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The worldwide pandemic of COVID-19 has evoked more vaccine development than 

the world has ever seen, justified by the deaths, disease, economic effects and social 

disruption resulting from the disease.   All old and many new strategies for vaccine 

development have been invoked to produce COVID-19 vaccines. Many of the vaccines have 

been proven effective in classical phase 3 studies, but more vaccines are needed to cover 

the entire population of the world.  Soon it will be no longer be ethical or practical to 

perform phase 3 placebo-controlled studies, and therefore licensure through demonstration 

of protective immune responses will be critical.  Thus, identification of correlates of 

protection against SARS-CoV-2 coronavirus infection is needed for practical and theoretical 

reasons. 

 The identification of a correlate of protection is often an onerous task owing to the 

complexity of immune responses.  It must be recognized that the immune system has 

evolved to be redundant, so that protection can be multifactorial.  This fact leads to 

arguments among scientists who are more focused on one or another part of immunity.  

However, while we agree that immunity is usually a composite of different responses, the 

identification of a measure that correlates with protection is a necessary practical exercise.  

Even if multiple immune responses contribute to protection, it is often the case that one 

response is most important for protection.  As the subsequent article will attest, it is likely 

that protection against coronaviruses results from a composite of antibody and cellular 

responses, including Fc effector antibodies, mucosal antibodies, memory B cells, and T cells.  

However, in the interests of clarity, the subsequent text will separate immune responses 

into four parts: neutralizing antibodies, memory B cells, Fc effector antibodies, and T cell 

functions.  Conclusions will be drawn as to their relative importance and predictive ability. 
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 Certain principles relating to correlates should be kept in mind when considering the 

CoP for vaccines against SARS-CoV-2 coronavirus, the agent of COVID-19 disease.  They are 

summarized in Figure 1.  Among the most important with regard to protection against SARS-

CoV-2, are that protection against infection is different from protection against disease, that 

more than one immune factor may correlate with protection, and that protection against 

mucosal infection may depend on different factors than protection against systemic disease.  

Moreover, memory may be a mechanism of protection if it results in rapid induction of 

immune functions, which in the case of COVID-19 memory must likely act within the first 

week of infection to contribute to protection. 

 The need for rapid protection of populations against COVID-19 has evoked the use of 

multiple vaccine platforms.  However, thus far the common feature of those platforms that 

correlates with protection is the induction of neutralizing antibodies.  Although evidence for 

the primacy of those antibodies for protection will be presented below, we will also 

summarize the evidence that memory B cells, antibody Fc effector functions, and T cell 

responses contribute to protection, with the relative importance of each being dependent 

on the specific vaccine and the population in which it is used.  Primary contributors to 

sections were David Goldblatt (neutralizing antibodies), Shane Crotty (memory B cells and T 

cells), and Galit Alter (Fc functions). 

 

Humoral Immunity/Neutralizing Antibodies. 

SARS-CoV-2 is a single-stranded positive-sense RNA virus of approximately 29.9kb 

and its genome codes for four structural proteins and sixteen non-structural proteins 

(nsp1−16).  The structural nucleocapsid protein (N) forms the capsid outside the genome 
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and the genome is further packed by an envelope which is associated with three structural 

proteins: membrane protein (M), transmembrane spike protein (S), and envelope protein 

(E).  The heavily glycosylated S protein is post translationally cleaved by mammalian furin 

into two subunits, S1 and S2; the S1 subunit contains an amino N terminal Domain (NTD) 

and a Receptor Binding Domain (RBD) that binds to the host cell surface angiotensin-

converting enzyme 2 receptor (ACE2) while the S2 subunit is responsible for the host-virus 

membrane fusion. The spike protein transiently undergoes conformational changes under 

the influence of furin which results in a hinge like lifting of RBD (so called “open” 

conformation) which facilitates ACE2 binding (reviewed in1 ). SARS-CoV-2 infects host cells 

through this attachment of S1 to ACE2 followed by fusion of the viral envelope and host cell 

mediated by S2.  

Antibodies to structural proteins of SARS-CoV-2 are induced following natural 

infection2. Serum IgM and IgA appear earlier than IgG, peak between 2- and 5-weeks post 

infection and then decline with IgA persisting longer than IgM. IgG peaks slightly later (3-7 

weeks post symptom onset) and then persists3. Concentrations of all isotypes correlate with 

severity of disease; the highest concentrations are seen in those with severe disease and the 

lowest concentrations in those with asymptomatic infection4,5. Neutralising antibodies are 

detectable within seven to 15 days following disease onset, with levels increasing until days 

14–22 before levelling off and then decreasing, but titres are lower in those with 

asymptomatic or clinically mild disease. Ninety percent of antibodies derived from serum or 

plasma of individuals infected with SARS-CoV-2 which have neutralising activity are targeted 

at the spike RBD6. Analysis of the crystal structure of RBD-bound antibody revealed that 

steric hindrance inhibited viral engagement with ACE2, thereby blocking viral entry7. The 
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most potent neutralizing antibodies were the most competitive with ACE2, indicating that 

blocking the interaction between RBD and ACE2 is a useful surrogate for neutralization. 

Detailed analysis of neutralising antibody interaction with the RBD has revealed that ACE2 

blocking antibodies can bind spike and RBD in both open and closed conformations while 

some antibodies bind RBD but do not block ACE2 and a 4th class of neutralising antibody 

bind outside of the ACE2 blocking site, but only in the open confirmation8. 

Although RBD is immunodominant, there is evidence for a substantial role of other 

spike regions in antigenicity, most notably the N terminal domain (NTD). NTD antibodies 

may also have neutralising activity; McCallum and colleagues identified a “supersite” on the 

NTD that was recognised by all NTD-specific neutralising monoclonal antibodies derived 

from memory B cells isolated from 3 survivors of SARS-CoV-2 infection9. The mechanism of 

neutralization by which NTD- specific antibodies act remains to be fully determined, 

although it may involve the inhibition of conformational changes10 or interaction with C type 

lectins such as DC-SIGN, L-SIGN and SIGLEC1 11. Recent reports also suggest that antibodies 

directed at the NTD may enhance the infectivity of the virus by inducing the open 

conformation of RBD, thus enhancing the binding capacity of the spike protein to ACE2 and 

infectivity of SARS-CoV-212 although such in-vitro enhancement of infection does not 

necessarily translate into enhanced infection in vivo.13  

The potency of neutralising antibodies has been shown to be a predictor of survival 

in patients with COVID-1914. The presence of neutralizing antibodies induced by a previous 

infection have also been shown to provide robust protection to subsequent reinfection with 

the same strain.15  ACE2 receptor inhibition assays as a surrogate for neutralisation and 

pseudo-virus neutralisation assays utilising pseudo-typed viruses transfected with SARS-
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CoV-2 spike protein, that do not require BSL3 laboratories for the handling of live virus have 

contributed to the description of the role of neutralising antibodies and disease.16 

Mutations can occur in any region of the SARS-CoV-2 genome although most do not 

modify the primary amino acid sequence and hence the function of the translated proteins 

or viral infectivity. However, a single mutation, or a combination of mutations, can yield 

variants with selective and survival advantages and improved viral fitness and several 

variants of concern (VOC) have spread worldwide. The first VOC, designated Alpha by the 

WHO (B.1.1.7 lineage) demonstrated increased transmissibility and had several mutations in 

the spike protein including D614G, N501Y and deletions DH69/DV70. The RBD N501Y 

mutation was shown to increase the binding affinity for the ACE2 receptor17 although 

antibody binding and neutralising activity induced by previous infection or vaccine was 

generally preserved.18  The Beta VOC (B.1.351) emerged in South Africa in October 2020 

with several structural and non-structural mutations, including three critical mutations in 

the RBD of the S protein (K417N, E484K, and N501Y). These seemed to play a crucial role in 

the improved “viral fitness” and survival adaptations compared to the other strains and 

reduced binding of neutralizing antibodies to spike.19 

In late 2020 the Delta variant (B.1.617) was detected in India and spread rapidly 

worldwide displacing other variants. Notable mutations in the B.1.617.2 variant included 

L452R, T478K and E484Q in the S RBD and P681R in the cleavage site between S1 and S2. 

