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Abstract

Pre-existing cross-reactive immune responses to severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) proteins in infection-
naive subjects have been described by several studies. In particular, 
regions of high homology between SARS-CoV-2 and common cold 
coronaviruses have been highlighted as a likely source of this cross-
reactivity. However, the role of such cross-reactive responses in the 
outcome of SARS-CoV-2 infection and vaccination is currently unclear. 
Here, we review evidence regarding the impact of pre-existing humoral 
and T cell immune responses to outcomes of SARS-CoV-2 infection and 
vaccination. Furthermore, we discuss the importance of conserved 
coronavirus epitopes for the rational design of pan-coronavirus vaccines 
and consider cross-reactivity of immune responses to ancestral SARS-
CoV-2 and SARS-CoV-2 variants, as well as their impact on COVID-19 
vaccination.
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constrained. These may provide insights for the development of pan-
coronavirus vaccines that can protect from emerging SARS-CoV-2 
variants of concern (VoCs) and future novel pandemic coronaviruses.

Here, we bring together the evidence for pre-existing cross-
reactive immune responses against SARS-CoV-2. We discuss theoretical 
evidence for a potential role of immune cross-reactivity in SARS-CoV-2 
infection, experimental evidence for cross-reactivity between SARS-
CoV-2 and other viruses, evidence for an impact of cross-reactivity on 
clinical outcomes following SARS-CoV-2 infection, and we examine 
the impact of cross-reactivity on response to SARS-CoV-2 vaccination. 
Furthermore, we reflect on the implications of cross-reactivity for 
future vaccine development and in the context of SARS-CoV-2 VoCs.

SARS-CoV-2 sequence homology with other 
viruses
SARS-CoV-2 shows an overall sequence homology of 69% with OC43, 
68% with HKU1 and 65% with NL63 and 229E (ref. 3), suggesting that 
cross-reactive immune responses induced by previous CCC infections 
may play an important role in SARS-CoV-2 infections or vaccination 
outcomes. Genomic and protein alignment has shown that the NSPs, the 
S2 domain of the spike protein and the nucleocapsid protein show 
the highest homology between the CoVs3,4,39 (Fig. 2). The homology 
between the SARS-CoV-2 and SARS-CoV nucleocapsid protein is 90%, 
and for the β-CoVs HKU1 and OC43, it is 34% and 35%, respectively. The 
S2 region of the spike protein is considerably more conserved between 
SARS-CoV-2 and CCCs than the S1 region40. In particular, regions such 
as the S2 fusion protein domain and heptapeptide repeats 2 are highly 
conserved across coronaviruses41,42. Immunodominant domains found 
on the S1 portion of the spike protein, such as the receptor-binding 
domain (RBD) and N-terminal domain, are relatively more variable 
between CoVs (for the RBD, SARS-CoV-2 has 73–76% homology to SARS-
CoV, 24% to HKU1 and 23% to OC43)3,43–45. The variable conservation of  
SARS-CoV-2 with HCoVs means that cross-reactivity is probably primar-
ily targeted to certain regions of the SARS-CoV-2 proteome. For 
instance, the relatively low sequence homology of the SARS-CoV-2 RBD  
region makes this a less likely target for cross-reactive antibodies. Con-
sidering that the RBD region is known to contain the majority of neu-
tralizing antibody-binding sites46, this potentially limits the ability for 
cross-reactive antibodies to neutralize SARS-CoV-2. However, binding 
antibodies to the highly conserved S2 fusion protein region of the SARS-
CoV-2 spike protein have also been shown to neutralize SARS-CoV-2  
cell entry47. In the context of COVID-19 vaccines, the majority of which  
use the SARS-CoV-2 spike protein as immunogen, cross-reactivity of  
CCC is limited to the spike protein. It is therefore likely that there is a  
complex and dynamic interplay of cross-reactivity of CCC with 
COVID-19 vaccines and SARS-CoV-2 infection, potentially with enhanced  
cross-reactivity to conserved regions of the SARS-CoV-2 spike protein 
in vaccinated populations.

