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Severe acute respiratory syndrome 
coronavirus 2 (SARS-​CoV-2) infection 
induces potent immune responses that have 
an important role in clearing a primary 
infection, including neutralizing antibodies 
and CD4+ and CD8+ T cell responses 
(reviewed in ref.1). Our understanding of 
immune memory to SARS-​CoV-2 infection 
is progressing at an unprecedented pace, 
with studies of the duration of immune 
memory following closely behind the 
time course of the first known patients 
to be infected2–9. These analyses suggest, 
as would be expected from the normal 
contraction of the B cell response after other 
viral infections, that neutralizing antibody 
responses to SARS-​CoV-2 peak within 
the first few weeks after symptom onset 
but seem to decay after this time, with a 
proportion of individuals losing detectable 
neutralizing antibodies within months after 
infection5. Cellular responses to infection 
seem to be generally more stable3,8,10 (Fig. 1) 
but their role in immune protection is not 
yet clear (as discussed in more detail below). 

combination of waning immunity and viral 
antigenic variation may allow for continued 
circulation of the virus11,12. In this context, 
it will be crucial to understand how natural 
and vaccine-​induced immunity might shape 
the future transmission and pathogenicity of 
SARS-​CoV-2.

Here, we argue that a better understanding 
of how immune memory translates to 
clinical protection at the patient and 
population levels is crucial to predicting 
the future of the pandemic. We discuss our 
understanding of immunity and immune 
memory following SARS-​CoV-2 infection. 
We then ask how these responses can 
function together to provide resistance to 
reinfection and/or control viral replication 
during subsequent infections. Finally, 
we discuss what lessons can be learnt from 
our understanding of immunity to endemic 
hCoV and influenza virus infections 
and how these lessons can be applied to 
SARS-​CoV-2.

Immune responses to SARS-​CoV-2
Neutralizing antibodies. Neutralizing 
antibodies are able to bind to the virus 
and directly block its ability to infect 
cells (usually through inhibition of 
the interaction between the viral spike 
protein and the cellular ACE2 receptor). 
Neutralizing antibodies are thought to have 
a crucial role in limiting viral replication 
within the host as well as the potential 
to neutralize virus at the point of entry 
before infection of host cells can occur. 
Studies suggest that serological neutralizing 
antibody responses peak within 3–5 weeks 
after infection, with the magnitude of the 
peak being correlated with the severity of 
clinical illness13. However, neutralizing 
antibody responses decay rapidly in early 
convalescence9,14–17. Estimates of the half-​
life of the neutralization titre over the first 
70 days after infection suggest an early 
half-​life of ~55 days3, whereas a longer-​term 
analysis suggested an overall half-​life of  
90 days over the first 8 months after 
infection8. Analysis of results from these 
and other studies is summarized in Fig. 1a, 
generally showing similar patterns of 
decay (includes preprint data, not yet peer 
reviewed)2,5,7,8,14–20. This pattern of rapid 
early decay is due to the short half-​life 
of serum antibodies and to short-​lived 

However, although our understanding of 
the magnitude and phenotype of immune 
responses to SARS-​CoV-2 is progressing 
rapidly, discerning what is necessary 
and/or sufficient for protection remains a 
major challenge. That is, different immune 
responses may contribute singly or in 
combination to blocking initial infection, 
controlling viral replication, limiting 
pathogenesis and/or reducing onward 
transmission.

Despite some studies suggesting the 
persistence of detectable immune responses 
to SARS-​CoV-2 (refs8,10), documented 
examples of SARS-​CoV-2 reinfection as 
well as evidence of short-​lived immunity 
to endemic human coronavirus (hCoV) 
infections raise the prospect that protective 
immunity after SARS-​CoV-2 infection may 
last for months instead of years. Indeed, 
epidemiological studies suggest that, 
even in communities with high infection 
rates, herd immunity through natural 
infection may not have been achieved, 
and these studies raise the possibility that a 
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antibody-​secreting cells, which decay with 
a half-​life of weeks to leave a population 
of long-​lived plasma cells with half-​lives of 
months to years21. It is likely that longer-​
term follow-​up studies will reveal a further 
slowing of decay, with titres reaching a stable 
level analogous to humoral responses to 
other viral pathogens22,23.