The combination of mutations in the Delta variant seems to impart the virus a selective 

advantage compared to the original virus and other variants, as evidenced by high 

transmissibility and infectivity, and immune evasion.20 
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In late 2021 the B.1.1.529 variant emerged in Southern Africa and was designated 

Omicron by the WHO. Omicron contains several mutations present in other variants, such as 

N501Y (alpha), E484A ~ E484K (beta and gamma), and T478K; P681H ~ P681R (delta) 

although in total has more than 50 mutations with more than 30 identified in the S gene 

alone.21 These mutations are associated with enhanced infectivity and transmissibility and 

Omicron has also been shown to escape neutralization by monoclonal antibodies, 

convalescent serum and post vaccine antibody.22. Overall, with the exception of the Alpha 

VOC, the emerging VOC’s have been associated with reductions in neutralizing activity of 

antibodies derived from previously infected or individuals who have undergone primary 

vaccination 23-26 while Omicron VOC also appears to escape the neutralizing activity of most, 

but not all of the therapeutic antibodies currently available.27 Interestingly a booster dose of 

mRNA vaccines has been shown to largely restore neutralisation activity against wild type, 

Delta and Omicron.28 The mechanism behind this enhanced functionality has been shown to 

be due to the third dose expanding memory B clone present after the second dose as well 

as stimulating new clones both of which showed increased potency and breadth due to 

targeting more conserved areas of the RBD.29,30 

The study of the persistence of antibodies post infection has been complicated by 

the lack of standardisation of antibody assays, differences in sensitivity and specificity of 

commercially available assays and the characteristics of patients studied. Nevertheless, 

consensus has emerged that Nucleocapsid antibodies decline faster than those specific for 

Spike or RBD, with the latter persisting for up to 13 months following infection 26,31,32 and 

models suggesting years of persistence33. Key to long-term protection is the persistence of 

neutralising rather than just binding antibody and in general while titers decline in the 



8 
 

months following infection, neutralizing and binding antibodies correlate well with each 

other26,32. Gallias and colleagues demonstrated that health care workers who were infected 

with the original Wuhan strain retained neutralizing activity against the D614G and alpha 

variants but reduced titers to the beta variant of concern. Moriyama and colleagues34  

showed that despite a decline in IgG to RBD following infection, the ability of convalescent 

serum to neutralize variants of concern (beta and gamma) improved in the months after 

infection suggesting a temporal maturation of neutralizing antibody that was attributed to 

affinity maturation of anti-RBD antibody. It is unclear if this improvement extends to newer 

variants, and specifically Omicron which has infected individuals with previous natural or 

vaccine induced immunity. Infection however has in general been relatively mild with 

Omicron reinforcing the notion that immunity other than that mediated by antibody is 

required for modulating disease. 

Antibody to SARS-CoV-2 has been identified in urine, faeces, upper and lower 

respiratory trach secretions and in sputum although the role of mucosal immunity has not 

been as extensively studied as that of serum-based immunity but is likely to be important 

for rationally designing vaccines that provide maximal protection against mucosal 

pathogens. Chan and colleagues studied paediatric and adult COVID-19 patients and were 

able to show spike specific IgA in the nasal epithelial lining fluid which appeared to inversely 

correlate with severity of disease; those with mild disease having higher titres of 

neutralising antibody within the first week of illness.35 A protective role for IgA has also 

been postulated by Hennings and colleagues who found health care workers who did not 

contract COVID-19 had higher serum IgA specific for spike protein although they did not 

study mucosal antibody.36 Relatively few studies have focussed on mucosal responses post 
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vaccination. Nickel and colleagues37 studied serum and salivary responses following natural 

infection and vaccination and were unable to detect spike and RBD specific IgG following 

BNT162b2 vaccination in saliva, in contrast to patients with COVID-19 who all developed 

salivary IgG 15-30 days following the onset of symptoms. Tang and colleagues compared the 

Spike specific total and neutralizing antibody (Ab) responses in bronchoalveolar lavage fluid 

(BAL) and blood of COVID-19 vaccinated individuals and hospitalized patients. Vaccinated 

individuals (BNT162b2 or mRNA-1273) had significantly lower levels of neutralizing Ab 

against D614G, Delta and Omicron in the BAL compared to COVID-19 convalescents, despite 

robust S-specific Ab responses in the blood. Furthermore, vaccination induced significant 

circulating S-specific B and T cell immunity, but in contrast to COVID-19 convalescents, these 

responses were absent in the BAL of vaccinated individuals.38 SARS-CoV-2 specific IgG may 

also appear in oral and nasal secretions after vaccination with mRNA-1273 but it is not clear 

if this is locally produced or reflects antibodies passively transferred from serum.39 Sheikh-

Mohamed40 demonstrated that a single dose of mRNA vaccine (BNT162b2 or mRNA-1273) 

induced salivary antibodies of both IgG and IgA but a second dose only induced a further 

increase in salivary IgG, with IgA persisting in only 30% of vaccine recipients positive after 

the first dose. At 6 months post vaccination concentrations had declined as had neutralizing 

activity of saliva. Also in this study higher spike and RBD specific IgA (but not IgG) measured 

at 2-4 weeks post dose 2 was associated with protection from subsequent infection. In this 

study too it is not clear if salivary antibody was simply transduced from serum or locally 

produced. Mucosal responses do seem to be more robust after natural infection compared 

to vaccines delivered via the intramuscular route which may be a consequence of initial 

SARS-CoV-2 entry into nasopharyngeal and oral mucosal cells thus stimulating local 
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immunity. Whether mucosally delivered vaccines could replicate the qualitative nature of 

immunity induced by natural infection remains to be seen. 

The central role of immunity to the spike antigen in preventing coronavirus 

infections has driven vaccine development for SARS and MERS and thus was a focus of early 

vaccine development for SARS-CoV-2. All 4 of the vaccines initially authorised for emergency 

use were based on Spike antigen and thus most has been learnt about immunity to Spike 

and RBD in the context of vaccines. Once vaccine efficacy estimates from clinical trials had 

been published it became possible to relate vaccine efficacy to antibody responses 

measured in the serum of subjects post vaccination. The absence of standardisation of 

neutralizing assays however meant that researchers had to compare post vaccination titers 

to those seen following convalescence. Khoury and colleagues41 analyzed the relationship 

between in vitro neutralization levels and the observed protection from COVID-19 infection 

using data from vaccinated and convalescent cohorts. They were able to demonstrate that 

neutralization levels are highly predictive of immune protection although this relation would 

likely be slightly reduced to variants. They were also able to predict a decline in vaccine 

induced immunity over time. Earle and colleagues42 using similar modelling confirmed the 

relationship between neutralizing titers and vaccine efficacy and demonstrated in addition 

that binding antibodies to spike were highly predictive of protection although, due to the 

lack of standardisation of assays, the ratio of vaccine induced antibody to convalescent 

antibody was used as a readout (Figure 2). Lustig and colleagues studying a large cohort of 

vaccinated adults in Israel confirmed the tight correlation between vaccine induced anti-

RBD IgG, neutralising titers and protection.43. These studies raised the possibility that a 

threshold of protection could be identified that would aid in the licensure of future vaccines.  
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Goldblatt and colleagues44 measured immune responses to four COVID-19 vaccines 

of proven efficacy using a single serological platform. IgG anti-Spike antibodies were highly 

correlated with ID50 neutralization in a validated pseudoviral assay and correlated 

significantly with efficacies for protection against infection with wild-type, alpha and delta 

variant SARS-CoV-2 virus (Figure 3). The protective threshold for each vaccine was 

calculated for IgG anti-Spike antibody and then combined to propose a population-based 

correlate of protection for anti-spike IgG.  

Data from breakthrough infection in participants in clinical trials has also been 

interrogated in an attempt to derive a meaningful correlate of protection. Gilbert and 

colleagues studied subjects who participated in an efficacy trial of Moderna’s SARS-CoV-2 

mRNA-1273 vaccine.45 Through case-cohort sampling participants were selected for 

measurement of IgG to S and RBD as well as neutralizing titres. Day 57 concentrations and 

titers were each inversely correlated with the risk of COVID-19 infection although no 

threshold of protection was defined. A similar analysis was embedded in an efficacy trial of 

the ChadOx1 NCoV19 vaccine (Astra Zeneca). Binding spike and RBD IgG as well as 

neutralizing antibodies at 28 days after the second dose were measured in infected and 

noninfected vaccine recipients.46 Higher levels of all immune markers were correlated with 

a reduced risk of symptomatic but not asymptomatic infection. Levels of binding IgG and 

neutralising activity that correlated with a vaccine efficacy of 80% against symptomatic 

infection were defined although because of the overlap of antibody levels between the 

infected and uninfected subjects no absolute threshold of efficacy could be defined. 

However, neutralizing titer was directly related to efficacy, indicating that antibody levels 

are directly related to efficacy as emphasised in Figure 2.  The hope with the studies cited 
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above is that data can be used to bridge to new populations using validated assays, and 

allow extrapolation of efficacy estimates to new COVID-19 vaccines.  

