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The orchestrated roles of innate and adaptive 
immunity are crucial for preventing and 
controlling infectious threats. Immune 
memory established following recovery 
from infection, or via vaccination, provides 
at least partial immune protection 
from subsequent reinfection or disease. 
Immunological memory has multiple 
components, with putative roles for 
circulating antibodies, memory B cells, 
and memory CD4+ T cells and CD8+ T cells. 
Understanding the relative contribution 
of these different immune mechanisms 
in protection from SARS-​CoV-2 infection and 
identifying immune correlates of protection 
are critical for long-​term control of 
COVID-19. A simplified mechanistic 
correlate identifying the responses that 

protective immunity to most pathogens does 
not refer to a binary outcome (susceptible 
versus protected) but instead reflects 
a spectrum, from complete protection 
(prevention of the acquisition of viral 
infection) through to amelioration of 
symptomatic disease severity. Importantly, 
elements of immune memory responses 
are likely to be multifaceted, particularly 
in protection against severe COVID-19, 
and the mechanisms of protection from 
establishment of infection and from severe 
infection may only partially overlap. 
Although it may be overly simplistic to 
attempt to assess an independent role for 
antibodies and T cells, understanding 
which immune mechanisms contribute to 
protection at different stages of infection 
could assist in rationally focusing 
improvements for future vaccines and 
immunotherapeutics for SARS-​CoV-2.

In this Perspective, we consider how 
immune memory generated by vaccination 
contributes to protection from subsequent 
COVID-19. In clinical trials this protection 
is typically measured as vaccine efficacy 
against ‘symptomatic infection’ or ‘severe 
infection’ (including hospitalization 
and ventilation), although protection 
against asymptomatic infection has also 
been measured in some studies where 
participants undergo regular PCR screening 
for infection2. Here we adopt a functional 
definition of ‘protection from infection’, 
meaning the ability of an immune response 
to protect against the establishment of 
detectable infection (with use of whatever 
screening method might be used in a 
particular study). This might in some cases 
mean complete protection against viral 
entry and replication, but in other cases 
it may include the possibility of low-​level 
asymptomatic viral replication. Similarly, 
we adopt a functional definition of ‘severe 
SARS-​CoV-2 infection’, meaning typically 
infection leading to hospitalization3.

Importantly, we aim to distinguish 
between immune responses and 
immune protection. That is, although 
different aspects of immune responses to 
SARS-​CoV-2 vaccination can be measured, 
only a subset of these may meaningfully 
contribute to immune protection from 
infection or progression to severe disease. 
Although we briefly discuss the role of 

mediate protection facilitates rational design 
of novel vaccines and allows approval of 
new vaccines through ‘immunobridging’ 
(acceptance on the basis of immune 
responses rather than efficacy trials). 
In addition, immune correlates support 
predictions of the durability of immunity in 
the face of waning immune responses and 
against emerging new variants of concern. 
Studies of vaccines for other acute viral 
infections, such as influenza, measles and 
polio, show that neutralizing antibodies (nAbs) 
are commonly an important correlate of 
protection1 (Box 1). By contrast, there is a 
clear and dominant role for T cell immunity 
in maintaining immune control of chronic 
infections such as tuberculosis and many 
herpes virus infections. In reality, however, 
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immune responses in the control of primary 
SARS-​CoV-2 infection in naive individuals, 
our main focus is on understanding how 
immune responses after vaccination predict 
or control the outcome of a subsequent 
infectious challenge. Understanding this 
relationship between different immune 
parameters and clinical outcome is key  
to predicting vaccine efficacy, the rational 
design of next-​generation vaccines and 
forecasting the impact of waning immunity 
and SARS-​CoV-2 variants on long-​term 
population-​level protection. Importantly, 
immune memory against SARS-​CoV-2 
may act at different stages to affect infection 
outcomes. For example, nAb responses or 
mucosal responses may act to block viral 
entry and establishment of infection, while 
recall of humoral or cellular immunity 
may act later to reduce the severity of 
infection4. It is clear that vaccination 
reduces the risk of SARS-​CoV-2 infection. 
However, this protection is not perfect, 
and ‘breakthrough infection’ still occurs in 
a proportion of vaccinated individuals, 
particularly with novel viral variants5,6. 
Importantly, even when breakthrough 
infection occurs, vaccine-​induced 
immunity may still provide protection from 
progression to severe infection7,8. Thus, after 

discussing the role of immune responses in 
the resolution of primary infection, we focus 
on the roles of vaccine-​induced adaptive 
immune responses in both protection from 
SARS-​CoV-2 infection and protection 
from severe disease, with a focus on the role 
of SARS-​CoV-2-​specific T cells.

T cells in primary SARS-​CoV-2 infection
Both antibody and T cell responses are 
induced by primary SARS-​CoV-2 infection 
in unvaccinated individuals, and there is 
an abundance of evidence that a robust 
multicomponent immune response 
correlates with resolution of infection 
in the absence of prior vaccination9. 
Clinical studies have correlated more rapid 
generation of both antibody and T cell 
responses to SARS-​CoV-2 with improved 
infection outcomes10–12. Coordinated 
T cell and antibody responses reduce 
the severity of primary SARS-​CoV-2 
infection13. Moreover, studies in individuals 
with immunodeficiencies have suggested 
that T cell responses have an important 
role in controlling primary SARS-​CoV-2 
infection when antibody responses are 
impaired14. Importantly, a robust CD4+ T 
follicular helper cell response is essential 
for the development of nAb responses to 

primary SARS-​CoV-2 infection15. Low CD4+ 
T cell counts in HIV infection have been 
associated with prolonged viral persistence 
owing to delayed antibody development and 
viral escape mutation16. Higher convalescent 
HLA-​B*07:02-​restricted CD8+ T cell 
responses are present in individuals with 
milder infection17. A role for both antibody 
and T cell responses in resolving primary 
SARS-​CoV-2 infection is also supported 
by several studies in mouse and macaque 
infection models18,19.

