing (2022) 51(5):afac115. doi: 10.1093/ageing/afac115

98. Lederer, K, Bettini, E, Parvathaneni, K, Painter, MM, Agarwal, D, Lundgreen, KA, et al. Germinal center responses to SARS-CoV-2 mRNA vaccines in healthy and immunocompromised individuals. Cell (2022) 185(6):1008–24.e15. doi: 10.1016/j.cell.2022.01.027

99. Lavelle, EC, and Ward, RW. Mucosal vaccines — fortifying the frontiers. Nat Rev Immunol (2022) 22(4):236–50. doi: 10.1038/s41577-021-00583-2

100. Mutsch, M, Zhou, W, Rhodes, P, Bopp, M, Chen, RT, Linder, T, et al. Use of the inactivated intranasal influenza vaccine and the risk of bell's palsy in Switzerland. New Engl J Med (2004) 350(9):896–903. doi: 10.1056/NEJMoa030595

101. Routhu, NK, Gangadhara, S, Lai, L, Davis-Gardner, ME, Floyd, K, Shiferaw, A, et al. A modified vaccinia Ankara vaccine expressing spike and nucleocapsid protects rhesus macaques against SARS-CoV-2 delta infection. Sci Immunol (2022) 7(72):eabo0226. doi: 10.1126/sciimmunol.abo0226

102. Mao, T, Israelow, B, Peña-Hernández, MA, Suberi, A, Zhou, L, Luyten, S, et al. Unadjuvanted intranasal spike vaccine elicits protective mucosal immunity against sarbecoviruses. Science (2022) 378(6622):eabo2523. doi: 10.1126/science.abo2523

103. Laczkó, D, Hogan, MJ, Toulmin, SA, Hicks, P, Lederer, K, Gaudette, BT, et al. A single immunization with nucleoside-modified mRNA vaccines elicits strong cellular and humoral immune responses against SARS-CoV-2 in mice. Immunity (2020) 53(4):724–32.e7. doi: 10.1016/j.immuni.2020.07.019

104. Thobakgale Christina, F, Fadda, L, Lane, K, Toth, I, Pereyra, F, Bazner, S, et al. Frequent and strong antibody-mediated natural killer cell activation in response to HIV-1 env in individuals with chronic HIV-1 infection. J Virol (2012) 86(12):6986–93. doi: 10.1128/JVI.00569-12

105. Bjornson-Hooper, ZB, Fragiadakis, GK, Spitzer, MH, Chen, H, Madhireddy, D, Hu, K, et al. A comprehensive atlas of immunological differences between humans, mice, and non-human primates. Front Immunol (2022) 13:867015. doi: 10.3389/fimmu.2022.867015

106. Hong, H, Rajakumar, P, Billingsley, J, Reeves, RK, and Johnson, R. No monkey business: why studying NK cells in non-human primates pays off. Front Immunol (2013) 4:32. doi: 10.3389/fimmu.2013.00032

107. Gómez-Román, VR, Patterson, LJ, Venzon, D, Liewehr, D, Aldrich, K, Florese, R, et al. Vaccine-elicited antibodies mediate antibody-dependent cellular cytotoxicity correlated with significantly reduced acute viremia in rhesus macaques challenged with SIVmac251. J Immunol (2005) 174(4):2185–9. doi: 10.4049/jimmunol.174.4.2185

108. Purwada, A, and Singh, A. Immuno-engineered organoids for regulating the kinetics of b-cell development and antibody production. Nat Protoc (2017) 12(1):168–82. doi: 10.1038/nprot.2016.157

109. Purwada, A, Shah, SB, Beguelin, W, Melnick, AM, and Singh, A. Modular immune organoids with integrin ligand specificity differentially regulate ex vivo b cell activation. ACS Biomaterials Sci Eng (2017) 3(2):214–25. doi: 10.1021/acsbiomaterials.6b00474

110. Béguelin, W, Rivas, MA, Calvo Fernández, MT, Teater, M, Purwada, A, Redmond, D, et al. EZH2 enables germinal centre formation through epigenetic silencing of CDKN1A and an Rb-E2F1 feedback loop. Nat Commun (2017) 8(1):877. doi: 10.1038/s41467-017-01029-x