The waning of vaccine induced antibody and the observed reduction in vaccine 

induced protection against infection (as distinct from disease) has raised the question of the 

utility of a protective threshold of anti-spike or RBD antibody when measured immediately 

following the completion of a priming course of vaccine although with suitably designed 

longitudinal serological studies a threshold of antibody that would trigger revaccination 

could be defined. 

 

Memory B cells in protective immunity against COVID-19 

Memory B cells don’t actively secrete antibodies, they are quiescent. Memory B cell 

frequencies and antibody titers exhibit different kinetics in response to SARS-CoV-2 

infection.47 Since the memory B cells and plasma cells are separate immunological 

compartments, conditions can occur like that seen after 2-dose mRNA COVID-19 

vaccination, when spike IgG titers decline substantially over 6 months but memory B cells 

are stable or even increasing.48 Memory B cells are re-activated upon an infection or 

vaccination and are the source of classic anamnestic antibody responses. Memory B cells 

actually serve two important purposes. The first is a cellular source for the anamnestic 

antibody response if a pathogen gets past the circulating antibody titers and tissue resident 

memory T cells. The second important value of memory B cells is to serve as a library of 

“guesses” by the immune system regarding possible future viral variants. This was 

suggested in an animal model with protection data.49 Extensive data from the influenza 
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memory B cell literature are consistent with this concept,50,51 though it is generally not 

possible to disentangle from the long history of previous diverse influenza exposures.52 

 Memory B cells likely play a role in protective immunity against SARS-CoV-2 infection 

by both of the mechanisms above.47,53-55 Antibodies are more effective at the time of 

exposure compared to post-exposure, nevertheless memory B cells can plausibly reactive 

and begin an anamnestic antibody response within 3-5 days,56 which is well within a time 

frame that would likely be valuable for limiting SARS-CoV-2 viral spread within the body and 

reducing the likelihood of hospitalization-level COVID-19 [Figure 4]. While memory B cells 

have been associated with COVID-19 protective immunity in a non-human primate model,57 

direct evidence of SARS-CoV-2-specific memory B cell activation, proliferation, or 

differentiation within a timeframe relevant for COVID-19 protective immunity remains 

absent and is an important knowledge gap. Regarding the second mechanism—diversity of 

memory B cell specificities for variants—the COVID-19 pandemic has dramatically 

demonstrated the importance of memory B cell diversity in the recognition of a pathogen 

and variants, also highlighting the brilliance of the immune system at predicting viral 

mutations, embedding those predictions in the memory B cell repertoire. Memory B cell 

biology in response to SARS-CoV-2 infection and COVID-19 vaccines is discussed further 

below. 

 Local tissue immunity can be an important component of protective immunity in 

addition to circulating memory T cells, memory B cells, and antibodies. Memory B cells have 

now been demonstrated in lungs of individuals after SARS-CoV-2 infection,58 and thus may 

play a role in protection from reinfection . Data are lacking on memory B cells in the upper 

respiratory tract or oral mucosa. The COVID-19 vaccines elicit robust serum antibody titers 
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for a period of months that manage to be transudated at relatively low levels into the nasal 

passages. In contrast, much higher amounts of antibody are produced in the nose after 

infection.59,60 This suggests that local plasma cells may develop after infection, in addition to 

tissue resident memory B cells, both of which may contribute to protective immunity. 

Overall, between circulating memory B cells and tissue memory B cells, B cell memory likely 

contributes to protection against severe COVID-19 [Figures 4 and 5]. 

Fc-effector function 

Antibodies are bi-functional molecules, comprised of: 1) two antigen-binding 

domains (2x Fabs) that provide specificity and can block infection and 2) a constant domain 

(Fc) involved in directing immune clearing effects via the recruitment of the immune system 

(Figure 6). In the context of vaccine development, antibody binding and neutralizing activity 

are primarily evaluated to predict protection, however, for many pathogens, the Fab and Fc 

antibodies collaborate to achieve maximal protection against disease.61 For example, the 

elimination of Fc-effector function from neutralizing antibodies to HIV, influenza, and RSV 

reduces the clinical potency of those neutralizing antibodies.62-64  Fc-effector function can 

compensate for incomplete neutralization in Ebola virus infection65 rescuing the protective 

activity of antibodies that only partially neutralize the virus. Moreover, several non-

neutralizing antibodies confer robust and cross-strain protection against Influenza 66 and 

Ebola virus 67 via Fc-effector functions highlighting the importance of the Fc-effector 

function, rather than the Fab-activity alone, in protection from some infections. Likewise, 

Fc-effector function is key to the therapeutic activity of neutralizing bacterial-toxin specific 

antibodies, that require both blockade of toxin action but also clearance of the toxins from 

the immune system68. However, whether both ends of the antibody are required for 

protection against SARS-CoV-2 has been poorly studied. 
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Antibodies have the ability to deploy a wide array of immune effector functions via 

their ability to bind to complement or Fc-receptors,  which are present on all immune 

cells61. Owing to the low-affinity binding of Fc antibody- for complement and Fc-receptors, 

aggregates of antibodies, found in immune complexes, are required to bind and activate 

cells. Moreover, distinct antibody subclasses/isotypes possess differing affinities for Fc-

receptors and complement. For example, IgG subclasses demonstrate distinct affinities for 

FcRs and human complement (IgG3>IgG1>IgG2=IgG4), IgM exhibits robust affinity for 

complement C1q, and IgA interacts largely with its own Fc-receptor, called the Fc-receptor. 

Additional post-translational modifications of the Fc-domain of antibodies, during 

inflammatory immune responses, via altered Fc-glycosylation, further tune the binding 

affinity of antibodies for FcRs and complement, providing another mechanism to augment 

antibody effector function. Thus, depending on the combination of glycosylated- 

isotype/subclasses generated during an immune response, distinct swarms of antibodies 

can trigger FcRs bound on a variety of cell types to induce cytokine secretion, degranulation, 

phagocytosis, cytotoxicity, etc.  

While neutralizing titers are highest in severely ill individuals who ultimately 

succumb to COVID-19,69,70 antibodies do clearly contribute to protection against SARS-CoV-2 

infection.71 Specifically, passive transfer studies in non-human primates (NHP) using 

convalescent serum have demonstrated the protective activity of serum-antibodies in 

limiting infection and attenuating viral replication.71 Most interestingly, while administration 

of high titers of convalescent neutralizing antibody-containing plasma to naïve NHP prior to 

SARS-CoV-2 challenge resulted in complete protection from infection, the transfer of sub-

neutralizing antibody titers did not completely block infection, but was able to attenuate 
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the magnitude and duration of viremia,  demonstrating that antibodies alone in the naïve 

animals were able to both provide protection against infection at high titers (transmission 

blockade) but also to reduce  disease following infection at lower titers (disease 

attenuation) [Figure 7]. While transmission blockade can be clearly explained via the simple 

binding of virus at high titers, disease attenuation is likely critically dependent on the ability 

of transferred antibodies to drive enhanced clearance of the pathogen.71 Along these lines, 

immune profiling of convalescent serum samples has demonstrated the importance of 

antibody Fc-effector function, in addition to neutralization, in the disease attenuating 

function of convalescent serum therapy.72,73 However, because selection of convalescent 

serum for therapy did not take antibody function into account, mixed results were observed 

across most serum-transfer protection studies.75 However, taking Fc effector functions into 

account could be a critical means to strategically improve convalescent plasma therapy.  The 

protective activity of convalescent plasma treatment has been linked to SARS-CoV-2 specific 

antibody dependent cellular cytotoxicity,72 Fc-receptor binding,75 or antibody dependent 

opsonophagocytic functions,76 pointing to the critical role of Fc-effector functions in the 

therapeutic activity of antibodies.  

While nearly all approved SARS-CoV-2 vaccines induce robust Spike-specific binding 

titers and neutralization, their ability to drive Fc-effector function remains less well defined. 