Evolutionary conservation of the SARS-CoV-2 spike protein with 
other single-stranded RNA viruses has also been described, and com-
putational analysis has shown genetic sequence similarities between 
regions of SARS-CoV-2 and paramyxoviruses including mumps, measles 
and Nipah viruses48. Interestingly, within the spike protein, the region of 
highest sequence similarity between SARS-CoV-2 and paramyxoviruses 
corresponds with the SARS-CoV-2 S2 fusion protein domain, which is 
also highly conserved among HCoVs48. The high sequence homology 
between these viruses and SARS-CoV-2 suggests that viruses other than 
HCoV may also contribute to SARS-CoV-2 immune cross-reactivity and 
impact on infection and vaccine outcomes.

Introduction
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 
causal agent for COVID-19, is a member of a large family of positive-sense 
RNA human coronaviruses (HCoVs), which include the Alphacorona-
viruses (α-CoVs) 299E and NL63 and the Betacoronaviruses (β-CoVs) 
HKU1, OC43, Middle East respiratory syndrome coronavirus (MERS-
CoV), SARS-CoV and SARS-CoV-2 (ref. 1). All HCoVs express the struc-
tural proteins spike, envelope, membrane and nucleocapsid, accessory 
proteins in open reading frames (ORFs) 3, 6, 7, 8, 9, 10 and 14, the much 
larger group of non-structural proteins (NSPs) in ORF1 (ref. 2). There is  
a high degree of homology among HCoVs in both structural proteins  
and NSPs3,4. The so-called common cold coronaviruses (CCCs) HKU1, 
OC43, NL63 and 299E are seasonal, are common in human populations 
globally and were responsible for an estimated 10–20% of viral respira-
tory infections in 2019, causing predominantly mild disease5. By con-
trast, MERS-CoV, SARS-CoV and SARS-CoV-2 have all emerged in the 
past 20 years and can cause severe, potentially fatal disease6. Although 
SARS-CoV-2 is broadly classified as pathogenic owing to its relatively 
high case–fatality ratio7, COVID-19 shows a diverse range of symptoms 
from asymptomatic or mild disease in the majority of patients, to crit-
ical disease including acute respiratory distress syndrome, pneumonia, 
cardiac arrythmia, encephalopathy, acute kidney injury and, in some 
cases, death8. Several risk factors for COVID-19 disease severity have 
been identified. These include demographic factors such as age9, Black 
and Asian ethnicity10, male gender11 and comorbidities such as diabetes12, 
kidney disease, cerebrovascular disease, cardiovascular disease and 
respiratory disease13,14. Moreover, various immunological correlates 
have been associated with COVID-19 severity and disease outcomes. 
These include autoantibodies to type I interferons15,16; altered myeloid 
cell populations including increased numbers of immature neutrophils 
and loss of non-classical monocytes17 as well as increased hyperinflam-
matory and aberrant CD163+ monocytes18. Elevated serum cytokine 
levels are associated with severe COVID-19 infections and are a strong 
predictor of adverse disease outcomes19. Adaptive immune responses, 
including the development of a coordinated SARS-CoV-2-specific CD4+ 
and CD8+ T cell response and neutralizing antibodies, are associated 
with a reduction in COVID-19 disease severity20–22; however, certain 
T cell responses including unconventional CD16+ T cells23, mucosal-
associated invariant T (MAIT) cells24 and γδ T cells25 may be increased 
in severe COVID-19 and are potentially related to immunopathology.