A number of studies have also investigated 
the potential role of pre-​existing T cell 
responses to seasonal coronaviruses and their 
potential cross-​reactivity with SARS-​CoV-2. 
Higher levels of cross-​reactive CD8+ T cells 
were reported in convalescent individuals 
who had experienced mild disease compared 
with those who had experienced severe 
disease20. In a study of health-​care workers, 
both infected–recovered and exposed–
uninfected (seronegative) health-​care 
workers were observed to have similar 
levels of T cells that cross-​react between 
SARS-​CoV-2 and other coronaviruses21. 
In addition, a study of T cell responses in 
household contacts suggested that higher 
levels of nucleocapsid-​specific, IL-2-​secreting 
T cells were found in individuals who did  
not become infected compared with those 
who became infected22.

There is little controversy that a robust, 
multicomponent adaptive immune 
response is critical for mitigating primary 
SARS-​CoV-2 infection13. However, the 
mechanistic role of different elements of 
this response can be difficult to dissect in 
primary infections. Moreover, the rapid 
spread of infection and uptake of vaccination 
will mean a reducing frequency of primary 
infections over time. The analysis of 
vaccine-​primed immune responses and 
their association with infection outcome is 
directly relevant to increasing the efficacy of 
vaccines and is the focus of this Perspective 
going forward.

Vaccine-​induced protection from 
infection
nAbs protect from SARS-​CoV-2 infection. 
It is well established that nAbs are critical 
for both preventing SARS-​CoV-2 infection 
and reducing the risk of progression to 
severe disease (Fig. 1), and the mean level of 
plasma nAbs elicited by different vaccines 
is predictive of their efficacy against 
symptomatic SARS-​CoV-2 infection3 
(Fig. 1a). In addition, studies of antibody 
levels soon after vaccination show that 
vaccinated individuals with low levels of 
nAbs were more likely to subsequently 

Box 1 | Diverse infections require divergent mechanisms of immune control

A major question in understanding immunity to SARS-​CoV-2 infection is how to differentiate 
between immune responses and the dominant mechanism of immune protection. That is, both 
infection and vaccination tend to elicit a combination of T cell and antibody responses. However, 
there are many infections where only a subset of these responses are thought to be the most 
critical mediators of protection (in tuberculosis, for example, where T cells are thought to play the 
major role). As the levels of antibody and cellular responses are often correlated, it can be difficult 
to dissect their independent roles. However, conditions of immunosuppression or 
immunodeficiency can give some insights.

An absolute lack of T cells, such as occurs in T cell-​deficient forms of severe combined 
immunodeficiency, is incompatible with life, and therefore studying vaccine responses in the 
setting of absolute T cell deficiency is not feasible. However, other forms of T cell deficiency exist, 
including the severe acquired CD4+ T cell depletion associated with HIV/AIDS, which is associated 
with exacerbation of a number of latent or chronic infections, such as tuberculosis and herpes  
virus infections, as well as susceptibility to a variety of fungal, protozoan and other opportunistic 
infections. Because HIV/AIDS (and other T cell deficiency disorders) are associated with B cell 
dysfunction and/or deficiency, it is not possible to attribute all these infections solely to CD4+  
T cell dysfunction. However, the fact that common acute viral infections such as influenza  
(and seasonal coronavirus infections) are not dramatically more severe in people with HIV/AIDS 
may suggest that, in the context of established immunity, these viruses can be controlled at least 
temporarily with poorly functioning and/or reduced levels of CD4+ T cells. Here it is again important 
to differentiate between the requirement for coordinated collaboration between T cells and B cells 
in the establishment of immunity in primary infection versus the roles of these cells in mediating 
protection once immunity is established.

HIV/AIDS-​associated CD4+ T cell lymphopenia has been associated with poorer outcomes  
in active SARS-​CoV-2 infection83–85, including prolonged primary SARS-​CoV-2 infection and 
extensive viral evolution in the context of a slowly developing antibody response16. Emerging  
data on SARS-​CoV-2 vaccination in the setting of HIV infection suggest largely preserved levels  
of neutralizing antibodies86,87. However, other studies suggest an increased risk of breakthrough 
infections after vaccination88. Understanding the impact of T cell deficiency occurring after the 
establishment of immunity to SARS-​CoV-2 infection may directly address the role of memory 
T cells in protection from COVID-19.
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experience breakthrough infection6,23. 
In vitro neutralization activity is also 
predictive of vaccine efficacy against 
symptomatic infection with SARS-​CoV-2 
variants24 (Fig. 1b). Monoclonal nAbs to the 
SARS-​CoV-2 spike protein have shown 
a high level of protection if administered 
prophylactically or as postexposure 
prophylaxis25,26, demonstrating a mechanistic 
role for antibodies in preventing infection 
(Box 2). Work across several animal models 
of SARS-​CoV-2 infection also defines a role 
for nAbs in protection from SARS-​CoV-2 
infection27.

Role of T cell responses in protection from 
SARS-​CoV-2 infection. Memory T cell 
responses have been posited to play a 
significant role in immune protection from 
acquisition of SARS-​CoV-2 infection9,28,29, 
although direct evidence for this is 
limited. At least two major roles for T cells 
in the adaptive immune response are 
proposed. First, CD4+ T cells are central 
facilitators of effective humoral immunity 
via the provision of ‘helper’ signals that 
modulate the differentiation and selection 
of B cells. In addition, both CD4+ T cells 
and CD8+ T cells have the potential to 
mediate direct antiviral function through 
either the secretion of antiviral cytokines 
or the directed killing of infected host 
cells. A critical role for CD4+ T cell help 
(T follicular helper cells) in the generation 

of effective nAb responses to SARS-​CoV-2 
infection is clear15,30,31. However, a role 
for vaccine-​elicited memory CD4+ T cell 
and CD8+ T cell responses in directly 
mediating protection from SARS-​CoV-2 
infection (independent of initial T cell help 
for generating nAb responses) is unclear. 
In contrast to nAb analyses, where robust 
correlations between vaccine-​induced nAbs 
and prevention of infection are available3,6,23, 
definitive data correlating the levels of 
memory T cells in the blood with protection 
from SARS-​CoV-2 infection in vaccinated 
humans are lacking.