Analysis of the relationship between 
neutralizing antibody titre and protection 
using data from vaccination and 
convalescent studies suggests that a 
neutralizing titre equivalent to 20% of the 

average convalescent titre is sufficient to 
provide 50% protection from symptomatic 
coronavirus disease 2019 (COVID-19; 
preprint data, not yet peer reviewed)24. 
Combining data on the protective titre and 
dynamics of decay of neutralizing antibodies 
suggest that neutralization-​mediated 
protection may decline substantially over 
the first year of infection and will also 
be significantly affected by the reduced 
neutralization of viral antigenic variants8,24. 
However, even if the level of neutralizing 
antibodies is insufficient to block viral entry 

and early replication, it is possible that lower 
levels of neutralizing antibodies can still act 
to slow viral growth rates and reduce the 
severity of infection (Fig. 2). Consistent with 
this, a lower neutralization titre (3% of the 
average convalescent antibody titre) was 
associated with 50% protection from severe 
COVID-19 (ref.24). Understanding the role 
of neutralizing antibodies in the protection 
from SARS-​CoV-2 infection and the 
clinical implications of antibody decay and 
antigenic variation remain major areas for 
future investigation.
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Fig. 1 | The decay of immune memory to coronavirus infections.  
a | Dynamics of immune decay following severe acute respiratory syndrome 
coronavirus 2 (SARS-​CoV-2) infection. The rates of loss of SARS-​CoV-2 neu-
tralizing antibodies and binding antibodies (IgG and IgA) as well as of  
CD4+ T cells, CD8+ T cells and memory B cells are shown as documented  
by several independent studies (includes preprint data, not yet peer  
reviewed)2,5,7,8,14–20,69,76,89–91. Neutralizing antibody responses show a biphasic 
decay over the first months after infection3. The rapid decay observed in the 
neutralization titre in the first 1–2 months after infection is consistent with 
the decay kinetics of IgA responses and IgM responses (not shown). The 
slower decay of neutralization titre after 2 months is more consistent with 
the slow decay of IgG responses3. T cell responses decay at a slightly slower 
rate than IgG over the first few months after infection, whereas memory  
B cell responses increase. The plotted data are derived from the half-​lives 

reported directly by the authors of each study or from our calculation of half- 
​lives based on raw data extracted from the original publication. Details of 
the original studies, data extraction and analysis are provided in Supple
mentary Table 1. Direct comparisons of the absolute magnitude of res
ponses between studies are not possible owing to the different assays used. 
However, the rate of decay for each study as a percentage of the maximum 
uses a consistent measure over time. b | Comparison of the kinetics of anti-
body decay following infection with SARS-​CoV89,90 or human coronavirus 
(hCoV)76 and following mild-​to-​moderate SARS-​CoV-2 infection3. A high  
variability is seen between studies; however, a rapid early decay followed 
by a slowing decay is seen for most serological responses. c | Comparing the 
durability of vaccine-​induced69,91 and natural3 immunity to SARS-​CoV-2. 
There is no evidence that vaccine-​induced responses are more durable  
than convalescent responses (preprint data, not yet peer reviewed)24.
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Non-​neutralizing antibodies. Antibodies that 
bind to viral proteins but do not neutralize 
SARS-​CoV-2 could still contribute to the 
immune control of infection through 
the increased clearance of free virus or by 
targeting infected cells for immune clearance 
(through antibody-​dependent cellular 
cytotoxicity and other mechanisms)25 
(preprint data, not yet peer reviewed)26. 
Titres of SARS-​CoV-2-​binding antibodies 
can have markedly different decay kinetics 
to serological neutralizing activity, with 
differences also between antibody isotypes. 
Spike-​specific IgG antibodies have an 
estimated half-​life of 100–230 days3,8.  
By contrast, IgM and IgA1 spike-​binding 
antibodies have shorter half-​lives of 
55 days and 42 days, respectively, early 
after infection (before day 70 post-​infection), 
which is similar to the early decay rate of 

the neutralizing antibody titre; the decline 
of IgM and IgA1 responses then slows to 
a half-​life of 118 days and >1,000 days, 
respectively, beyond 70 days after infection3. 
Another study estimated an average half-​
life of IgA antibodies of 210 days over the 
first 8 months after SARS-​CoV-2 infection8. 
Thus, residual SARS-​CoV-2-​specific non-​
neutralizing antibodies following infection 
may confer some protective benefit during 
reinfection, even when serum neutralizing 
activity has declined below the threshold of 
protection25–27.

Memory B cells. Memory B cells provide 
an additional mechanism for the durable 
maintenance of humoral immunity by 
providing for the rapid recall and production 
of protective antibodies following pathogen 
re-​encounter. We and others have shown 

that SARS-​CoV-2-​specific memory B cells 
accumulate over the first few months after 
initial infection2,3,8,9,28 (Fig. 1a); increasing 
levels of antibody somatic mutations suggest 
that ongoing germinal centre activity drives 
the further affinity maturation of antibody 
responses over time2. The stable maintenance 
of a reservoir of affinity-​matured memory 
B cells could provide a mechanism to help 
mitigate subsequent infections, although the 
kinetics of recall and protective potential of 
memory B cells in SARS-​CoV-2 immunity 
are yet to be determined.