Cross-reactive immune responses that exist in individuals before 
SARS-CoV-2 exposure may also affect susceptibility to infection and 
disease severity4,26–33. Given the high homology of SARS-CoV-2 with 
other HCoVs, particularly those of the β-CoV genus, and the very high 
prevalence of CCCs, it is probable that these viruses are the source of 
cross-reactive immune responses. However, the exact source and the 
subsequent role of pre-existing SARS-CoV-2 cross-reactivity remain a 
question of considerable research interest. Evidence from the study of  
other infectious diseases suggests that pre-existing, cross-reactive 
immune response may impact disease outcomes (Fig. 1), in some cases 
promoting protection against infections — such as in influenza A34 and  
Japanese encephalitis virus infections — in which beneficial cross- 
reactive T cell responses are found35. But in other cases, such as dengue  
virus and zika virus infections36–38, disease severity is potentially exac-
erbated (Box 1). Understanding cross-reactive immune responses to 
SARS-CoV-2 may contribute to our understanding of the heterogeneity 
of clinical outcomes in COVID-19 disease and vaccination and allows us  
to identify immune epitopes that are conserved between geneti-
cally diverse coronaviruses and are most likely to be functionally 
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Evidence for cross-reactive immunity
Several studies have shown immune reactivity to SARS-CoV-2 epitopes 
or antigen in samples from individuals that were collected before the 
COVID-19 pandemic4,26–28,49, providing definitive evidence that SARS-
CoV-2 cross-reactive immune responses may be derived from non-
SARS-CoV-2 antigens. Moreover, epitopes of cross-reactive T and B cells 
have been predicted with computational tools and identified using 
conventional laboratory assays28,50–52. These are located in the regions 
of high homology between SARS-CoV-2 and HCoVs such as the nucle-
ocapsid protein4, the spike protein S2 region27,49,53 and NSPs found in 
ORF14,27,28,39,49,53–55 (Fig. 2 and Supplementary Table 1). However, it is fea-
sible that cross-reactivity, facilitated by receptor-binding degeneracy 
or epitope structural similarity53, is not limited to CCCs and that other 
common infectious agents may provide a source of epitopes with high 
homology to SARS-CoV-2 epitopes.

Cross-reactive antibodies and B cells
A number of studies have detected cross-reactive antibodies in sam-
ples taken from SARS-CoV-2-unexposed individuals before or early in 
the pandemic45,49,56–59. In unexposed children, adolescents and adults, 
a high seroprevalence was found against SARS-CoV-2 total spike and 
nucleocapsid proteins but not against the RBD or the S1 subunits of 
the spike protein, suggesting that responses were mainly targeting S2 
in these cohorts49,59. Cross-reactive antibodies binding within the final 
743 amino acids of the spike protein were mapped to multiple epitopes 
within the S2 region of the spike protein, which were largely well con-
served between SARS-CoV-2 and other HCoVs49 (Table 1). Similar find-
ings were made in an analysis of 196 overlapping peptides covering the 
SARS-CoV-2 spike protein, demonstrating that antibodies from serum 
samples taken before the pandemic can bind SARS-CoV-2 S2 regions 
with high sequence homology to other HCoVs.

Similarly, SARS-CoV-2-reactive memory B cell populations have 
been investigated for cross-reactivity with HCoVs57. In COVID-19 con-
valescent donors, up to 4% of immunoglobulin G (IgG)+ memory B cells 
bound to both the SARS-CoV-2 spike protein and either HKU1 or NL63, 
demonstrating cross-reactivity of the B cell receptor to epitopes of 
both SARS-CoV-2 and HCoVs57. Monoclonal antibodies generated from 
these cross-reactive B cells also showed cross-reactive binding to sev-
eral other HCoVs, including OC43, MERS-CoV-2 and SARS-CoV57. Pre-
existing cross-reactive memory B cells have also been shown to expand 
in the early response to SARS-CoV-2 infection60. These cross-reactive 
memory B cells had already undergone significant hypermutation 
before the initial SARS-CoV-2 infection, but their frequency decreased 
over time (between 3 and 6 months after SARS-CoV-2 infection). This 
may suggest that, although cross-reactive memory B cells form part 
of the initial response to SARS-CoV-2 infection, they are not selected 
for among the overall memory B cell pool, which forms after infec-
tion60. Notably, however, some cross-reactive memory B cells that 
are available for rechallenge may not be detectable by conventional 
flow cytometry staining in peripheral blood, and techniques such 
as tetramer enrichment may be required to detect rare cross-reactive 
memory B cell populations61.

Cross-reactive T cells
Several studies have also identified cross-reactive T cells to SARS-CoV-2 
in blood samples from SARS-CoV-2-unexposed individuals4,27,28,30,31,49,58,62. 
Compared with antibody epitopes, and of relevance to vaccine design, 
a greater number of epitopes for cross-reactive T cells were identi-
fied in SARS-CoV-2 proteins other than spike (Supplementary Table 1). 