A significant limitation in studying a 
link between memory T cell immunity 
and protection in humans is the lack of a 
standardized assay for measuring T cell 
responses and for comparison across 
studies. Measurement of a pathogen-​specific 
antibody is a useful and convenient 
marker of B cell-​mediated immunity 
that is routinely used in research and 
diagnostic assays for acute and chronic 
viral infections (for example, hepatitis B, 
measles, mumps, rubella and varicella 
zoster). By contrast, the most established 
memory T cells research assays, such as the 
enzyme-​linked immunosorbent spot assay, 
are time-​consuming and labour-​intensive, 
largely precluding their advancement into 
the diagnostic setting, with the exception of 
interferon-​γ release assays in the diagnosis 
of Mycobacterium tuberculosis infection. 

As a result, our ability to correlate functional 
T cell assays to clinical outcomes is less 
established as compared with antibody 
assays. The recent development of an 
interferon-​γ release assay for SARS-​CoV-2 
is welcome in this regard32. In addition, 
studying T cells in blood may not reflect 
the levels of localized immunity in the lung, 
although there is as yet no strong evidence 
to support a major role for vaccine-​induced 
localized or non-​spike-​specific T cell 
responses33 (Box 3).

The lack of data supporting a clear role 
for T cells in preventing SARS-​CoV-2 
infection may be due, in part, to challenges 
in deconvoluting the concomitant 
generation of both humoral and cellular 
immunity. That is, the prominent protective 
effect of nAb responses in highly efficacious 
vaccines may ‘mask’ any secondary role for 
T cell responses. Additionally, even a weak 
correlation between T cell and antibody 
responses may further confound analyses 
of correlates of protection15,33.

Disentangling the contribution of nAbs 
and T cells in protection from SARS-​CoV-2 
infection. A current challenge in this field 
is the difficulty of studying T cell responses 
in isolation, given the significant reliance 
on T cells for proficient nAb generation. 
One potential way to address the role of 
T cells in protection from SARS-​CoV-2 
infection is to identify contexts where T cell 
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Fig. 1 | Neutralizing antibodies predict protection from acquisition of SARS-CoV-2 infection. a | Relationship between the mean in vitro neutralizing 
antibody level from phase I/II trials of different vaccines and the reported phase III efficacy against symptomatic infection with the ancestral SARS-​CoV-2 
strain (adapted from ref.3). The x axis is scaled as a proportion of the mean neutralization titre of convalescent participants analysed in the same study.  
b | Relationship between the predicted neutralization against SARS-​CoV-2 variants and the reported efficacy of different vaccines against the variants 
(adapted from ref.24, with additional data overlaid from ref.63). c | Relationship between the neutralizing antibody level and protection from severe 
SARS-​CoV-2 infection (with the ancestral virus; adapted from ref.3).
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and nAb responses may be at least partially 
‘decoupled’, and then analyse which response 
predicts protection.

Infection with SARS-​CoV-2 variants 
of concern is one situation where nAb 
responses and T cell responses may 
diverge (Fig. 2a). nAb titres for variants 
of concern (including Omicron) can be 
much lower (more than tenfold) than 
responses to the ancestral virus and the 
vaccine immunogen24,34–36. However, 
there is relatively little loss of T cell 
cross-​reactivity to variants of concern, 
including Omicron37–39. Thus, exposure 
of vaccinated individuals to SARS-​CoV-2 
variants of concern presents a situation in 
which T cell immunity should remain largely 
intact, whereas effective concentrations of 
nAbs are greatly reduced (Fig. 2a). Clinical 
trials consistently show that vaccine 
efficacy in preventing infection is reduced 
for these variants40,41 at a level predicted 
by nAb levels24 (Fig. 1b), despite the largely 

intact T cell recognition42. Similar results 
have been observed in macaques, where 
decreased neutralization titres for the Beta 
variant coincided with reduced control of 
SARS-​CoV-2 infection, despite preserved 
T cell recognition43.

Boosting of immune responses in 
previously infected individuals through 
vaccination also provides an example 
of dissociation between nAb levels and 
T cell levels44,45 (Fig. 2b). Vaccination of 
previously infected individuals results in 
peak nAb levels severalfold higher than the 
levels observed after vaccination of naive 
individuals44,46,47. However, spike-​specific 
T cell immunity does not appear to be 
similarly boosted, with spike-​specific 
T cell frequencies comparable to those 
observed after vaccination of naive 
individuals45,48 (Fig. 2b). Thus, if protection 
from infection tracked with T cells, then we 
might expect little difference in protection 
after vaccination of naive or recovered 

individuals. However, vaccination has been 
observed to have a significantly greater 
effectiveness in preventing infection 
in recovered individuals versus naive 
individuals49, which argues for a critical role 
for nAbs.

It is now clear that nAb responses wane 
after SARS-​CoV-2 infection or vaccination 
with a half-​life of 3–4 months50,51, and 
that a decline in vaccine efficacy against 
symptomatic SARS-​CoV-2 infection tracks 
closely with this decay7,8. The observed 
waning of nAb responses could theoretically 
lead to an increasingly important role 
for CD4+ T cells and CD8+ T cells over 
time51. Comparisons of the stability or 
waning of particular immune responses 
can be challenging owing to differences in 
assay sensitivity and comparing antibody 
titres with cell numbers. However, a 
direct comparison of the decay of nAb 
responses and of SARS-​CoV-2-​specific 
CD4+ T cell and CD8+ T cell numbers show 