Memory CD4+ and CD8+ T cells. 
Longitudinal studies have also characterized 
the T cell response to spike protein 
or other SARS-​CoV-2 antigens3,8,29,30. 
Two studies observed similar half-​lives 
for spike-​specific CD4+ memory T cell 
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Fig. 2 | Immune control of SARS-CoV-2 reinfection. Immune memory 
could function to control severe acute respiratory syndrome coronavirus 2 
(SARS-​CoV-2) infection at several stages. Residual levels of neutraliz
ing antibodies may block the entry of virus into host cells or prevent the  
early dissemination of virus. Even if viral growth is established, residual  
antibody and cellular responses may function to slow viral growth, 

providing a longer window of time for the action of recall immune res
ponses. Recall responses start to take effect later in infection, boost-
ing immune-​mediated control and reducing the virus to low levels. 
Depending on the timing and efficacy of immune control, infection may 
vary from undetectable or mild, through to severe infection with viral 
detection and immune boosting.
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responses (120–139 days) and reported 
a high (>90%) frequency of convalescent 
individuals having CD4+ T cell responses 
for 6 months after symptom onset3,8 (Fig. 1a). 
CD8+ T cell responses are also induced 
following SARS-​CoV-2 infection, and they 
seem to have a longer half-​life relative 
to the CD4+ T cell response3,8. Although 
the impact of T cell-​mediated immunity 
on COVID-19 pathogenesis is not well 
understood, there is some evidence linking 
robust T cell responses to mild disease 
outcome31. In addition to the direct antiviral 
effector functions of T cells, CD4+ T 
follicular helper (TFH) cells promote antibody 
responses by supporting the development 
of germinal centre B cells. SARS-​CoV-2 
spike-​specific circulating TFH cell responses 
correlate with the generation of neutralizing 
antibodies in convalescent individuals, 
particularly when these cells have a CCR6– 
phenotype32. The presence and phenotype 
of TFH cells in lymph nodes that drain the 
sites of infection, and the factors associated 
with generating TFH cell responses are 
not well understood at present but are 
likely to be crucial in maintaining robust 
antibody-​based immunity. Consequently, 
a diverse array of T cell responses directed 
towards SARS-​CoV-2 antigens are likely 
present in convalescent individuals at 
sufficient levels to mount a recall response 
upon reinfection. The role of T cell 
responses upon re-​exposure to SARS-​CoV-2 
in humans is not known but, by analogy with 
other viral infections, they may reduce viral 
levels and severe disease upon re-​exposure 
by limiting viral replication to the upper 
respiratory tract8,33.

From immune responses to control
It remains unclear which responses — 
for example, humoral versus cellular 
responses — are necessary and/or sufficient 
to provide protective immunity against 
SARS-​CoV-2 reinfection. In addition, both 
the maintenance and role of tissue-​resident 
memory B cells and T cells in the lungs 
are not well understood as most studies 
so far have focused on responses in blood. 
The presence of memory cells at the site of 
infection may be crucial for efficient target 
recognition and immune recall34,35. It also 
seems likely that vaccination and natural 
infection may lead to different responses 
in the lung and at mucosal sites, further 
emphasizing the need to understand 
local responses.

Importantly, protective immunity 
itself is not a single outcome but might 
be considered as a spectrum involving 
the interplay of viral replication, immune 

control and pathogenesis (Fig. 2). At one 
extreme, high-​level protective immunity 
may result in the prevention or early 
elimination of infection (before an 
immunological or pathological effect is 
detectable in the host). In the absence of 
such strong immunity, varying levels of viral 
replication and immune recall are possible, 
leading to different levels of clinical illness 
and the potential for transmission (Box 1). 
Thus, the decay of immune memory over 
time is unlikely to produce a switch from 
an ‘immune’ to a ‘non-​immune’ status but 
rather a gradual reduction in immunity and 
perhaps even a transfer between different 
immune responses that have a leading role 
in protection at different times.

The varying mechanisms of action and 
dynamics of different immune responses 
suggest that they may be involved at 
different stages following reinfection (Fig. 2). 
Neutralizing antibodies, for example, may 
function immediately to block the initial 
infection of host cells through residual levels 
of IgA or IgG at the mucosal surface. If a virus 
succeeds in passing this barrier, circulating 
IgG may prevent the establishment of 
infection by neutralizing the initial inoculum 
or by blocking subsequent viral spread. 
Even if neutralizing IgG cannot fully block 
infection, it may still slow the rate of growth 
of SARS-​CoV-2, creating a larger time 
window for memory responses to be recalled 
and expand to contribute to controlling 
infection before the viral peak (Box 1).