For example, responses to the structural nucleocapsid protein and 
non-structural ORF1 proteins (targeting mainly NSP7 and NSP13) 
were detected in 19 of 37 SARS-CoV-2-unexposed donors using an 
interferon-γ ELISpot assay4. These T cell epitopes mapped to a region of 
the nucleocapsid protein (N101–120) that was highly conserved between 
SARS-CoV-2 and HCoVs and contained a T cell epitope that had been 
identified in individuals who had recovered from SARS-CoV infection 
17 years earlier (Supplementary Table 1). This epitope has undergone 
considerable subsequent analysis and is suggested to be an important 
target for cross-reactive CD8+ T cells63,64. A study by Swadling et al.39, 
using samples taken before the COVID-19 pandemic and samples from 
SARS-CoV-2-exposed but uninfected health-care workers, identified 
epitopes of cross-reactive T cells in the non-structural components 
NSP7, NSP12 and NSP13 of the replication transcription complex of 
SARS-CoV-2. Bioinformatic analysis in this study found significantly 
higher sequence homology between SARS-CoV-2 and all other HCoVs 
in the replication transcription complex compared with structural 
proteins39. Cross-reactive T cells from three out of five seronegative 
health-care workers showed a higher response to the correspond-
ing HKU1 epitope when compared with the homologous SARS-CoV-2 
epitope, suggesting that SARS-CoV-2 cross-reactivity is a consequence 
of previous HKU1 infection in these individuals39.

Short-term T cell lines derived from SARS-CoV-2-unexposed 
subjects and peptides representing SARS-CoV-2-immunodominant 
epitopes have also been used to evaluate cross-reactive T cells28. Many 
of these short-term T cell lines cross-reacted with HCoV epitopes, 
with some reacting more strongly with HCoV epitopes than the SARS-
CoV-2 epitope that was used to generate them, again suggesting that  
they originated from HCoVs other than SARS-CoV-2 (ref. 28). As not all 
these epitopes have high homology with epitopes from other HCoVs, 
it is possible that short-term T cell lines that were not cross-reactive 
with HCoVs might have originated from a non-HCoV source. Sub-
stantiation of the phenotype of cross-reactive T cells shows that they 
were not generated de novo but had a bona fide memory phenotype 
(CD45RA−CCR7−/+)28. Evaluation of the homology of cross-reactive 
peptides showed that those with the highest homology between SARS-
CoV-2 and CCCs (≥67%) were more likely to be cross-reactive than those 
with lower homology, suggesting, as expected, that epitope similarity 
is key to cross-reactivity28.

However, functional T cell responses to epitopes of low homo logy 
between HCoVs, including NSP736–50 and NSP726–40, have also been 
identified in other in vitro experiments4. Peripheral blood mono-
nuclear cells (PBMCs) from a SARS-CoV-2-unexposed donor who had  
SARS-CoV-2 NSP736–50-reactive T cells failed to respond when stimulated 
with the corresponding HCoV-derived amino acid sequence4. This 
finding is interesting as it provides evidence for alternative sources 
of T cell cross-reactivity beyond HCoVs. A recent study that similarly 
investigated sources for SARS-CoV-2 cross-reactive T cells found that 
SARS-CoV-2-specific T cells identified in samples taken from individu-
als before the COVID-19 pandemic could cross-react with predicted, 
naturally processed, defined microbial peptides from common com-
mensal bacteria65, suggesting that microbial peptides from commensal 
bacteria are potentially an important source of pre-existing SARS-CoV-2 
cross-reactive T cells.

In addition to the studies of cross-reactive CD4+ T cells to SARS-
CoV-2, other studies have identified pre-existing cross-reactive CD8+ 
T cells30,31,55,63,66. Human leukocyte antigen A (HLA-A)-restricted and 
HLA-B-restricted shared epitopes have been described in several 
regions of SARS-CoV-2, including the spike protein, ORF1ab-derived 
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proteins and ORF7a4,28,30,31 (Supplementary Table 1). In particular, a high 
degree of pre-existing cross-reactive CD8+ T cell responses to SARS-
CoV-2 was found in unexposed donors who carry the HLA-B*7:02 allele66.

Impact of cross-reactive immune responses
The impact of cross-reactive immune responses on the outcome of 
SARS-CoV-2 infection can be defined in two main ways: at an epidemio-
logical level, in which the prevalence of CCC infection can be correlated 
with the clinical outcome of COVID-19 and prevalence of SARS-CoV-2, 
and in the setting of cohort studies that directly assess the impact of 
cross-reactive antigen on SARS-CoV-2 immune responses (Table 1). 
Moreover, a number of studies have aimed to decipher the mechanisms 
by which cross-reactive antibodies, memory B cells and T cells can 
affect immunity to SARS-CoV-2.