Box 2 | Lessons from passive antibody therapy

Although neutralizing antibody responses are 
clearly correlated with protection from acquisition 
of SARS-​CoV-2 infection and severe disease, 
a major question is whether they act directly  
and independently to mediate this protection. 
A number of SARS-​CoV-2-​neutralizing monoclonal 
antibodies have been developed that have been 
used both prophylactically and therapeutically89,90. 
The results of these studies allow us to compare 
vaccine-​mediated protection (involving a 
combination of antibody and cellular responses) 
with the protection from antibodies alone. For 
example, O’Brien and colleagues studied the 
effects of administration of monoclonal antibodies 
to household contacts within 96 h of diagnosis  
of the index case25. They observed overall 81% 
protection from acquisition of symptomatic 
SARS-​CoV-2 infection. However, as some of  
the individuals may have been exposed before 
treatment, this may include postexposure 
prophylaxis of many participants. To overcome  
this, they also studied protection against the late 
acquisition of symptomatic SARS-​CoV-2 infection 
(arising more than 2 weeks after treatment), 
assumed to have been acquired after treatment. 
Prophylactic administration of monoclonal antibodies provided 92.6% 
protection from late acquisition of SARS-​CoV-2 infection, which closely 
matches the efficacy seen after the use of vaccines that induce the highest 
levels of neutralizing antibodies3. Therapeutic administration of monoclonal 
antibodies early after confirmed infection (before day 5 after symptom onset) 
has also been shown to provide up to 85% protection from progression to 
severe disease26,90.

Another feature of vaccine-​mediated immune control of SARS-​CoV-2 
infection is the more rapid clearance of the virus after the peak of infection55 
(see the figure), which has sometimes been attributed to T cell-​mediated 
lysis of infected cells. Interestingly, passive antibody administration leads  
to a similar increase in the rate of viral clearance91. The mechanisms for this 
are unclear, and may include antibody-​dependent cellular cytotoxicity  
lysis of infected cells (as supported by animal model studies92), or simply a 

reduction in the level of ongoing cycles of infection through neutralization 
and clearance of free virus. Animal models also clearly support the utility  
of prophylactic and early therapeutic administration of monoclonal 
neutralizing antibodies27,93–95.

Taken together, this analysis suggests that passive antibody 
administration and vaccination can protect from both acquisition of and 
progression to severe SARS-​CoV-2 infection, and that they have similar 
effects on viral kinetics. The levels of the antibody delivered in therapeutic 
SARS-​CoV-2 monoclonal antibody treatment are much higher than those 
observed after vaccination90. However, this analysis strongly supports the 
idea that neutralizing antibodies play a mechanistic role in protection from 
SARS-​CoV-2 infection, and that it may not be necessary to invoke other 
mechanisms to explain the protection seen after vaccination.
Data used in the figure were extracted from refs55,91.
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similar half-​lives50,51 (Fig. 2c), although other 
studies have even suggested a rise in T cell 
numbers52. Epidemiological data clearly 
show a waning in the level of protection 
from symptomatic SARS-​CoV-2 infection 
over the first 6 months after vaccination7,8. 
However, as nAb responses and T cell 
numbers appear to decay with similar 
rates, this does not provide a definitive 
argument for the importance of T cells 
in late protection from infection. Indeed, 
decoupling the relative contribution of 
T cell and humoral responses to immune 
protection over time is likely to be extremely 
challenging.

A final argument that has been raised to 
argue for T cell protection from acquisition 
of SARS-​CoV-2 infection relates to the 
onset of protection after vaccination. Studies 
have argued that clinical protection is 
observed within the first 2 weeks after the 
first vaccine dose, when T cell and binding 
antibody responses can be detected, while 
nAbs remain below the limit of detection 
(usually a titre of 1:10 or 1:20)53. However, 
a major limitation here is the sensitivity of 
in vitro neutralization assays. The highest 
concentration of serum used is typically 
1:10 to 1:20 (as lower serum dilutions affect 
the assay itself). However, the inability to 
detect neutralization at this level does not 
imply the absence of an in vivo effect (there 
is obviously no dilution in vivo). Indeed, 
the estimated neutralization titre for 50% 
protection from symptomatic SARS-​CoV-2 
infection (54 IU ml−1) is below the sensitivity 
of most in vitro assays, despite the clear 
evidence of protection in vivo3. However, 
further investigation and validation of 
this early-​onset protection may provide 
interesting insights into protection from 
SARS-​CoV-2 infection.

T cells as a ‘backup’ for antibody-​mediated 
protection from SARS-​CoV-2 infection? In a 
healthy vaccinated individual, protection 
from acquisition of SARS-​CoV-2 infection 
clearly appears to correlate with nAb levels 
(Figs 1,2). Can T cells act as a ‘backstop’ to 
prevent SARS-​CoV-2 infection when nAb 
responses are low or absent? Identifying 
subgroups with compromised or low 
nAb responses provides an opportunity 
to study this. For example, individuals 
receiving low-​potency vaccines, studied 
late after vaccination, or treated with 
immunosuppressive agents may reveal the 
potential of T cells for protection. A major 
clinical concern is for immunocompromised 
individuals who may fail to make appropriate 
nAb responses. This is a difficult population 
to study given the clinical heterogeneity of 

immunosuppression and also the interaction 
between different immune responses. 
For example, patients treated with anti-​
CD20 (a B cell-​depleting antibody) and 
then vaccinated show reduced antibody 
responses to vaccination. However, they 
also show reduced CD4+ T follicular helper 
cell responses, other relatively normal 
CD4+ T cell responses (for example, 
T helper 1 cells) but augmented CD8+ T cell 
responses54. This highlights the potential 
for a compensatory increase in the number 
(and role) of some T cell responses in 
the absence of nAb responses, although the 
mechanisms of this are unclear. Importantly, 
this occurs in the context of B cell deficiency 
in the ‘priming’ stage of vaccination. Anti-​
CD20 treatment after vaccination may 
have quite different effects on established 
immunity. Thus, immunosuppressive 
therapy may often produce a complex 
picture of both B cell and T cell immune 
perturbation, and the mechanisms of 
protection may not always mirror those in 
immunocompetent individuals. However, 
understanding immune protection in this 
vulnerable population may provide insights 
into an area where boosting T cell responses 
has the potential to greatly improve infection 
outcomes.