Previous studies on adenoviral 26 (Ad26) based vaccination against the human 

immunodeficiency virus (HIV) had demonstrated robust antibody Fc-effector functions 

induced by this vector in both humans and NHPs, that were linked to protective immunity in 

an NHP challenge study.77,78 Likewise, antibody Fc effector functions were observed 

following SARS-CoV-2 Ad26 vaccination in humans,79 NHP,80 and hamsters,81 that co-evolved 
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with neutralizing antibodies and T cell immune responses, all of which were correlated with 

protection upon animal challenge. Similarly, robust Fc-effector functions were observed 

following the Novavax adjuvanted SARS-CoV-2 spike-protein immunization in macaques and 

humans,82 induced most robustly with the use of an adjuvant. Moreover, correlates analyses 

of antibody profiles associated with viral restriction in the upper and lower respiratory tract 

revealed enhanced neutralization in animals protected from infection in the lower 

respiratory tract. However, in animals with complete protection in both the upper and 

lower respiratory tract, enhanced Fc effector functions were observed compared to animals 

with breakthrough upper respiratory viral loads. These data point to a critical role for Fc-

function in supplementing neutralization to achieve complete protection against the virus 

across the entire respiratory tract. Similar results were observed with an adjuvanted SARS-

CoV-2 protein from Sanofi/GSK.83 Analysis of mRNA vaccine induced immune responses also 

highlighted moderate levels of Fc-effector functions after a single dose of the vaccine,84 that 

were significantly augmented by the second dose of the vaccine. Moreover, mRNA vaccine 

induced antibodies demonstrated enhanced cross-reactive Fc-effector function across 

variants of concern whereas antibodies induced via natural infection,85,86 adjuvanted-

protein immunization,87 or adenoviral vaccination did not,88 marking potentially distinct 

cross-reactive Fc-effector induction across vaccine platforms. Thus, while Fc-effector 

function co-evolves with binding titers across all vaccine platforms tested to date, the 

flexibility of the cross-variant Fc-effector response may vary across vaccine platform. These 

differences may be related to distinct epitope-specific immunodominance profiles elicited 

by the platforms (more RBD versus NTD targeting) or perhaps related to differences in 

affinity maturation of the humoral immune response. Collectively, the data clearly point to a 
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critical need to define epitope-specific Fc-effector specificities to fully dissect and define the 

minimal functional footprints that may play a vital role in protective immunity.  

Opsonophagocytic, complement activating, and NK cell recruiting functions have 

been detected after most SARS-CoV-2 vaccines,79,84,85 yet, whether a precise Fc-function 

may collaborate with neutralizing antibodies or T cells to provide complete protection 

remains incompletely understood. Given the striking differences in Fc-effector function that 

were elicited using distinct clinical adjuvants (SWE, alum, CpG-alum, AS37 and AS0387 with a 

SARS-CoV-2 Spike -receptor binding domain (RBD)-nanoparticle vaccination in non-human 

primates, it was possible to define the specific Fc-effector function that tracked with 

neutralization to confer complete protection from challenge.  Oil-in water emulsion, SWE, 

and alum induced moderate Fc-functions following immunization.  Nucleic acid TLR sensors, 

TLR7 and TLR7 triggering agonists induced robust NK cell activating antibodies. Conversely, 

the GSK AS03 adjuvant elicited a robust opsonophagocytic response. While neutralizing 

antibodies were directly correlated with protection following challenge, several animals 

with robust neutralization still experienced breakthrough infection. Closer analysis of the Fc-

profiles among animals with matched neutralizing antibody titers that experienced or 

resisted breakthrough demonstrated the presence of robust neutrophil phagocytic activity 

and IgA levels in monkeys completely protected from challenge.  These data point to a 

critical collaboration between Fab and Fc mediated functions, whereby neutralizing 

antibodies may be supplemented by opsonophagocytic or isotype-specific functional activity 

to fully control and clear the virus upon exposure. 

Similarly, early immune correlates studies of immune profiles associated with 

survival of severe disease pointed to two major differences between survivors and non-
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survivors of severe COVID-19: 1)  Survivors of severe COVID-19 generated neutralizing 

antibodies more rapidly89 and at proportionately higher levels than binding antibodies,14 

pointing to a higher quality Fab-evolutionary response linked to survival from infection; and 

2) survivors of severe COVID-19 evolved Fc-effector functions more rapidly and to a higher 

level than individuals that ultimately died from COVID-19.70 However, interestingly, not all 

Fc-effector functions were induced equally, NK cell activation was not differentially induced 

in survivors, but neutrophil and monocyte opsonophagocytic activating antibodies were 

induced most rapidly and to a higher magnitude in survivors compared to non-survivors.  

While the ability of antibodies to drive antibody dependent cellular cytotoxicity 

(ADCC) via the recruitment of NK cells is well established in another respiratory viral 

infection, Influenza,90 the precise role for ADCC versus opsonophagocytic functions, known 

to be key to respiratory bacterial infections91 remains unclear in COVID 19 disease. SARS-

CoV-2 infection begins with viral attaching to the surface of the epithelium, via lectin-like 

interactions between the Spike and cell surface glycosylation92,93 (Figure 8). However, upon 

interaction with the human angiotensin converting enzyme-2 (ACE-2), the virus is taken up 

endosomally where it is able to fuse with the cell membrane and cause infection.94 

Moreover, following intracellular replication, viral assembly occurs via the Golgi apparatus, 

resulting in endosomal release of viruses. Thus, unlike influenza virus which fuses and exits 

via the plasma membrane where it can leave remnants of its surface proteins, SARS-CoV-2 

fuses and exits via endosomal compartments, leaving limited viral proteins on the surface of 

cells. Thus, killing of SARS-CoV-2 infected cells via ADCC may be difficult. Conversely, 

antibodies able to rapidly clear viruses prior to infection or following release, via 

opsonophagocytic functions, may lead to rapid viral clearance. Attenuation of inflammation, 
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may provide an opportunity for other immune mechanisms, such as T cells, to ultimately 

eliminate all infected cells. Thus, while antibodies may exist that can elicit both ADCC and 

opsonophagocytic functions, one of those functions may be more tightly linked to 

protective immunity, due to the life-cycle of the virus.  

Both neutralizing antibody levels and binding titers were robust correlates of 

protection in the phase 3 immune correlates analyses, largely conducted at peak 

immunogenicity against the wildtype SARS-CoV-2 spike.95 However, waning neutralizing 

antibody titers and the emergence of more neutralization resistant SARS-CoV-2 variants 

have resulted in enhanced numbers of breakthrough infections globally.96,20 Although there 

is a rise in detectable cases, a concomitant rise in severity of disease has not been 

observed,97 suggesting that non-neutralizing vaccine induced immunity affords persistent 

protection against severe COVID-19, despite the decline in neutralization. Importantly, 

emerging vaccine profile analyses suggest that not all antibody subpopulations decay with 

equal kinetics, with a steeper decline in neutralizing antibodies compared to binding 

antibodies that retain Fc effector functional activity.98 While only a fraction of total 

antibodies contributes to neutralization (Figure 9), a larger fraction of antibodies targets the 

entire surface of the SARS-CoV-2 virus and can contribute to additional antibody effector 

functions, potentially continuing to confer protective immunity against the virus even in the 

setting of decaying neutralizing antibody titers. Likewise, variant mutations that evade the 

limited sub-population of antibodies involved in strict neutralization, do not affect all Spike-

specific binding antibodies that may continue to drive antibody effector functions and 

contribute to antiviral immunity. Thus, while a loss of neutralization may result in loss of 

transmission blockade, the persistence of Fc-effector functional antibodies may continue to 
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drive rapid control and clearance of the virus following transmission, reducing disease 

severity and death. 

The definitive role of Fc-effector function in immunity to SARS-CoV-2 was most 

clearly demonstrated in monoclonal antibody passive transfer studies.99-101 While high titers 

of potent neutralizing antibodies do not require Fc-effector functions to confer protection in 

small animal models, less potent neutralizing antibodies have demonstrated a strong Fc-

dependency, conferring protection only in the setting of functional Fc-domains.100,102. 

Furthermore, these protective functions of weakly-neutralizing antibodies, that target the 

more conserved S2-domain of the Spike antigen, can be further functionally enhanced via 

the addition of Fc-point mutations that improve antibody interactions with Fc-receptors on 

innate immune cells, resulting in more potent protection against viral challenge and disease. 

These data clearly highlight the critical role of Fc-effector function in antibody mediated 

protection from disease, particularly in the setting of diminished neutralizing antibody 

activity. Moreover, the data argue that as neutralizing titers wane or more neutralization 

resistant variants appear, vaccine able to elicit antibody responses to conserved antigenic 

sites on the Spike antigen, with robust Fc-effector functionality, may drive longer lived 

protection against disease.  

T cells in protective immunity against COVID-19 

While there is robust evidence for important roles of nAbs in protective immunity 

against COVID-19, various lines of evidence also point to contributions of T cells against 

COVID-19, particularly severe COVID-19 disease. There are two general ways to consider the 

roles of T cells in protective immunity. The first is that T cells and antibodies have different 

kinds of functionality that are often valuable in controlling viruses. Antibodies tend to be 
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most effective when present prior to the start of an infection, with less efficacy after an 

infection has already started, because antibodies are more effective against extracellular 

virus than infected cells. Reciprocally, T cells cannot recognize a virus until after cells are 

infected, but they are the branch of adaptive immunity that specifically evolved to recognize 

and eliminate infected cells. 