Epidemiological studies can explore the variation in CCC preva-
lence by geography, seasonality and across age groups and associate 
this prevalence with the outcome or incidence of SARS-CoV-2 infection, 
thus giving new insights into the role of CCCs in modulating COVID-19 
severity or SARS-CoV-2 infection prevalence.

Geographical and seasonal variation in CCCs
Although CCCs are globally distributed, the prevalence of these infec-
tions is likely to vary both by geographical region and by season. One 
meta-analysis of 128 studies showed an overall CCC infection rate of 5%, 
but this ranged from 0.73% in the Philippines to a high of 21.51% in Tuni-
sia67. In general, these studies contained small numbers of people and 
included those with symptomatic disease only, so the true prevalence 
of infections may be grossly under-reported.

The seasonality of CCCs is also well documented with an increased 
prevalence of CCC infections in winter months globally67–69. In Scot-
land, it has been shown that HCoV strains co-circulated reciprocally 
across seasons, with high prevalence of one coronavirus strain coin-
ciding with low prevalence of another5. Similar findings were demon-
strated in a cohort in MI, USA70. The seasonality of CCCs is potentially 
explained by social behaviour and waning immunity between waves. 
Notably, asynchronous seasonality and low levels of co-infection71 were 

observed between the α-CoVs HCoV-NL63 and HCoV-229E, suggesting 
that a potentially immune-mediated interaction (cross-reactivity) 
between closely related CCCs could impact the population prevalence 
of a different CCC5. However, the effect of the seasonality of CCCs on 
cross-reactivity with SARS-CoV-2 is unclear as yet.

Considering the high but variable prevalence of CCC infection 
globally, is there any evidence of an impact of CCC prevalence on SARS-
CoV-2 infection outcome? In one large study looking to identify the 
relationship between the previous infection with a CCC and the clinical 
outcome of SARS-CoV-2 infection, 875 out of 15,928 individuals tested 
PCR-positive for CCC infection72. Individuals who tested positive for 
CCCs and subsequently became infected with SARS-CoV-2 had milder 
COVID-19 when compared with those with no evidence of CCC infection 
in the study time frame72, suggesting that there is some cross-protection 
from the previous CCC infection. Another study showed that partici-
pants with a history of positive tests for CCCs had less severe COVID-19 
on infection with SARS-CoV-2, including a reduced likelihood for inten-
sive care unit admission and death, which remained significant after 
accounting for age, sex, body mass index and diabetes mellitus status73.

Age and CCC cross-reactivity
Exploring the relationship between the prevalence of CCCs and SARS-
CoV-2 infection outcomes, which is known to vary between age groups, 
may also give insights into CCC-SARS-CoV-2 cross-reactivity. Although 
children had the highest prevalence of CCCs before the COVID-19 pan-
demic, in the early ‘waves’ of the SARS-CoV-2 pandemic, they were the 
least likely to be infected with SARS-CoV-2, accounting for only 1–3% 
of confirmed cases in early 2020 (refs. 74,75). Although this inverse 
correlation may be confounded by a variation in rates of asymptomatic 
infection and social isolation in different age groups, it is interesting to 
observe that in three independent studies that were carried out before 
the COVID-19 pandemic, children aged under 5 years, compared with 
other age groups, were found to have the highest prevalence of infection 
with the β-CoV HCoV-OC43, the CCC that is most closely related to SARS-
CoV-2 (refs. 5,70,71). By contrast, people over the age of 65 years had 
the highest prevalence of the α-CoV 229E and had lower overall CCC 