Vaccine-​induced protection from 
severe disease
The role of nAbs in protection from severe 
disease. The previous analysis investigated 
the correlates of protection from SARS-​
CoV-2 infection, which likely involves nAb-​
mediated blocking of the early establishment 
of infection (although the site and 
mechanisms of action are not definitively 

established)4. Analyses of protection from 
severe disease are more difficult, however, 
as there are relatively few prospective data 
on severe disease from phase II vaccine 
trials, with fewer than 100 severe cases 
observed overall3. Despite this important 
limitation, we still find that nAb responses 
remain predictive of protection from severe 
disease and that the nAb titre associated 
with 50% protection from severe SARS-​
CoV-2 infection is around six times lower 
than the level required to protect against 
acquisition of infection (around 8 IU ml−1 
versus 54 IU ml−1)3. Because of the lower 
levels of nAbs associated with protection 
from severe disease, this protection is 
expected to be sustained for much longer 
than protection from acquisition of 
infection24 (Fig. 1c). Similarly, protection 
against severe disease from SARS-​CoV-2 
variants is also thought to be maintained 
because lower levels of nAbs are associated 
with protection from severe infection. 
A major challenge here is that the level 
of nAbs associated with protection from 
severe disease is below the detection limit 
of many neutralization assays. In addition, 
it is unclear whether a nAb level of 8 IU ml−1 
is itself active in protection (a ‘mechanistic 
correlate’ of protection) or whether this is 
simply a (surrogate) biomarker of another 
mechanism such as plasmablast or memory 
B cell recall potential (which may act to 
rapidly boost nAb levels in early infection)1.

Whereas vaccination and prior infection 
can mediate strong protection from 
acquisition of SARS-​CoV-2 infection 
(ranging from around 50% to around 95% 
protection), ‘breakthrough infections’ 
in vaccinated individuals are commonly 

Box 3 | Mucosal responses and responses to non-​spike proteins

Previous SARS-​CoV-2 infection is thought to elicit a range of localized (lung and mucosal) immune 
responses that are not expected to be present after intramuscular immunization. Similarly, 
infection elicits responses to multiple viral antigens. By contrast, most current vaccines incorporate 
only the spike immunogen, and all are delivered intramuscularly, and thus vaccine-​induced 
antibody and T cell responses are focused on the spike protein. One whole inactivated vaccine 
(CoronaVac) has been widely used and elicits responses to multiple SARS-​CoV-2 antigens. 
However, given the intramuscular route of administration, vaccination with CoronaVac is not 
expected to prime a tissue or mucosal immune responses to the extent natural infection might. 
Comparison across natural infection, whole virus vaccination and spike-​only vaccination provides 
the opportunity to identify the contribution of localized and non-​spike responses. However, as 
infection and vaccination can elicit very different levels of neutralizing antibody (nAb) responses, 
we need to first account for these differences. Thus, for example, if tissue responses are important 
for immune protection, then previous infection should provide significantly greater levels of 
protection than predicted by the levels of circulating antibodies. Similarly, if responses to non-​spike 
antigens play a major role in protection, then we might predict that both infection and whole virus 
vaccination should show higher protection than predicted from the nAb response alone. However, 
analysis of the data shows that the protection from acquisition of symptomatic SARS-​CoV-2 
infection generated by natural infection and CoronaVac vaccination is predicted well by the level 
of plasma nAbs3. This suggests a limited contribution of mucosal, tissue and non-​spike responses to 
the level of protection already predicted by nAb levels measured in plasma.
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observed, particularly with the Beta 
and Omicron variants5,6. However, the 
risk of progression to severe disease in 
breakthrough infections is greatly reduced 
compared with that in primary infections3,41. 
Studies of viral dynamics in breakthrough 
infections with the Delta variant suggest 
that viral loads in nasopharyngeal swabs at 
presentation are similar between vaccinated 
individuals and naive individuals55. However, 
viral clearance rates are significantly 
greater in vaccinated individuals55,56, with 
divergence between groups occurring 
around day 6 after symptom onset (Fig. 3a). 
This suggests that a change in immune 

control occurring after clinical presentation 
may increase the subsequent viral clearance 
rate and contribute to protection from severe 
disease.

Studies of passive antibody administration 
(primarily in unvaccinated individuals) 
suggest that high (monoclonal) antibody 
levels delivered in the first week after 
symptom onset can play a significant 
role in reducing the progression to severe 
infection and can accelerate viral clearance 
(Box 2). A rapid rise in nAb responses 
after breakthrough infection in vaccinated 
individuals has been shown in this time 
window, suggesting that B cell recall and 

nAb production may play a similar role in 
reducing the severity of infection57,58. An 
analysis of the dynamics of immune recall 
early after breakthrough SARS-​CoV-2 
infection in the Delta-​dominant era shows 
rapid recall of antibody responses occurring 
around day 5 after symptom onset (around 
day 8 after infection), but weak or no recall 
of CD4+ T cell and CD8+ T cell responses 
in blood around the same time58 (Fig. 3b–d). 
A cross-​sectional study on samples taken 
an average of 10–11 days after Delta or 
Omicron breakthrough infection showed 
some activation of spike-​specific T cells, as 
well as spike-​specific B cells59. However, the 
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Fig. 2 | Protection from acquisition of SARS-CoV-2 infection tracks the 
neutralizing antibody responses. From comparison of situations where 
neutralizing antibody (nAb) and memory T cell responses are decoupled, 
protection appears to be predicted by the level of nAbs. a | The nAb levels, 
circulating spike-​specific (AIM+) CD4+ T cell levels and AIM+CD8+ T cell lev-
els, and protection against symptomatic infection for the Beta variant versus 
the ancestral SARS-​CoV-2 strain. nAb titres (measured as the 50% 
focus-​reduction neutralizing antibody titre (FRNT50)) are reduced 3.9-​fold, 
8.8-​fold and at least 10-​fold for the Delta (B.1.167.2), Beta (B.1.351) and 
Omicron (B.1.1.529) variants, respectively24,63. By contrast, T cell responses 
to the variants are largely preserved, including to the Beta, Delta and 
Omicron variants37–39,65. Protection decreases as expected from the reduced 
nAb level24,41. b | Vaccination of previously infected individuals leads to 