 Some of the strongest indirect evidence for an important role of T cells in controlling 

SARS-CoV-2 infections comes from monoclonal antibody (mAb) clinical trials for COVID-19. 

In clinical trials of people treated with mAbs within a few days of symptomatic COVID-19, in 

an outpatient setting, mAb treatment clearly provided clinical benefit to those individuals, 

reducing the likelihood of hospitalization.103 However, mAb treatment only reduced viral 

loads by 4-fold in treated seronegative subjects.103 In contrast, placebo group individuals 

who seroconverted on their own exhibited 1,000-fold to 10,000-fold lower viral loads.103 

Given that the mAb infusions provide > 100-fold higher nAb titers, there is a large 

discordance between the modest drop in viral load after mAb infusion compared to the 

massive drop in viral load in individuals who develop their own immune response. Overall, 

the results are consistent with an important role for T cells in reducing viral loads by control 

and elimination of infected cells.104 Multiple clinical trials have shown no beneficial effect of 

high-dose neutralizing mAb treatment in hospitalized individuals. In contrast, mAbs 

provided in advance of infection have proven to be highly effective at preventing infections 

both in humans and non-human primates,105,106 consistent with high efficacy of mAbs 

before infection instead of during infection. To be absolutely clear on this point: early mAb 

treatment has a clinical benefit—and should be given immediately to high-risk individuals—

but the actual impact of mAbs on viral loads in those subjects is surprisingly modest, 

suggesting that antibodies are not big contributors in viral clearance and that the mAb 
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treatment may be largely “buying time” for a patient’s own T cell responses to amplify and 

clear the virus. 

 A second conceptual framework for considering protective benefits of T cells is a 

“layered defenses” model, sometimes colloquially referred to as a Swiss cheese model of 

defenses [Figure 4]. This type of model can be applied to many scenarios, wherein by having 

a series of layers of defenses, even if the first layer of defense is incomplete, there are 

additional secondary layers that also provide defense, which in sum provide sufficient 

immunity to be highly effective, even if the first layer fails. In the case of adaptive immunity 

to SARS-CoV-2 the first layer is neutralizing antibodies (nAbs), with the adaptive immune 

system having CD4 T cells, CD8 T cells, memory B cells and non-nAbs each providing an 

additional layer of defense [Figure 10], providing a diversity of mechanisms of protective 

immunity, some of which are more relevant in particular tissues or time windows. This 

conceptual framework highlights the challenges of quantifying the contributions of different 

aspects of adaptive immunity to COVID-19 if multiple components of immunity are present 

simultaneously. 

 Overall, as discussed below, a reasonable working model is that nAbs are important 

for protection against SARS-CoV-2 infection, but once infection occurs T cells are significant 

contributors to control and clearance of SARS-CoV-2 infection, limiting symptomatic COVID-

19 and preventing hospitalization-level disease and death [Figure 10], with the T cell 

functions provided by circulating and/or local tissue resident T cells depending on the 

circumstances. 

T cell mechanisms of protection 
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There are multiple potential mechanisms by which T cells can contribute to 

protective immunity against infectious diseases. These are worth briefly reviewing and then 

addressing which mechanisms may be active in SARS-CoV-2 infections [Figure 10]. 

 CD8 T cells recognize and kill infected cells via direct contact and are important in 

many viral infections107[Figure 10]. In those viral infections it is not possible to fully 

eliminate the virus without the activity of CD8 T cells.  

 For CD4 T cells, there are at least three distinct mechanisms of action involved in 

protective immunity against viruses: T-follicular helper cells (TFH), TH1 cells and CD4-CTL cells 

[Figure 9]. The first mechanism is T cell help to B cells, which is mediated by TFH cells.108  This 

functionality of CD4 T cells is critical for the generation of nAbs against most viral infections, 

the generation of affinity matured memory B cells, and the generation of durable antibody 

responses.108,109 In most contexts, there are weak or no nAbs in the absence of TFH cells and 

no long-term antibody production (which comes from long-lived plasma cells). Since most 

antibody responses to vaccines are dependent on TFH cells, antibody titers also serve as 

surrogate markers of CD4 T cell responses. 

 TH1 cells are classically associated with facilitating antiviral immunity. These cells 

produce interferon- (IFN) and other cytokines that can act on infected cells to enhance a 

cell-intrinsic antiviral state, as well as act in a local tissue environment to enhance the 

antiviral state of the tissue and recruit other effector cells to that site of infection. TH1 cells 

have been associated with protective immunity against influenza in human challenge 

studies.110 TH1 cells have also been associated with protective immunity against SARS-CoV in 

a mouse model.111 CD4-CTL cells are CD4 T cells related to TH1 cells, with cytotoxic activity 

similar to that of CD8 T cells. CD4-CTL cells express granzymes. CD4-CTL have been observed 

in multiple viral infections, including CMV, yellow fever virus, and Dengue virus.112-116 CD4-
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CTL cells have been specifically associated with protection in human Dengue,112 and possibly 

influenza.110  

 Location of T cells is also an important attribute of their biology. Unlike antibodies 

which can function at a distance from the B cells that produce them, T cells must directly 

contact an infected cell (or antigen-presenting cell) to exert their antiviral functions. Thus, 

tissue resident memory T cells (a.k.a. TRM) are an important aspect of T cell biology.117  

T cell protection in SARS-CoV-2 infection 

 Available mechanisms of immunity relate to the kinetics of clinical illness. The longer 

the time window before clinical disease onset, the more possibilities there are for different 

components of adaptive immunity to contribute to protective immunity against an acute 

infection.104,118. A disease that evolves slowly increases the likelihood that memory T cells 

could contribute to protective immunity. Importantly, COVID-19 in humans is a relatively 

slow disease, with symptoms most often first reported 5 days after infection, 

hospitalization-level disease often occurring 5 days later (~10 days post-infection), and an 

average hospital stay lasting 5 days.119,120 As a result, there is a large window of time for 

multiple branches of the immune system to control the infection before it progresses to 

hospitalization-level of COVID-19 illness.104 

 It is intrinsically challenging to demonstrate roles for T cells in protection in humans. 

The simple passive transfer burden-of-proof for antibodies is not available for T cells in 

humans. Additionally, antigen-specific T cells are more expensive and more technically 

challenging to measure than antibody responses. As noted above, mAb therapy studies 

during SARS-CoV-2 infections provide substantial indirect evidence of protective roles of T 

cells. Even with non-physiologically high levels of nAbs in such patients, viral loads were 

reduced by only 4-fold, while subjects making their own immune response had 1,000-fold 
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greater reductions in viral loads in the same period of time.103 However, none of those 

clinical trials directly measured T cells.  

 In response to SARS-CoV-2 infection, humans make CD4 T cell responses in nearly 

100% of cases, recognizing spike as well as many other SARS-CoV-2 proteins.47,121,122 The 

SARS-CoV-2 CD4 T cell response is composed of TH1 cells, TFH cells, and CD4-CTL 

cells.121,123,124 Memory TH1 and TFH cells develop in the vast majority of infected 

individuals.47 CD8 T cell responses are detectable in ~70% of individuals,121,125 recognizing 

multiple SARS-CoV-2 proteins,121,122 and CD8 T cell memory is detectable in the majority of 

individuals.47,126 In sum, CD4 and CD8 T cell responses do develop in the majority of human 

SARS-CoV-2 infections.  

 One study aimed to address the relationship between T cells and control of SARS-

CoV-2 infection by longitudinally tracking T cell responses and viral loads after symptom 

onset.127 In that study, the presence of strong early T cell responses was correlated with 

mild disease and rapid viral clearance.127 Antibodies did not exhibit the same pattern. 

Individuals with very few virus-specific T cells early on were associated with sustained high 

viral loads and the subsequent development of severe COVID-19.127 While those are the 

clearest data available indicating viral control by T cells, the study did have limitations. A 

relatively small number of individuals were enrolled, and the study did not distinguish 

between CD4 T cells and CD8 T cells.  