It is important here to differentiate 
between the roles and effects of ‘residual’ 
and ‘recall’ immune responses to infection. 
Antibodies, for example, can be maintained 
in the circulation or within tissues for 
prolonged periods after an initial period of 
rapid decay (as discussed above), and this 
residual level of antibodies can function 
immediately to neutralize incoming virus. 
Similarly, persistent tissue-​resident effector 
cells may be poised for early action at the site 
of infection. However, in addition to these 
residual responses that are present before 
infection occurs, immune responses can be 
boosted by the recall of memory B cells and 
T cells, which can be activated and proliferate 
to rapidly supplement humoral and cellular 
immunity soon after infection. These recalled 
immune responses may, if sufficiently 
rapid, function to control peak viral levels 
and reduce disease severity. Evidence for 
this comes from studies involving the 
administration of SARS-​CoV-2-​specific 
monoclonal antibodies within the first 
week of symptoms in mild-​to-​moderate 
SARS-​CoV-2 infection, which seems to 
accelerate the clearance of virus and reduce 

the risk of clinical progression36,37. This 
effect was dose dependent and was greater 
for those patients who lacked endogenous 
antibody responses. Studies of passive 
transfer of immune serum to patients later 
in the disease course with severe COVID-19 
have had mixed outcomes, with some 
studies suggesting that boosting antibody 
levels at a later time point might improve 
clinical outcomes38,39 but other studies 
showing no effect40. Early results suggest 
that monoclonal antibody cocktails may be 
useful in prophylaxis or early disease but 
are less effective in treating patients who are 
critically ill when inflammation dominates 
the clinical picture41.

Taken together, these results strongly 
support the idea that early boosting of 
antibody levels by recall immunity could 
have an important role in limiting the 
severity of clinical disease. Thus, in addition 
to measuring circulating antibody levels, 
identifying the durability, specificity and 
recall kinetics of B cell memory may be 
crucial for understanding and predicting the 
durability of protection from SARS-​CoV-2 
infection. The observations that frequencies 
of circulating memory B cells continue to 
increase for several months after recovery 
from COVID-19 (refs2,3,8,9,28), when most 
other responses are declining (Fig. 1a), 
suggest that recall of B cell memory may 
provide a mechanism to extend the duration 
of antibody-​dependent protection in the  
face of waning serological titres.

The role of cellular immunity in 
protection from SARS-​CoV-2 similarly 
depends on the kinetics of the response 
and capacity to control viral replication. 
Studies of the ability of memory T cells 
to control viral and bacterial growth 
suggest that both CD4+ T cells (in murine 
tuberculosis42) and CD8+ T cells (in simian 
immunodeficiency virus infection of 
macaques43,44) require an extended period 
of infection (7–10 days) before they are 
mobilized to control pathogen replication. 
It is not clear whether similar dynamics 
underpin the recall of SARS-​CoV-2-​specific 
T cell memory as they may be quite pathogen 
specific45, and further studies are warranted 
to define the protective contribution of 
memory T cells in SARS-​CoV-2 immunity.

Correlates of immune protection
The contribution of different aspects  
of immune memory to the protection  
against SARS-​CoV-2 reinfection in  
humans remains unclear. Recent analyses 
suggest that neutralizing antibodies are  
a strong correlate of vaccine-​induced  
immunity in humans (preprint data,  
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not yet peer reviewed)24. Preliminary studies 
in animal models have also been informative. 
Initial studies in macaques showed that a 
primary infection with SARS-​CoV-2 protects 
against subsequent viral challenge for at 
least 28–35 days, with re-​exposure driving 
memory immune responses that included 
boosting of binding and neutralizing 
antibody levels as well as of IFNγ secretion 
by T cells46,47. Further studies have provided 
evidence for a contribution of both IgG 
antibody and CD8+ T cells in providing 
protection against reinfection48. The transfer 

of high titres of purified IgG from 
convalescent animals is sufficient to protect 
against viral challenge or, at lower titres, 
to reduce the duration of viral replication. 
In addition, the depletion of CD8+ T cells 
at 7 weeks after infection in macaques 
resulted in a partial loss of protection from 
re-​challenge48. These data suggest that, 
in the context of declining neutralizing 
antibody titres, cellular immunity is required 
to provide maximal protective immunity 
against SARS-​CoV-2 re-​exposure48. However, 
despite these mechanistic insights provided 

by animal studies, it is often impractical 
to assess long-​term immunity (>6 months 
after infection). Nevertheless, although 
animal models may not recapitulate all 
of the features of human infection49, they 
suggest the importance of looking beyond 
neutralizing antibodies for additional 
mechanisms of immune protection.