higher peak nAb levels than seen in vaccination of naive individuals44. 
However, peak CD4+ T cell and CD8+ T cell responses are similar following 
vaccination of previously infected individuals and naive individuals45. The 
effectiveness after BNT162b2 vaccination in recovered individuals (recov-
ered from infection with the Delta variant) is significantly higher than the 
effectiveness after vaccination in naive individuals (93% versus 85%, 
P = 0.006), tracking the increased nAb responses49. c | The observed waning 
of nAb responses (data obtained from refs50,51,80) has led to the suggestion 
that the relative contribution of T cell-​mediated immunity to protection 
may increase over time. However, the decay rate of antigen-​specific T cells 
in the circulation is similar to that observed for nAb titres45. Although pro-
tection wanes with time7, it is not possible to differentiate the contribution 
of humoral or T cell responses, as they decay at similar rates.
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time point sampled is typically after control 
of viral levels has been achieved, making 
it difficult to dissect the role of particular 
immune responses in the control of the virus. 
Also, the observations of T cell numbers in 
blood of course do not preclude a different 
potential role for the activation or activity of 
these cells in tissues.

Thus, recall of nAb responses occurs 
in a time window where they are at least 
temporally associated with the rapid decline 
in viral levels seen in vaccinated individuals, 
and passive administration of antibodies has 
been shown to be effective in ameliorating 
disease outcome. Understanding the 
relationship between pre-​infection nAb 
levels, the timing and magnitude of nAb 
recall, the clearance rate of the virus, and 
improved clinical outcomes of SARS-​CoV-2 
infection is an important area for future 
investigation.

T cells and protection from severe disease. 
The lack of an association between 
protection from acquisition of SARS-​
CoV-2 infection and either T cell responses 
measured in blood or T cell capacity to 
recognize SARS-​CoV-2 variants is perhaps 
unsurprising, given their mechanisms 
of action. That is, whereas pre-​existing 
antibodies may act directly to neutralize 
an incoming virus, T cells require antigen 
presentation for activation and subsequent 
antiviral activity. Animal studies of simian 
immunodeficiency virus infection and 
M. tuberculosis infection have shown that 
T cells do ‘too little too late’ to prevent the 
establishment of infection, but can play 
a role in later control60,61. Similarly, one 
study suggests that although T cells do not 
protect from influenza virus infection, in the 
absence of nAbs, CD8+ T cell responses may 
reduce the severity of infection62.

Studies of vaccine protection from 
infection with SARS-​CoV-2 variants 
provide one opportunity to investigate 
the relationship between protection from 
severe disease and immune recognition 
by antibodies and T cells. For example, 
geometric mean vaccine-​induced nAb 
responses to the Omicron variant compared 
with the ancestral strain are decreased more 
than tenfold (compared with a reduction of 
around 3.9-​fold for the Delta strain)24,36,63. 
However, T cell responses to the Omicron 
variant compared with the ancestral strain 
are reported to be decreased by a mean of 
only 10–30%39,64,65, and are not significantly 
different between the Delta strain and 
the Omicron strain64,65. Two studies have 
shown reduced vaccine effectiveness in 
preventing both symptomatic infection and 

hospitalization in the Omicron- 
dominant period compared with the 
Delta-dominant period, which appears 
consistent with the greater drop in nAb 
recognition of the Omicron variant versus 
the Delta variant66,67. However, if immunity 
acts in a ‘two-​step’ fashion, where antibodies 
block viral entry but T cells moderate 
disease severity4, then reduced protection 
from hospitalization with particular 
SARS-​CoV-2 variants may, in part, be 
due to a higher number of symptomatic 
infections in vaccinated individuals, while 
retaining the same level of protection from 
progression from symptomatic to severe 
disease. A more recent study managed 
to directly address vaccine protection 
against progression from symptomatic 
to severe SARS-​CoV-2 infection by 
studying vaccinated SARS-​CoV-2-​positive 
individuals and following their risk of 
subsequent hospitalization68. This showed 
that vaccinated individuals infected 
with the Omicron variant had reduced 
vaccine protection from progression to 
hospitalization compared with vaccinated 
individuals with Delta variant infection 
(after the intrinsic reduction in severity 
for Omicron variant infection had 
been accounted for), again consistent 
with the reduction in nAb recognition 
of the Omicron variant68. Although these 
epidemiological studies are supportive of a 
major role for nAbs in determining disease 

severity, a direct assessment of whether 
the ‘risk of progression’ from symptomatic 
to severe infection correlates better with 
antibody neutralization or with T cell 
recognition of SARS-​CoV-2 variants is a 
critical question, and further studies are 
required to directly analyse this relationship.

Clinical studies to analyse T cells as a 
correlate of protection from severe COVID-19 
are likely to be challenging (Fig. 4). 
Firstly, T cells are typically measured 
in blood, whereas T cell function in the 
mucosal or tissue site of infection may be 
more important. Secondly, the lack of a 
standardized T cell assay limits comparison 
of results across different studies. One 
approach might be to study pre-​infection 
T cell responses as a correlate of protection 
from acquisition of SARS-​CoV-2 infection 
and subsequent progression to severe 
disease in a cohort of vaccinated individuals 
(as has been done for antibody responses 
in acquisition of infection2,6,23 (Fig. 4a)). 
However, two factors make studying 
correlates of severe disease difficult. 
First, the low frequency of severe disease 
(particularly in vaccinated individuals) 
means that large numbers of vaccinated or 
previously infected individuals would need 
to be studied to identify a sufficient sample 
size of individuals with severe disease 
(Fig. 4b). Second, because nAbs confer 
such strong protection both against the 
establishment of infection and from severe 
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Fig. 3 | Understanding protection from severe SARS-CoV-2 infection. Vaccination provides greater 
protection from severe infection with SARS-​CoV-2 than from acquisition of mild or asymptomatic 
infection. a | Studies show that breakthrough infection in vaccinees (with the Alpha variant or the Delta 
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disease (and may be correlated with T cell 
responses), it will be difficult to disentangle 
nAb protection from any additional 
contribution of T cells to protection from 
severe disease.