111. Gilbert, PB, Montefiori, DC, McDermott, AB, Fong, Y, Benkeser, D, Deng, W, et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy clinical trial. Science (2022) 375(6576):43–50. doi: 10.1126/science.abm3425

112. Lazarus, R, Querton, B, Corbic Ramljak, I, Dewasthaly, S, Jaramillo, JC, Dubischar, K, et al. Immunogenicity and safety of an inactivated whole-virus COVID-19 vaccine (VLA2001) compared with the adenoviral vector vaccine ChAdOx1-s in adults in the UK (COV-COMPARE): interim analysis of a randomised, controlled, phase 3, immunobridging trial. Lancet Infect Dis (2022) 22(12):1716–27. doi: 10.1016/S1473-3099(22)00502-3

113. Chalkias, S, Harper, C, Vrbicky, K, Walsh, SR, Essink, B, Brosz, A, et al. A bivalent omicron-containing booster vaccine against covid-19. New Engl J Med (2022) 387(14):1279–91. doi: 10.1056/NEJMoa2208343

114. Wang, Q, Bowen, A, Valdez, R, Gherasim, C, Gordon, A, Liu, L, et al. Antibody response to omicron BA.4–BA.5 bivalent booster. New Engl J Med (2023) 388(6):567–9. doi: 10.1056/NEJMc2213907



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Brady, Tipton, Longet and Carroll. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1166664-g006.jpg
(19, 20, 39)

(28)

(20, 22, 25-27, 29,
31, 35, 37, 39, 46,
101)

(22, 25-27, 29, 31,
35,37, 39)

(14,15, 22, 42, 45, (14,15, 22, 42, 45,
81) 81)

(49, 52, 95) (23, 36, 49, 52, 95)

CD8-
Mediated

(27, 29, 35,37, 101)

(23, 43)

(23)

Cytotoxicity )

(46)

(36)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pre-clinical models to define correlates of protection for SARS-CoV-2

      

        		

          1 Introduction

        



        		

          2 Correlates of protection

        



        		

          3 COVID-19 animal models

        



        		

          4 Limitations of human studies for the definition of SARS-CoV-2 CoPs that are met by animal models

        



        		

          5 Strategies to facilitate CoP identification in COVID-19 animal models

        

          		

            5.1 Adoptive transfer and cell depleted animal models

          



          		

            5.2 Passive transfer of antibody to animal models

          



          		

            5.3 High versus low dose vaccine comparison

          



          		

            5.4 Comparison of matched optimal and sub-optimal vaccine candidates

          



          		

            5.5 One versus two vaccine dose comparison

          



          		

            5.6 The use of different adjuvants

          



          		

            5.7 Vaccine recipients with variable immune functionality

          



          		

            5.8 Alternative vaccine administration routes

          



          		

            5.9 Tissue examination and manipulation scope

          



        



        



        		

          6 Future of CoP research in animals

        

          		

            6.1 Flaws of animal research in the search for CoPs

          



          		

            6.2 Advances in human research to assist in the search for CoPs

          



        



        



        		

          7 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1166664-g002.jpg
,).

Tissue
__Analysis

Histopathology

Spaﬁalwm
Transcriptomics
T Cell
LY. ) Responses
:3 »;; Phenotyping
@@
Q ® ELISpot
O

17)‘
e o * * Cytokine
‘“’ e ¢ ° e Arrays
PBMC
RNAseq

O

Baseline
Responses

s

K MNA
,%i)& Ny o, .,(’.
L 3= <™

‘ ¢ ACE2
Neutralising T “ Inhibition
Antibody ; ) Assay

ELISA

SARS-CoV-2 T
Immune Response

Screen in Animal
Models

Functional o o
Antibody

V. L
)f Isotyping -

= ) C3a Flow
N 7 VY =
\ ) <

Assay





OEBPS/Images/fimmu-14-1166664-g004.jpg
. ii Y.
'o" ARS-CoV-2 ) " y/’\f’} )/~\\\ SARS'COV‘2
I specific T « ,  » -specific
\ / G"" ce"s ° ° ° : y/’ \\-_- Abs
P Administering
R Candidate CoP
§ to Challenge