SARS-​CoV-2 reinfection in humans
Despite the robust, multi-​faceted immune 
memory generated by SARS-​CoV-2 
infection that we describe above, there have 

Box 1 | Beyond sterilizing immunity?

Severe acute respiratory syndrome coronavirus 2 
(SARS-​CoV-2) infection leads to a range of clinical  
as well as virological outcomes in different non- 
immune individuals (see figure, part a). The colour 
gradient from green to red indicates the correlation 
between viral levels and severity of illness. The rela-
tionship between viral levels and transmission may 
not be linear (three potential example relationships 
are indicated).

A classical view of vaccination is that it provides 
‘sterilizing immunity’, in which vaccinated individuals 
experience such strong immune protection that  
they do not become infected when later exposed. 
That is, we could think of vaccine-​mediated 
protection as an ‘all or nothing’ phenomenon, where 
vaccine efficacy reflects the proportion of individuals 
who are completely protected from infection  
(and all other individuals have an unchanged risk  
of infection) (see figure, part b). In this paradigm,  
the ‘herd immunity threshold’ for vaccination87,88  
is the proportion of individuals who need to be 
‘fully protected’ in order to reduce transmission  
of the pathogen below the level of replacement  
(in other words, so that each infected individual 
infects less than one other individual and the effective 
reproductive number drops below 1).

However, this binary picture of immune protection  
is likely not the normal outcome of most infections or 
vaccinations. Instead, individuals with different levels 
of immunity will suppress the virus to a variable extent 
(which will also change within the same individual 
over time as immunity wanes)24, and immunity 
functions to reduce average viral levels across the 
population. This more complex landscape of viral 
control could markedly impact the burden of disease 
within a population by reducing viral replication, 
the severity of illness and/or transmission (see figure, 
part c). A proportion of individuals may still 
experience mild infection and a proportion may  
be fully protected.

If immunity is insufficient to block viral replication, 
then any ongoing transmission is expected to  
reboost immune responses, leading to a long-​term 
equilibrium of transmission and immune boosting82. 
Finally, it is not clear that clinical protection and 
transmission should necessarily be reduced by the 
same amount. Immunity need not decrease viral 
levels evenly across the spectrum of potential responses. For example, 
if recall immune responses function to prevent high peak viral levels  
(but still allow for lower viral levels) then, depending on the relationship 

between viral levels and transmission, there may be a greater or lesser 
reduction in transmission for a given level of clinically observed 
protection (see figure, part d).
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been a small number of well-​documented 
cases of reinfection with SARS-​CoV-2 
(Supplementary Table 2). However, there 
is likely a significant under-​reporting of 
SARS-​CoV-2 reinfections owing to, among 
other things, a lack of resources with which 
to sequence all infections and a tendency to 
attribute a subsequent infection to ‘long 
COVID’. In addition, individuals with 
low levels of infection who do not have 
clinically significant symptoms may not 
present for screening, which suggests that 
current evidence of reinfections may be the 
‘tip of the iceberg’ of recurrent infection 
events. Once a potential reinfection case 
is identified, conclusive determination 
can be confounded by recurrent symptoms 
following an initial infection, persistent 
shedding of SARS-​CoV-2 RNA, the 
potential for laboratory false positives, 
minor evolution of SARS-​CoV-2 variants 
within a host, and the variability and 
timing of antibody responses to the initial 
infection. Nonetheless, reinfections with 
clearly different SARS-​CoV-2 strains have 
now been documented50,51 (Supplementary 
Table 2). A comprehensive analysis of 
more than 133,000 cases documented 
54 cases that were considered to have strong 
evidence for reinfection with SARS-​CoV-2 
at least 45 days after the initial infection, 
of which 4 cases were confirmed to have a 
genetically distinct second strain of virus 
(with a median time between positive swabs 
of 65 days)52.

Although the documented cases of 
reinfection show that this is possible, a major 
question to address is how likely this is to 
occur and the level of protection provided 
by previous infection. A large cohort study 
compared the incidence of SARS-​CoV-2 
infection in health-​care workers who 
were either seropositive (indicating recent 
previous infection) or seronegative for 
SARS-​CoV-2 at enrolment53. This study 
estimated that seropositivity at enrolment 
reduced the incidence of detected reinfection 
by almost 89% over a median follow-​up of 
139 days. A retrospective study of more than 
43,000 participants in a national database in 
Qatar has estimated a reduction of infection 
of 95% in seropositive individuals over a 
median of 114 days from a seropositive test 
(preprint data, not yet peer reviewed)54. 
A similar study of more than half a million 
individuals in Denmark investigated the 
risk of reinfection in patients who had 
previously tested positive for SARS-​CoV-2 
by PCR55. This study estimated a protection 
of 80.5% for up to 7 months in patients who 
had previously tested positive, although 
a protection of only 47% was observed in 

those over 65 years of age. These studies 
provide evidence for strong protection 
from reinfection in seropositive individuals 
during the first few months after infection 
(at levels similar to the protection seen 
after vaccination).