An alternative approach to looking 
for a role for T cells in infection severity 
is to study the magnitude and timing 
of recall responses in individuals with 
breakthrough infections and how the level 
of CD4+ T cells or CD8+ T cells predicts 
either viral clearance or the severity of 
the clinical outcome (Fig. 4c). That is, 
by focusing only on individuals with 
breakthrough infection, this approach can 
both reduce the number of individuals 
needed for such studies and eliminate the 
confounding effect of nAbs protecting 
against acquisition of infection. The major 
outcome would be to establish whether 
early T cell responses (measured as soon 
as possible after infection) or peak T cell 

responses predict the risk of progression to 
severe COVID-19. However, the timing of 
sampling is a major issue, and this would 
likely require a large number of individuals 
to definitively establish it. An alternative 
approach would be to study the association 
between T cell responses and SARS-​CoV-2 
viral decay dynamics. Studies suggest that 
there is faster viral clearance in vaccinated 
individuals55,56, and thus an analysis of the 
relationship between T cell responses and 
the slope of viral RNA decay from the peak 
could provide a proxy measure of immune 
control (Fig. 4d).

A major issue with analysing the effect 
of T cells in breakthrough SARS-​CoV-2 
infection is that nAbs are likely to remain 
an important confounder. Studies of 
‘T cell-​only’ vaccines have the potential to 
isolate the effects of T cells, and have been 
conducted in mice and hamsters19,69–71. 
In these animal models of high-​dose 

infection, high levels of vaccine-​induced 
CD8+ T cells (~3–10% of total CD8+ T cells 
in the spleen of mice when measured with 
tetramers70) can be present at the time of 
challenge, and this led to reductions in viral 
levels (~2–30-​fold) and protection from 
disease70,71. High levels of T cells were also 
induced in the lungs after intranasal or 
intravenous administration of vaccines in 
mice72, which may have contributed to the 
protection observed. A study of intranasal 
vaccines in macaques showed reductions 
in SARS-​CoV-2 levels after challenge73. 
Current SARS-​CoV-2 vaccines result in low 
levels of circulating CD8+ T cell and CD4+ 
T cell responses in humans (around 0.1% 
of the total CD8+ and CD4+ populations)74. 
Early studies of T cell-​focused vaccines 
have now been reported in humans, 
with induction of T cell responses of 
around 0.2–0.5% early after vaccination75. 
Although it is difficult to directly compare 
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Fig. 4 | Investigating T cell protection from severe SARS-CoV-2 infec-
tion. Vaccination provides a high level of protection from acquisition of 
SARS-​CoV-2 infection, and an even higher level of protection from severe 
disease. Thus, immunity might be thought of as having complementary 
actions at two stages of infection: first blocking establishment of infection 
and, second, even if breakthrough infection occurs, acting to reduce the 
severity of infection. a | The levels of neutralizing antibodies (nAbs) have 
been shown to be lower in vaccinated individuals with breakthrough infec-
tion. Similar studies investigating whether T cells contribute to protection 
from acquisition of SARS-​CoV-2 infection are needed. b | Prospective 

studies of pre-​infection T cell numbers as predictors of disease severity are 
challenging, due to the low frequency of severe disease. c | Studying 
whether the levels of CD4+ T cell and CD8+ T cell response predict disease 
severity in individuals with breakthrough infection may reduce the number 
of individuals needed to be studied. However, rapid changes in T cell num-
bers during the recall response may complicate analysis. d | Studying the 
relationship between T cell responses and viral clearance rate can be per-
formed on smaller cohorts and has the potential to reveal a role for T cells 
in control of viral replication (although this is only a proxy measure for 
disease severity).
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responses in specific-​pathogen-​free 
mice and humans, this does suggest that 
the current levels of response seen in 
human trials may be significantly lower 
than the levels achieved in mice. Larger 
human efficacy trials have the potential 
to demonstrate a protective effect of 
inducing T cell responses independent of 
antibody responses, although generating 
the appropriate magnitude, localization or 
durability of the T cell response could prove 
challenging.

These factors highlight the difficulty 
in establishing a role for T cells in 
protective immunity to SARS-​CoV-2 
infection beyond a general assumption that 
they are likely to be helpful. We propose 
that investigation of the role of T cells 
in severe COVID-19 needs to focus on 
individuals with breakthrough infection and 
progress in a two-​stage approach: firstly, 
identifying the relationship between nAbs 
(measured at presentation and peak) as 
predictors of viral decay and/or progression 
to severe COVID-19; then, using this 
observed relationship with antibodies, to ask 
whether consideration of the levels of CD4+ 
T cells and CD8+ T cells can improve upon 
this prediction.

Immune protection in immunocompromised 
individuals. Understanding the role 
of T cells in protection from severe 
COVID-19 in patients with a primary 
immunodeficiency and those receiving 
secondary immunosuppression is 
critical to optimizing the management 
of these vulnerable patient groups. 
Immunodeficiency may contribute 
to a poor outcome after vaccination 
in several ways. Firstly, poor vaccine 
immunogenicity is a hallmark of 
immunodeficiency, which is likely to 
predispose to susceptibility to acquisition 
of infection. Immunocompromised 
people have been over-​represented in 
breakthrough infections, corresponding to 
44% of postvaccination infections despite 
accounting for only 2.7% of the population 
(in the pre-​Delta era)76. In addition, failure 
to mount a sufficient recall response may 
lead to increased severity and duration of 
shedding and may facilitate viral evolution 
that may lead to new variants of concern77. 
The lower vaccine-​mediated protection 
from acquisition of infection may mean 
that prospective studies of correlates of 
protection from acquisition of infection 
and progression to severe COVID-19 may 
be possible with smaller patient numbers 
(notwithstanding the limited numbers and 
heterogeneities of these patient groups).