Il i)
SARS-CoV-2
-specific T | Nude mice
cells : / BALB/c mice
Y )/’ - C57BL6 mice
2 =\
y y» Thymectomy
r &
N
Anti-CD4
and Anti- Removal of
CD8 Abs

Candidate CoP from
Challenge Model





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1166664-g001.jpg
Superior SARS-CoV-2 1. In silico prediction of SARS- Inadequate/Impractical

Models CoV-2 susceptibility based on SARS-CoV-2 Models
similarity with hACE2

Cynomolgus
Macaque

Marmosets

Wree Shrew

\/ inks
AN

Rhesus
Macaque

2. SARS-CoV-2 challenge or
spontaneous infection in nature to
reveals true quality of models

K18-hACE2
Transgenic Mice

Syrian Golden
Hamster

Ferret






OEBPS/Images/fimmu-14-1166664-g005.jpg
Differing Vaccine Regimens by:

a. Platforms b. Doses c. Dosing Intervals

eg.ChAdOx

Recombinant
Antigen

Low Med High

eg. mMRNA1273
BNT162b2

Inactivated
Virus

Different Outcomes:

Associated with Disparate Immune Trajectories

( nprotecte

Label 3

|—r Protw >
% Correlates
= of
é Protection
E

Label 2

Label 1

Protected

Study Day





OEBPS/Images/table1.jpg
Animal

Is the model
in use?

COVID-19 Resea
References

Rhesus Macaque

Cynomolgus Macaque

Syrian Golden Hamster

K18-hACE2 C57BL/6 and
hACE2 BALB/c Mice

Ferret

Mink
Marmoset

Tree Shrew

Pig

* Captures Mild-Moderate COVID-19 lung
pathology (8)

* Old RhMs Model Severe COVID-19 (8)
* 94% Genetic Similarity to Humans

* Captures Mild-Moderate COVID-19 (8)
* Restricted HLA (8)

* Small

* Models Severe COVID-19 when
Challenged with High Doses (32)

* Captures age-bias of COVID-19 (33)

* Small
* Manipulate Genetics

* Captures Clinical COVID-19 Symptoms
(41)

* Susceptible to SARS-CoV-2 Infection
* Captures Mild Clinical Symptoms (41, 48)

* Susceptible to SARS-CoV-2 Infection (41)
* Susceptible to SARS-CoV-2 Infection

* Susceptible to SARS-CoV-2 Infection

* Strong similarities with human anatomy,
physiology and immunology

* Shortages (8)
* Ethical Issues
* Housing requirements are costly

* Lung Cell ACE2 Expression
Patterns Differ to Humans (29)

* Ethical Issues

* Housing requirements are costly

* Lack of Hamster Reagents
* Lung Cell ACE2 Expression
Patterns Differ to Humans (34)

* Inter-Mouse Variability of hACE2
Expression
* High Viral Load in the Brain (42)

* Predominantly Models URT
Infection (41)

* Lab Handling Difficulties
* Fail to Mount IgG Response (50)

* No SARS-CoV-2 Shedding (51)
* Only Clinical Symptom is Body
Temperature Changes (51)

* Inverse age bias (52)

* No Affinity between Swine ACE2
and Spike Protein

* Not Susceptible to SARS-CoV-2
Infection (53) (54)

Yes

Yes

Yes

Yes

Yes

TBD

No

(8-28)

(8, 30, 31)

(12, 13, 32, 33, 35-40)

(40, 41, 43-47)

(21, 23,49)





OEBPS/Images/fimmu.2023.1166664_cover.jpg
& frontiers | Frontiers in Immunology

Pre-clinical models to define correlates of
protection for SARS-CoV-2





OEBPS/Images/fimmu-14-1166664-g003.jpg
1 0 3 4 5 6 7 d

NO ADVERSE OUTCOMES

Safety

Monitoring £ NN )

£ )
£ I )

Discovery

| B I EEEE TS TN YV YV U |

5 E E gt |

; N A X I X i

l Confirmation
CoPs CoPs of CoPs