In contrast to the relative rarity of 
documented cases of reinfection in 
observational studies, a recent vaccine trial 
in South Africa compared SARS-​CoV-2 
infection rates in participants who were 
seropositive and seronegative in their 
placebo control group. This study found 
no difference in infection rate between 
individuals who were seropositive and those 
who were seronegative (5.2% compared 
with 5.3%), suggesting that there was no 
protective effect of previous infection 
(preprint data, not yet peer reviewed)56. 
However, high levels of transmission of 
the B.1.351 variant of SARS-​CoV-2, which 
has reduced susceptibility to immune 
sera from patients infected with ancestral 
SARS-​CoV-2 strains, were occurring at the 
time of this trial, which may in part explain 
these findings. A recent seroepidemiological 
study in the Brazilian city of Manaus has 
also suggested the potential for reinfection 
beyond 6–8 months after infection11,12,57. 
Manaus experienced a strong wave of 
SARS-​CoV-2 infection in April and May 
of 2020, which might have been expected 
to provide some level of protection or 
herd immunity in the exposed population. 
However, despite a low level of transmission 
from June to December 2020, a resurgence 
of infection was observed in early 2021 
(refs11,57). The role of waning immunity in 
this apparent wave of reinfection is unclear, 
as major strain variation was also occurring 
at the same time57,58 (Box 2). However, the 
contrast between an apparently high level 
of protection following recent infection 
(<6 months) and the ongoing spread of 
infection in a highly seropositive population 
at later times and/or in the presence of 
viral antigenic variants raises several 
important questions.

There is clearly intense interest 
in understanding the duration and 
cross-​reactivity of immunity elicited by 
natural infection58,59 and its impact on both 
illness and transmission during reinfection, 
which has major implications for disease 
spread and the potential for population-​level 
immunity (Box 2).

Memory to vaccination versus infection
The rapid development and roll-​out of 
vaccines for SARS-​CoV-2 has the potential 
to greatly reduce the morbidity and 
mortality associated with infection.  

A major question is whether vaccine- 
induced responses can prove to be 
significantly more effective than natural 
immunity at controlling infection60. 
Currently licensed vaccines have shown 
efficacies of up to 95% in preventing 
laboratory-​confirmed infection over the first 
few months after vaccination61–63, a level of 
protection that is not significantly different 
to the 89–95% protection that has been 
estimated following natural infection53,54. 
Comparing the magnitude of immune 
responses to vaccination and infection, the 
currently licensed vaccines have been shown 
to produce peak neutralizing antibody 
responses that range from approximately 
half to four-​times those seen in convalescent 
patients24,64–67 (preprint data, not yet peer 
reviewed)68. Initial comparisons of the 
durability of both neutralizing and binding 
antibody responses over the first months 
after vaccination suggest that the early 
rate of decay of antibody responses is not 
significantly different after vaccination or 
infection24,69 (Fig. 1c). However, if protection 
requires maintaining antibody levels above a 
certain threshold, then higher initial levels of 
response following vaccination or frequent 
boosting may succeed in keeping antibody 
levels above this threshold for longer than 
after natural infection despite similar 
rates of antibody decay24. Interestingly, 
the vaccination of previously infected 
individuals drives a rapid and very potent 
recall of humoral immunity, even after a 
single vaccine dose70–72, with serological 
neutralizing activity generally exceeding 
levels seen after two vaccine doses in naive 
participants. The protective potential of 
heterologous vaccination regimes that might 
recapitulate this effect warrants further 
investigation.

These early indications suggest that both 
infection and vaccination provide significant 
protection from detectable SARS-​CoV-2 
infection in the first months after exposure. 
This contrasts with the seroepidemiological 
evidence for ongoing spread of infection 
in a highly exposed population in 
Manaus, which suggests that there may 
be susceptibility to reinfection after 
6–8 months11,12. The relative importance 
of waning immunity and the circulation of 
SARS-​CoV-2 variants is not yet clear, and 
it seems likely that both factors may have a 
role. It is likely that a lower-​level or partial 
immunity reduces the risk of clinical illness 
and detectable infection to a greater extent 
than reducing transmission. For example, 
immunity owing to neutralizing antibodies 
would be expected to block infection and 
thereby reduce both illness and transmission 
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to a similar extent. However, recall 
immune responses that allow for early viral 
replication before they increase to a level 
able to control peak viral levels might have  
a greater effect on clinical symptoms than  
on transmission (Box 2).