Studies of breakthrough infection 
in immunocompromised and 
immunosuppressed individuals are of utmost 
importance in the coming months, and 
should be aimed at identifying responses that 
are associated with reduced progression 
to severe COVID-19. Importantly, in 
immunocompromised individuals with 
a defective or absent B cell compartment 
but a functional T cell compartment, T cell 
responses are still likely to be perturbed 
and/or may play a different role in the 
absence of antibodies62. Identifying responses 
that can be augmented to provide increased 
protection from severe SARS-​CoV-2 
infection in highly vulnerable populations  
is an urgent research priority.

Conclusion
Dissecting the role of T cell immunity 
in vaccine-​mediated protection from 
SARS-​CoV-2 is an important mechanistic 
issue for the design of future vaccines 
and for understanding vulnerability to 
severe COVID-19 (Box 4 for a summary of 
outstanding questions). It is also important 
to know whether measuring T cell responses 
adds to the predictive ability of our existing 
immune correlates. Current evidence does 
not support a significant role for T cell 
responses in protection from acquisition  
of SARS-​CoV-2 infection. However, a role 
for T cells in protection from progression  
to severe SARS-​CoV-2 infection has yet to 
be fully explored (Fig. 4). This reflects similar 

Box 4 | Outstanding questions on the role of vaccine-​induced T cells in immunity  
to SARS-​CoV-2 infection

Acquisition of SARS-​CoV-2 infection
•	Do T cells play a more important role in protection from acquisition of SARS-​CoV-2 infection  

in the presence of B cell immunodeficiency?

•	Can boosting T cell responses to higher levels augment the protection from neutralizing 
antibodies (nAbs)?

Protection from severe COVID-19
•	Do T cell responses reduce the severity of illness in breakthrough infections when nAb responses 

are taken into account?

•	What is the role of T cell responses in controlling infection in different immunodeficiency states?

•	Can boosting T cell responses provide increased protection from severe COVID-19 in vaccinated 
and/or immunosuppressed populations?

Key data required
•	Fine kinetics of T cell and nAb responses during breakthrough infections to correlate with control 

of viraemia

•	Well-​established vaccinated cohorts of defined immunodeficiency states and followed up for 
breakthrough infection severity

•	Statistical modelling of nAb and T cell contributions to protection, where T cell contributions can 
be analysed after nAb effects have been accounted for

Glossary

Breakthrough infection
SARS-​CoV-2 infection occurring in partially immune 
individuals (either previously vaccinated or previously 
infected).

Immune correlates of protection
Immune responses that correlate with and predict  
a particular infection outcome. These may be a 
mechanistic correlate, which actually mediates  
the immune protection. Alternatively, they may  
simply be a surrogate marker of the underlying 
mechanistic response. Different correlates may  
exist for protection from acquisition of infection  
and protection from progression to severe  
COVID-19.

Neutralizing antibodies
(nAbs). Antibodies, usually measured in plasma  
or serum, that inhibit live SARS-​CoV-2 replication  
in vitro. nAbs bind to the spike protein of SARS-​CoV-2. 
Surrogate assays such as pseudovirus neutralization 
assays and ACE2-​binding inhibition assays  
generally correlate well with live virus neutralization 
assays.

Protection from SARS-​CoV-2 infection
In clinical studies, protection is typically defined as  
the absence of detectable SARS-​CoV-2 by PCR, with  
or without the presence of symptoms. With use of this 
approach, an unknown proportion of asymptomatic or 
very mild infections may be missed (depending on the 
sensitivity of the assay and the frequency of screening). 
However, we use this term to discriminate between 
protection from initial establishment of infection and 
progression to severe COVID-19.

Protection from severe COVID-19
Prevention of hospitalization, intensive care admission, 
invasive ventilation or death.

SARS-​CoV-2-​specific T cells
CD4+ T cells or CD8+ T cells, usually measured in blood, that 
respond to SARS-​CoV-2-​specific proteins or peptides. T cell 
responses are typically enumerated by HLA tetramers, by 
their ability to produce cytokines or other molecules, or  
by more complex assays of cell killing or helper functions. 
SARS-​CoV-2-​specific T cells can respond to both the spike 
protein and multiple other SARS-​CoV-2 proteins following 
infection or if the antigens are included in a vaccine.
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findings in influenza virus infection, where 
T cells are thought to contribute to reduced 
disease severity without affecting the risk 
of acquisition of infection62,78. However, 
as mentioned in the Introduction, it is 
easy to make the discussion a binary one 
between ‘all antibodies’ and ‘all T cells’ 
contributing to protection, whereas the 
immune system typically defies such 
simplified dichotomies. T cells clearly 
contribute to the development of antibody 
responses, and similarly B cells can play a 
role in regulation of T cell responses79. In 
addition, studies of both immunocompetent 
and B cell-​immunodeficient individuals 
suggest that T cell and B cell responses 
can compensate for each other in some 
circumstances54. It also seems likely 
that breakthrough infection and severe 
COVID-19 might reflect differences in 
viral factors, such as inoculum size. For 
example, it may be that nAbs can prevent 
acquisition of infection with smaller inocula 
but are unable to fully neutralize a larger 
inoculum (potentially leading to the need 
for subsequent T cell control).

Studies of SARS-​CoV-2 susceptibility 
and severity in immunocompromised 
individuals may not always reflect the same 
role of these responses in typical infection. 
However, determining which responses 
can mediate protection in the context 
of immunodeficiency is clearly a major 
priority in protecting this highly vulnerable 
population. Identifying whether and in 
what context boosting T cell responses 
can increase protection from severe 
SARS-​CoV-2 infection could provide a 
novel avenue for protection of many at-​risk 
groups. Further studies are urgently needed 
to provide evidence to support the ongoing 
study and analysis of T cell immunity in 
SARS-​CoV-2 infection.
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