 Moderbacher et al. measured SARS-CoV-2-specific CD8 T cells, CD4 T cells and nAbs 

in 52 individuals followed longitudinally for disease severity.125 The study observed positive 

statistical associations between the presence of SARS-CoV-2-specific CD4 T cells or CD8 T 

cells and reduced disease severity, while no association was seen between nAbs and 

reduction of COVID-19 severity.125 Furthermore, age was correlated with low frequencies of 
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naive T cells and weak SARS-CoV-2-specific CD4 and CD8 T cell responses,125 providing a 

potential causal link between age and COVID-19 severity. The data suggest that one reason 

age is such a major risk factor for COVID-19 is that older individuals often have significantly 

smaller naive T cell repertoires, and thus have more difficulty making T cell responses to 

new viral infections. Limitations of this study were that it did not measure viral loads, or 

longitudinally track T cell responses in all individuals, and the cohort was somewhat limited 

in size. Three independent studies also found reduced SARS-CoV-2-specific CD8 T cell 

responses in hospitalized patients by intracellular cytokine staining.128-130 Lastly, a study 

assessing nucleoprotein-specific CD8 T cells found significant associations between stronger 

CD8 T cell responses and mild disease.131 In contrast, a study of only hospitalized patients 

did not find an association, which may be due to the lack of a non-hospitalized COVID-19 

comparator group.132 Higher levels of activated CD8 T cells in blood and poor disease 

outcomes were observed in a subset of individuals in a different study, but virus-specific 

CD8 T cells were not measured.133 Overall, in 6 studies that measured SARS-CoV-2-specific 

CD4 T cells and CD8 T cells, early and/or larger T cell responses were associated with faster 

viral clearance and/or better clinical outcomes, indicating important roles for T cells in 

control and clearance of SARS-CoV-2. 

 Autopsies of fatal COVID-19 cases and bronchoalveolar lavage (BAL) samples from 

hospitalized COVID-19 cases are valuable sources of information about immune responses 

to SARS-CoV-2 in lungs. Severe COVID-19 is associated with elevated neutrophil counts in 

blood, and most COVID-19 autopsy studies observed massive infiltrates of neutrophils and 

other myeloid cells with limited numbers of T cells present,134-137 consistent with an 

association between reduced T cells and severe COVID-19. Studies of BAL samples also 

found that a paucity of T cells was associated with severe COVID-19.138-140 One extensive 
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single cell transcriptomics study of BAL samples observed that viral RNA in monocytes was 

associated with CD8 T cell activation.141 This was largely the expected outcome for an acute 

viral infection, wherein the presence of viral material should drive CD8 T cell responses to 

produce cytokines and kill virally infected cells in the lung. SARS-CoV-2-specific CD4 T cells 

may assist in controlling infected cells both by production of TH1 cytokines that inhibit viral 

replication and recruit additional effector cells, and by CD4-CTL that can direct kill virally 

infected cells. Class II expression is widely expressed on inflamed lung epithelial and 

endothelial cells,124 making the SARS-CoV-2 infected cell targets for CD4-CTL killing. Tissue 

resident memory CD4 T cells and CD8 T cells specific for SARS-CoV-2 have been found in the 

lungs of humans after non-hospitalization mild cases of COVID-19,142 indicating T cells do 

migrate to the lungs during successful resolution of SARS-CoV-2 infection. Overall, data from 

lungs and BAL have been consistent with important roles of T cells in control and clearance 

of SARS-CoV-2.  

 Separate lines of evidence regarding potential roles of T cells in prevention of severe 

COVID-19 come from epidemiological findings in particular patient populations, including 

agammaglobulinemic individuals and patients on B cell depleting therapies. Such individuals 

have been found to have only a moderate increase in risk of hospitalization-level COVID-

19,143-148 suggesting that T cells can control and clear SARS-CoV-2 in the absence of a 

significant antibody response. Caveats to those data are that T cell responses were not 

directly studied in those individuals, and relative risks of those patient populations for 

COVID-19 could be skewed by behavioral differences.  

 Roles for T cells in animal models of COVID-19 are challenging to define because the 

major animal models currently in use have much faster disease progression than in humans, 

making any efficacy of T cells less likely to be measured. For example, in the majority of 
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mouse and hamster models, death occurs in 6 days; whereas in humans, it is quite common 

to not even have the first symptoms of mild COVID-19 reported until day 6.  

 

Cross-reactive memory T cells 

Pre-existing cross-reactive memory CD4 T cells recognizing SARS-CoV-2 provide 

insights into potential T cell mechanisms of protective immunity against COVID-19. Cross 

reactive memory CD4 T cells against SARS-CoV-2 have been detected in approximately 50% 

of uninfected individuals.121,149,150 Many of these memory CD4 T cells were generated in 

response to common cold coronavirus infections earlier in life.151 Two studies have now 

reported that under the controlled conditions of vaccination, subjects having preexisting 

cross reactive SARS-CoV-2-spike-specific memory CD4 T cells have more robust CD4 T cell 

and antibody responses to COVID-19 mRNA vaccines.152,153 These studies give direct 

evidence that cross reactive T cells are biologically functional in vivo and enhance immunity. 

It was speculated that these cross-reactive memory CD4 T cells may provide some degree of 

protective immunity against COVID-19, independently of vaccination.121,154 Epidemiological 

data support a reduction in severe COVID-19 amongst individuals with a history of common 

cold coronavirus infection within the previous five years.155 The most compelling evidence 

for a protective role of cross react memory T cells against COVID-19 comes from a UK 

healthcare worker (HCW) study.156 During the first COVID-19 wave, HCWs were highly 

exposed to the virus. Many of those HCWs remained seronegative. Seronegative HCWs 

were found to have significantly higher frequencies of SARS-CoV-2 reactive T cells than pre-

pandemic samples from other HCWs.156 Notably, seronegative HCWs with evidence of a 

potential SARS-CoV-2 infection based on the IFI27 gene biomarker were individuals with 

significantly higher frequencies of cross-reactive memory T cells. These cross-reactive T cells 
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were enriched in targeting the SARS-CoV-2 replication machinery, which is highly conserved 

between coronaviruses. Altogether, those data suggest that individuals with high levels of 

cross-reactive memory T cells had protective immunity that confined SARS-CoV-2 to a brief 

abortive infection, without seroconversion.156 Similar HCW T cell patterns were observed in 

another study.157 Altogether the findings suggest a role for tissue resident memory T cells in 

protective immunity against COVID-19. Tissue resident memory T cells are theoretically 

present in the nasal passages and mouth and could potentially locally restrict the viral 

infection. In a mouse model of SARS-CoV, CD4 T cells were protective when present at the 

site of infection.111 Overall, cross-reactive memory CD4 T cell results indicate the potential 

of memory CD4 T cells in protection against SARS-CoV-2. Previously infected individuals are 

expected to have local upper respiratory tract tissue resident memory T cells. Thus, 

protective mechanisms by cross reactive memory T cells would also likely occur due to 

SARS-CoV-2 specific tissue resident memory T cells in individuals with previous SARS-CoV-2 

infection.  

T cell protection against reinfection 

Rhesus monkeys previously infected with SARS-CoV-2 are protected against 

reinfection.158,159 Notably, depletion of CD8 T cells after SARS-CoV-2 infection resulted in 

significantly higher viral loads upon rechallenge of the animals with SARS-CoV-2,71 

demonstrating a role for CD8 T cells in protection against reinfection. While tissue resident 

memory CD8 T cells were not directly assessed, it may be that CD8 tissue resident memory T 

cells were the primary mechanism of protection in that model, given the speed of the CD8 T 

cell impact on viral loads within two days of rechallenge.71 

 Humans infected with SARS-CoV-2 do develop immune memory and have a high 

level of protection against reinfection. Protection against infection with the same variant or 
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a similar viral variant was greater than 90% against symptomatic disease in multiple studies 

for a period of at least 8 to 12 months.160-163 However, Omicron has a high degree of 

antibody escape. Most individuals infected with previous variants have undetectable nAb 

titers against Omicron,164 and Om]icron infection of people with natural immunity to 

previous variants is more common.165 While there is limited protection against detectable 

infection with Omicron, there is still a high level of protection against hospitalization or 

fatality,165 indicating a possible role for T cells in protection against Omicron. T cell 

recognition of Omicron is highly retained,166-168 just as it has been for recognition of all 

variants of concern prior to Omicron.169 Thus, whatever protective immunity is being 

provided by T cells against previous variants is still being provided against Omicron.  

In the context of protection against SARS-CoV-2, tissue resident memory T cells need 

to be present in the epithelial layers of the nasal passages or oral cavity, or present in the 

epithelium of lung tissue, including bronchi and alveoli. An additional function of tissue 

resident memory T cells can be an alarm function, whereby memory T cells can recognize a 

new infection and rapidly alert other immune system branches.170-172 This is potentially 

relevant in the context of COVID-19, as one of the defining features of SARS-CoV-2 is an 

unusually efficient evasion of detection by early innate immunity by SARS-CoV-2, resulting in 

a lengthy delay before recognition of SARS-CoV-2 infection in humans and subsequent onset 

of symptoms.104 An alternative early warning system by tissue resident memory T cells may 

overcome that innate immune silence. 