Lessons from hCoVs and influenza virus
Predicting the long-​term potential for 
immune control of SARS-​CoV-2 is 
challenging. However, consideration of 
population-​level immunity against endemic 
hCoVs may provide important insights into 
the maintenance of long-​term immunity 
against related coronaviruses such as 
SARS-​CoV-2. Endemic hCoVs circulate 
worldwide and cause widespread infection 
during childhood73. By adulthood, most 
individuals are likely to have been exposed 
multiple times, with longitudinal studies 
and human challenge studies suggesting 
that individuals become susceptible 

to reinfection within 12–18 months 
after a previous hCoV infection74–78. 
Although correlates of protection have 
not been conclusively identified, studies 
show that hCoV infection results in a 
boosting of circulating antibody levels74. 
Interestingly, comparing the rate of decay 
of antibody responses following hCoV 
and SARS-​CoV-2 infections suggests that 
they might have a similar rate of antibody 
loss (Fig. 1b). Compared to a large number 
of studies documenting widespread 
seroreactivity to all four hCoVs, relatively 
less is known about T cell responses 
to hCoVs. Nonetheless, several studies 
indicate the presence of widespread CD4+ 
T cell memory to hCoVs among healthy 
adults32,79–81. This presents a picture of 
an ‘endemic equilibrium’ between hCoV 
infection and human immunity, whereby 
the rate of decay of immune memory 
is balanced by regular reinfection and 

boosting of immune responses, leading 
to frequent mild infections in the context 
of short-​lived memory82. A similar 
phenomenon of ongoing circulation and 
frequent reinfection is also observed for 
influenza virus, although often resulting in 
more severe clinical outcomes. Importantly, 
although influenza virus reinfection is often 
attributed to antigenic variation, human 
challenge studies show that reinfection 
with an identical strain is possible within 
1 year of initial infection83. Combined 
with evidence for the rapid waning of 
immune protection after influenza virus 
vaccination84, this suggests that both 
infection-​induced and vaccine-​induced 
immunity to influenza virus are short lived.

Whether SARS-​CoV-2 might become less 
pathogenic in an immune (or semi-​immune) 
population depends on the nature of both 
the virus and the immune response it 
elicits. A direct comparison of the relative 

Box 2 | Antigenic variation and immune recognition

Several emerging viral variants of concern 
have been identified that have mutations  
in the spike protein, including the B.1.1.7 
variant (originating from the UK and which has 
eight spike mutations92), the B.1.351 variant 
(originating from South Africa) and the 
P.1 variant (originating from Brazil and which  
also contains multiple mutations in the  
spike protein and is spreading widely)57,93. 
Concerningly, recent reports suggest that 
these variants are partially resistant to 
neutralization by monoclonal antibodies 
against spike protein, by convalescent plasma 
and, notably, by sera from participants who 
have received severe acute respiratory 
syndrome coronavirus 2 (SARS-​CoV-2) 
vaccines91,94,95.

The emergence and selection of multiple 
mutations in the spike protein confirm that the 
spike is a major target of effective immune 
responses against SARS-​CoV-2. The majority 
of SARS-​CoV-2 vaccines target only the spike 
protein, although some include the whole 
inactivated virus and may thus target multiple 
viral antigens (reviewed in ref.96). However, 
immune responses following natural infection 
not only target multiple viral proteins but also 
induce immune responses that are localized to the tissue sites of initial 
infection (upper and lower respiratory tracts) (see figure, part a).  
Immune responses induced by both infection and vaccination provide 
good short-​term protection from infection with a homologous virus 
strain. The clinical protection we observe may include contributions from 
spike-​specific and non-​spike-​specific responses as well as localized 
responses in the lung (see figure, part b), the relative contribution of 
which is unknown. Comparing the immune control of SARS-​CoV-2 
variants following infection or vaccination may enable us to identify the 
relative importance of tissue-​specific, T cell and non-​spike responses. 
For example, if immune control is mediated by neutralizing antibodies 
to the spike protein, then spike mutations that abrogate antibody 
recognition alone can abrogate immune protection (whether the 

responses are induced by infection or vaccination). However, if responses 
to non-​spike proteins and/or localized responses in the lung are important, 
then natural infection or vaccination with the whole inactivated virus  
may maintain better immune control of spike variants, even when 
neutralization titres towards a variant are low (see figure, part c). 
Alternatively, if the loss of antibody neutralization abrogates protection 
even when T cell recognition is maintained, this suggests a primary role 
for neutralizing antibodies95.

Understanding whether immunity from natural infection leads to  
more durable control of infection or has a greater breadth of recognition 
of viral variants than vaccination may provide important insights into the 
effectiveness of different immune mechanisms in controlling SARS-​CoV-2 
replication.
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virulence and pathogenicity of hCoVs 
and SARS-​CoV-2 is difficult as a defined 
primary hCoV infection in naive adults is 
challenging to identify. However, the natural 
history of influenza virus pandemics and 
epidemics may provide a precedent for 
one potential outcome for SARS-​CoV-2. 
That is, the high pathogenicity of pandemic 
influenza virus strains during primary 
infection is reduced to a level equivalent to 
the pathogenicity of circulating (seasonal 
and/or endemic) influenza virus strains 
in the presence of an immune population. 
The immunological naivety of the host 
population is thus thought to be a major 
contributor to the severe illness caused by 
pandemic influenza85.

The future of the pandemic
Current analyses of the rate of decay 
of immunity to SARS-​CoV-2 and the 
comparison with immunity to hCoVs 
suggest that high-​level immunity to 
SARS-​CoV-2 infection may last less than 
a year in many cases but that the duration 
of protection from severe infection may be 
more durable24. A major question is whether 
and how vaccination might provide longer 
lasting or stronger immunity. Potential 
scenarios for the degree of immune 
protection conferred by infection and 
vaccination are shown in Fig. 3. In the most 
optimistic scenario, vaccination might 
block virus transmission, leading to control 
of the pandemic in highly vaccinated 

populations. However, alternative scenarios 
are also possible in which vaccine efficacy 
is either short lived or provides protection 
from severe disease but does not block 
transmission74–78. Finally, the emergence of 
antigenic variants of SARS-​CoV-2 (Box 2) 
raises the possibility of an ongoing ‘arms 
race’ between viral evolution and vaccine 
catch-​up (as occurs for annual influenza 
virus vaccination).

In all but the most optimistic scenarios, 
it seems that either continued boosting 
with current vaccines or a next generation 
of SARS-​CoV-2 vaccines may be required, 
but how then do we optimize viral control? 
The simplest approach of developing vaccines 
and/or vaccine schedules that induce stronger 
neutralizing antibody responses may indeed 
improve outcomes. For example, although 
post-​infection and post-​vaccination responses 
are currently similar for SARS-​CoV-2 
(refs64–68), the human papilloma virus vaccine 
can induce antibody responses that are 
orders of magnitude larger than those seen 
in natural infection, and it induces much 
stronger and more durable immunity than 
occurs after natural infection86. Whether 
higher vaccine-​induced antibody titres 
to SARS-​CoV-2 can be achieved through 
repeated boosting or will require more 
immunogenic vaccine formulations is 
unclear. In addition, expanding the breadth 
of neutralization against different antigenic 
variants may be an important requirement  
of next-​generation vaccines.

The concepts of neutralizing antibodies 
and herd immunity have loomed large 
in our thinking about SARS-​CoV-2 
control87,88. Although the neutralization 
of viral entry into host cells may yet prove 
to be a dominant pathway to protection, 
a thorough investigation of different 
mechanisms of partial immunity and the 
roles of non-​neutralizing antibodies and of 
T cell and B cell memory responses seems 
prudent. Importantly, vaccines are currently 
being compared based on their short-​term 
ability to prevent symptomatic infection, 
with an implicit assumption that this will also 
reflect their long-​term efficacy and ability 
to control the spread of infection. However, 
if alternative immune correlates of protection 
beyond neutralizing antibodies can be 
established, these may provide additional 
directions for vaccine optimization and 
prediction of future protection.

Concluding remarks
With a growing proportion of the world 
population having been infected with 
SARS-​CoV-2, there is intense interest in 
the degree to which this group is protected 
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from reinfection in the medium to long 
term. The waning of neutralizing antibody 
responses over the first year after infection 
suggests that reinfections may become more 
frequent in the coming months and/or 
years. However, the robust B cell and T cell 
memory responses induced by primary 
infection suggest that reinfection severity, 
and potentially transmission, may be 
mitigated over the longer term. The 
potential for higher levels of neutralizing 
antibodies to be induced by vaccination 
suggests that reinfection could be further 
reduced by vaccinating individuals who 
have been previously infected. Nevertheless, 
the durability of immunity and the potential 
for antigenic variation of the virus remain 
major challenges going forwards. A better 
understanding of the mechanisms of 
immunity against reinfection is urgently 
needed to help achieve long-​term immune 
control of the SARS-​CoV-2 pandemic.
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