 There is a relatively long time window between SARS-CoV-2 infection and 

hospitalization-level disease. Thus, even if the virus gets past the nAbs and tissue resident 

memory T cells at the portal of entry, there is time for additional mechanisms of protective 

adaptive immunity to activate and provide layers of defenses against severe COVID-19 



32 
 

[Figure 4]. Disease kinetics affect the likelihood that circulating memory cells contribute to 

viral control. Given that memory T cells can proliferate rapidly (their numbers can increase 

10-fold within 24 hours), every day is a substantial increase in the possibility that a 

circulating memory T cell response contributes to protective immunity. This same principle 

of the race between memory recall kinetics and disease progression also applies to memory 

B cell protection. 

 

COVID-19 vaccine T cell mediated protection 

TH1 and TFH cells are generated in response to the Pfizer BNT162b2 or Moderna 

mRNA-1273 mRNA COVID-19 vaccines, and memory CD4 T cells are present in the vast 

majority of individuals six months post vaccination. Regarding CD8 T cells, there was initial 

confusion regarding CD8 T cell responses to the mRNA-1273 vaccine. Multiple groups have 

now consistently reported that a majority of individuals develop spike-specific CD8 T cells in 

response to the BNT162b2 or mRNA-1273 COVID-19 vaccines, but those cells are less well 

detected by certain short stimulation assays. T cells are intrinsically an essential component 

of protective immunity generated by the mRNA COVID-19 vaccines, as provision of TFH cell 

help to B cells is central for affinity matured nAb responses to mRNA vaccines and affinity 

matured memory B cells.173-177 

 No T cell correlates-of-protection COVID-19 vaccine studies have been done in 

humans. No resources were set aside for such studies for any of the major COVID-19 

vaccines, even though such trials are practical. Intracellular cytokine (ICS) CD4 T cell and CD8 

T cell assays can be implemented in vaccine clinical trials178,179 . Alternatively, minimal 

handling quantiferon-type whole blood IFN release assays (IGRA) can be implemented as 

higher throughput T cell assays, without distinguishing between CD4 and CD8 T cells180–182. 
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Antibody titers can frequently be used as correlates of vaccine-specific CD4 T cells, due to 

the dependence of nAbs on TFH cells. TH1 cell responses broadly correlate with TFH cells 

stimulated by the Pfizer BNT162b2, Moderna mRNA-1273, Janssen/J&J Ad26.COV2.S, and 

Novavax NVX-CoV2373 COVID-19 vaccines 152,168,175,183,184 . Peak antibody titers thus may 

serve as a proxy indicator of an individual’s T cell response to these COVID-19 vaccines.  

 Significant protective efficacy against the ancestral strain, or Alpha, was observed 

after a single dose of BNT162b2mRNA vaccine, even though nAbs were low or undetectable. 

This was reported by Pfizer as evidence of a potential role of T cells in protection from 

COVID-19.185 Similar 1-dose protection data have been observed for the mRNA-1273 vaccine 

in humans.186 CD4 T cells were found to be a correlate of protection against SARS-CoV-2 for 

the mRNA-1273 vaccine in non-human primates.187. Spike-specific CD4 T cells expressing 

CD40L, IL21, or any TH1 cytokine were all found to be significantly associated with lower 

viral loads in BAL and/or nasal swabs (e.g., reported p = 0.000, 0.000, and 0.001).187 All three 

of these spike-specific CD4 T cell populations were still associated with protective immunity 

when also considering spike specific IgG titers in multivariate analysis. The CD4 T cell and 

antibody responses showed evidence of linkage, which was expected as the CD4 TFH cell 

response was required for the antibody responses. A separate consideration, as noted 

above, is that the rhesus monkey model is a challenging model to observe T cell protective 

immunity, as the kinetics of the infection are faster and shorter than human clinical disease. 

Additionally, the monkeys were challenged with 800,000 PFU of the WA1 strain,187 whereas 

the 50% infectious dose in humans is 10 PFU.188 Thus, it could be considered impressive that 

any impact was observed between vaccine CD4 T cells and lower viral loads. Limitations of 

the study were that the T cell and antibody responses are linked and the role of the T cells 

could not be independently demonstrated.187 Additionally, CD8 T cells were measured using 
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an assay that largely did not detect spike-specific CD8 T cells after mRNA-1273 

immunization,184 whereas other CD8 T cell assays have found that a majority of immunized 

humans do make CD8 T cell responses.152 Thus, any potential association between CD8 T cell 

responses and protective immunity in the rhesus monkey vaccination model may have gone 

undetected. 

 T cell responses vary depending on the type of COVID-19 vaccine. In response to the 

adenoviral COVID-19 vaccines (AstraZeneca ChAdOx1 or J&J Ad26.COV2.S), TH1 cell, TFH cell, 

and CD8 T cell responses are detected in many individuals, and T cell memory does develop 

(see accompanying memory review). The primary COVID-19 protein vaccine is the Novavax 

vaccine, NVX-CoV2373. NVX-CoV2373 elicits substantial TH1 and TFH cells responses, as well 

as detectable CD8 cell responses in a minority of individuals (unpublished data). There are 

two categories of inactivated virus COVID-19 vaccines. CoronaVac, adjuvanted with alum, 

likely generates relatively weak CD4 T cell responses with a mixture of TH1 and TH2 cells, and 

no CD8 T cells. Covaxin (BBV152), adjuvanted with a TLR7/8 agonist, elicits substantial TH1 

and TFH cell responses,189 likely explaining the greater efficacy of Covaxin compared to 

CoronaVac.  

 There is waning mRNA vaccine protection against detectable infection over the 

course of 6 months after 2-dose vaccination.163,190,191 Importantly, protection against 

hospitalizations and deaths was relatively stable over the same period of time.163,191 The 

uncoupling of infection rates from hospitalization and fatality rates is consistent with a role 

of vaccine-elicited T cells in protective immunity. It has been widely suggested that this is 

also seen for Omicron, where after 2-doses of mRNA vaccine most individuals have no 

detectable Omicron nAbs, and yet there is still significant immunity from hospitalizations or 

fatalities.165,192 This again is consistent with a meaningful role for T cells in protective 
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immunity. However, these analyses are currently limited in terms of temporal follow up and 

comparator groups. 

 

Long COVID 

It is unknown if T cells play a role in protect against long COVID. There is reasonable 

evidence of viral RNA and protein persisting for at least 90 days in the intestines of greater 

than 50% of unvaccinated SARS-CoV-2 infected individuals193. Thus, persistent SARS-CoV-2 

infection as a cause of some cases of long COVID is a reasonable hypothesis. As a corollary, 

it is then plausible that weak CD8 T cell responses in some individuals could be associated 

with persistent SARS-CoV-2 in some tissues. In one case study, an 80-year-old man had 

substantial viral shedding for over 90 days that was associated with an impaired CD8 T cell 

response but an intact CD4 T cell and nAb response194. The potential involvement of 

insufficient T cell responses and multiple other immunological concepts of long COVID need 

to be tested and may shed light on protective immunity against COVID-19 more broadly.  

 

T cell protection summary 

Numerous lines of evidence point to roles of T cells in protective immunity against 

COVID-19. One key aspect is that the kinetics of severe COVID-19 are slow enough that a T 

cell recall response is likely to have sufficient time to contribute to protection before the 

onset of hospitalization-level disease. T cell recall can occur in 3-5 days for other infections, 

and T cells have evidence of protection against symptomatic influenza. Given that COVID-19 

is often symptomatic after 5 days, it is quite plausible that circulating T cells could prevent 

or moderate symptoms of COVID-19.104 The biggest immunological difference between 

protective immunity generated by SARS-CoV-2 infection compared to vaccination is mostly 
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likely the presence of local immunity in the upper respiratory tract and lungs. There are 

reasonable data that local tissue resident memory T cells are present and can limit viral 

replication sufficiently to moderate or prevent symptomatic disease. The most striking data 

are that these T cells can possibly fully prevent even seroconversion to infection. Infection 

generates tissue resident T cells, but vaccination presumably does not. The durability of 

immunity in previously infected individuals is also consistent with roles of T cells in 

immunity, given the low nAb titers in many individuals. Current vaccines are not designed to 

elicit tissue resident memory T cells at those tissue sites. Thus, this local mechanism of T cell 

protection by previous SARS-CoV-2 infection (or cross-reactive T cells) would not be 

expected for current COVID-19 vaccines. A mucosal vaccine would be required to generate 

local T cell immunity after immunization. 

DISCUSSION 

 The identification of correlates of protection by vaccines requires understanding of 

the utility of correlates for enabling predictions but also the limitation that the immune 

system is complex and that CoPs are simplifications of a biological situation in which 

different arms of the immune system may all contribute to protection. Mucosal infections 

are often contrasted with viremic or bacteremic infections but in the case of SARS-CoV-2 

one is dealing with an intermediate pathogenesis that has aspects of both local and 

systemic pathogenesis that does not involve viremia.  Our analysis turned up multiple 

correlates of protection.  However, although the most useful and easily applied is the 

quantity of antibodies that inhibit viral infection, it is manifest that opsonophagocytic 

functions and T cell responses impact on the ability of an infected person to control viral 

replication. Thus, there is a correlate of protection against SARS-CoV-2 infection and others 
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against severity of disease involving spread from mucosal sites.  There is value in identifying 

CoPs for protection against mucosal infection, protection against serious disease, and 

protection against transmission to others.   

 In this review we have focused separately on neutralizing antibodies, memory B 

cells, Fc effector functions, and T cell responses, each of which appear to have roles in 

protection.  For the vaccines currently in use, antibodies against the S1 protein of the spike 

are most important in preventing infection.  Those antibodies have multiple functions 

including neutralization but also helping natural killer cells to function.  Of course, CD4+ T 

cells must be available to promote B cell function and CD8+ T cells appear to be important in 

killing infected cells.  As inapparent infection by SARS-CoV-2 is common in vaccinees, 

functional T cells operate to destroy infected cells.  

Nevertheless, we know that antibody titers fall rapidly after vaccination, which 

allows vaccinees to again become susceptible to infection and symptomatic disease, 

suggesting that long-lived plasma cells are not well produced by vaccination. The result is 

that reinfection is common, although cellular immunity usually prevents serious disease. 

Thus, the ideal vaccine would generate neutralizing antibodies and both CD4+ and CD8+ T 

cells. Ideally, B cell memory and resident plasma cells would be generated to guarantee 

long-term immunity. 

 The functionality of antibodies is also important.  While antibodies are generally 

tested for neutralization against a fixed quantity of virus in the laboratory, protection 

against larger quantities of virus may be needed if a virus variant generates a higher 

challenge dose and therefore is more likely to overcome antibody on the mucosal surface. 

Human challenge studies suggest that only small amounts of virus are needed for 
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infection.195 Knowledge concerning SARS-CoV-2 mucosal antibody of either IgG or IgA class 

is insufficient. 

 The ideal vaccine against COVID-19 disease would generate high levels of 

neutralizing antibodies, Fc Effector antibodies, and T cells of both the CD4+ and CD8+ type, 

all broadly active against virus variants and maintained for long periods.   At the moment we 

lack such a vaccine.  mRNA vaccines do elicit high levels of neutralizing and Fc effector 

antibodies after two doses, but those responses fade with time.  It should be noted that 

such a defect is common with other mucosal pathogens, and it may be that repeated doses 

of vaccines against COVID-19 will be necessary to maintain protection against infection.  

That being said, epidemiolgoical evidence to date is that protection against serious and fatal 

disease is much easier to achieve even if vaccines do not induce long-lasting plasma cells 

and thus durable antibody production.  

SUMMARY 

 Antibodies against epitopes in S1 give the most accurate CoP against infection by the 

SARS-CoV-2 coronavirus.  Measurement of those antibodies by neutralization or binding 

assays all have predictive value, with binding antibody titers giving the highest statistical 

correlation. However, the protective functions of antibodies are multiple. The role of 

cellular responses can be discerned with respect to CD4+ T cells and their augmentation of 

antibodies, and with respect to CD8+ cells with regard to control of viral replication, 

particularly in the presence of insufficient antibody.  More information is need on mucosal 

responses. 
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Figure 2. Correlation between antibody responses and efficacy rate for 7 COVID-19 vaccines. 

Panels A and B display correlations of antibody responses for neutralization and ELISA assay ratios, 

respectively, normalized to HCS panel titers from the same assay. Dot size corresponds to the 

number of cases reported for Phase III efficacy analyses. The y-axis is estimated log risk ratio 

reported on the vaccine efficacy scale. The x-axis is ratio of the peak geometric mean neutralization 

titer or ELISA titer at 7-28 days post vaccination, relative to HCS. Error bars indicate 95% confidence 

Intervals (except for Oxford/AZ antibody responses, which represent ratios of median titers with 

interquartile ranges) with dashed line showing non-parametric LOESS fit. A rank correlation value 

was calculated with R2 in a linear model utilized for variance explanation. Reprinted from Vaccine 

Volume 39, Earle KA, Ambrosino DM, Fiore-Gartland A,et. al. Evidence for Antibody as a protective 

correlate for COVID-19 vaccines, 4423-4428, 2021. 
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Figure 3. Correlation of Spike IgG binding antibody measured on the same platform with vaccine 

efficacy for wild type, alpha and delta variants. Vaccine efficacy/effectiveness (VE) and SARS-CoV-2 

spike binding IgG GMC, against Original (WT), alpha and delta variants. Superscript 1 or 2 indicates 

the number of doses for the vaccine regimen. The y-axis is estimated log risk-ratio reported on the 

vaccine efficacy scale. The x-axis is the geometric mean concentration (GMC) of spike-specific IgG 

antibody binding measured by MSD and calibrated to the WHO standard (binding antibody units per 

mL). Error bars indicate 95% confidence intervals for either the GMC IgG level (x-axis) or VE (y-axis). 

Weighted least-squares linear regression fit using inverse variance weighting on VE estimates 

(dashed line black for WT, dashed line blue for alpha variant). Rank correlation coefficient, variance 

explained by the model, and mean squared error (MSE) are indicated for the WT, and alpha variant 

models. Reprinted from Vaccine Volume 40, Goldblatt D, Fiore-Gartland A, Johnson M, et. al., 

Towards A Population-Based Threshold of Protection for COVID-19 Vaccines, 306-315, 2022  
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Figure 4. Layered defenses against SARS-CoV-2, or the “Swiss cheese” model of immunity. Multiple 

types of adaptive immunity with diverse mechanisms and locations likely provide layers of defense 

against COVID-19. Conceptually, layered defenses are like a “Swiss cheese model”: even though each 

layer is imperfect, all together they make it highly unlikely that the pathogen breaches all of the 

layers of defense. Graphic inspired by the masking and public health layered defenses Swiss cheese 

model of Ian M. Mackay. 
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Figure 5. Gradations of protective immunity. “Protection” can be defined many ways, and 

can be categorized based on COVID-19 disease severity. Sterilizing immunity can only be 

provided by antibodies at the portal of entry. Prevention of detectable infection (e.g., a 

positive test) can be accomplishing by neutralizing antibodies and possibly tissue resident T 

cells. Prevention of hospitalization-level COVID-19 or fatal COVID-19 can likely be 

accomplished by multiple branches of adaptive immunity acting together over time.  
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Figure 6. Antibody anatomy. Antibody molecules can be divided into 2 functional 

domains: Domain #1- composed of 2 antigen binding domains that contribute to 

antigen specificity and drive neutralization and Domain #2- consisting of a single 

constant domain that provides instructions to the immune system for elimination of 

antibody-opsonized material. 
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Figure 7. Antibody mechanisms of action. The cartoon depicts that potential 

contribution of Fab versus Fc mediated antibody functions at different antibody 

titers. Where neutralization alone may be sufficient to block transmission at 

peak titers (left). However, as titers wane, or variants evade large fractions of 

antibodies, the ability of antibodies to leverage immune effector functions may 

be vital to protection from disease.  
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Figure 8. Relevance of antibody effector functions throughout the SARS-CoV-2 viral 

life-cycle. The cartoon depicts the interactions of the virus with the host cell, and the 

moments when the Spike antigen may be visible to circulating antibodies. As the virus 

roles across the cell surface and may be targetable by many effector mechanisms 

including those driven by phagocytic cells and Natural Killer (NK) cells (left). However, 

once binding to ACE2 has occurred, the virus is rapidly endocytosed, leaving limited to 

no Spike on the surface of cells. Moreover, new viruses assemble and release from the 

Golgi, leaving little to no spike on the surface at the time of egress (right). Thus, 

functional Spike specific antibodies likely confer the bulk of their protective functions 

via the recognition and elimination of free particles prior to infection or soon after 

egress, providing a critical bottleneck for the virus. 
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Figure 9. Impact of viral mutation on antibody recognition. The cartoon on the left depicts 

the restricted binding sites for neutralizing antibodies (purple), that either interfere directly 

with binding or fusion machinery, or may allosterically interfere with binding/fusion. 

Conversely, non-neutralizing Fc-functional antibodies (yellow) may bind to the entire 

surface of the Spike. Yet, with the incorporation of mutations, in Variants of Concern, 

changes that may impede neutralizing antibody binding may disrupt a few, but only a 

fraction of non-neutralizing antibodies.  
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Figure 10. T cell mechanisms of action in protection against disease. CD4 T cells and CD8 T cells 

possess multiple mechanisms of action that are valuable in protection against viral infections. 
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