Fig. 1 | Mechanisms of beneficial or detrimental cross-reactive immune 
responses identified in heterologous secondary viral infections. Cross-reactive 
T and B cells may be generated in a primary infection with a virus that has sequence 
similarity to a heterologous secondary infectious agent. Cross-reactive immune 
cells may have beneficial or detrimental effects, and the mechanisms for such effects 
have been determined for many different virus families. a, Beneficial cross-reactive 
T cells may be generated through the priming of T cells by high-homology epitopes. 
These T cells then cross-react with high avidity during a heterologous secondary 
infection and may block pathogenicity by preventing invasive infection (aborting 
infection) or may expedite the rate of viral clearance by forming a ‘secondary-like’ 
memory immune response with an increased magnitude of B cell help and T cell 
responses. Evidence for such cross-reactive mechanisms was reported in studies of 
coronavirus infections, including severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2)39,62,90,100. b, Beneficial cross-reactive memory B cells and antibodies can 
be generated to epitopes of high similarity between a primary and a heterologous 
secondary infection. Cross-reactive B cells specific to highly conserved epitopes 
may then go on to produce an expedited and high-functionality memory-like 
response to heterologous infection, including the production of cross-neutralizing 
antibodies that can prevent viral entry to cells. Evidence for these cross-reactive 
mechanisms was reported in coronavirus infections, including Betacoronaviruses 
and SARS-CoV-2 (refs. 49,108), influenza infection109 and influenza vaccination110 
studies. c, Cross-reactive T cells generated to epitopes of relatively low homology 

may detrimentally impact a secondary infection with heterologous agents by 
dominating the response to the secondary infection, competing for presented 
antigen and disrupting the production of high-avidity de novo T cell responses. 
Cross-reactive T cells may bind with lower affinity to epitopes from the secondary 
infectious agent compared with the first. Low-affinity epitope binding by cross-
reactive CD8+ T cells may then lead to the production of pro-inflammatory cytokines 
(interferon-γ (IFNγ), tumour necrosis factor-α (TNFα)) without the induction of 
cytolytic effector functions (degranulation) — leading to immunopathology and 
reducing viral clearance. Evidence for these cross-reactive mechanisms has been 
reported in studies of flavivirus infection36,111,112, reviewed elsewhere113,114. d, Cross-
reactive B cells generated to epitopes of low homology may interfere with responses 
to a secondary heterologous infection by skewing the response to antibodies with 
higher avidity for the initial infectious agent, reducing the generation of de novo 
antibody responses. Evidence for such cross-reactive mechanisms was reported 
in coronavirus (common cold coronaviruses and SARS-CoV-2)85 and influenza 
virus studies, reviewed elsewhere115. Low-avidity cross-reactive antibodies or low 
levels of high-avidity cross-reactive antibodies that cannot neutralize a secondary 
heterologous infection may bind to virus and aid viral entry into cells through 
Fc-receptor-mediated endocytosis, a mechanism known as antibody-dependent 
enhancement. Evidence for antibody-dependent enhancement was reported in 
studies of flavivirus infection116,117. APC, antigen-presenting cell; TFH cell, follicular 
helper T cell.



Nature Reviews Immunology

Perspective

prevalence compared with children5,70,71. It is therefore possible that 
increased pre-existing β-CoV immune responses that cross-react with 
SARS-CoV-2, or niche competition between β-CoVs and SARS-CoV-2, 
are causally related to a decrease in infection rates and disease severity 
in younger age groups, whereas elderly people are less protected by 
exposure to α-CoV HCoV-229E, which has low homology to SARS-CoV-2.

Cross-reactive immune responses have been directly measured 
in different age cohorts and can be used to support or refute these 
epidemiological associations. In pre-pandemic samples, it has been 
shown that the magnitude of pre-existing SARS-CoV-2 spike pro-
tein cross-reactive IgG is higher in children compared with that in 
adults and that cross-reactive antibodies generated against SARS-
CoV-2 spike protein domains may neutralize SARS-CoV-2 infection in 
vitro5,49, potentially explaining the increased protection from SARS-
CoV-2 infection and COVID-19 severity in children42,49,76. In exploring 

Ig subsets and functionality in specific age groups, it has been shown 
that there are higher levels of class-switched (immunoglobulin A (IgA) 
and IgG) antibody responses to SARS-CoV-2–CCC-conserved regions 
(S2 and nucleocapsid protein) in COVID-19 convalescent older adults, 
compared with COVID-19 convalescent children. However, children 
had more functional responses (Fc-mediated phagocytosis) targeting 
SARS-CoV-2 RBD and S1 (ref. 77). This suggests that repeat or recurring 
infection with CCCs over the course of a lifetime may skew CCC-gener-
ated antibodies to a more class-switched state, but with less functional 
cross-reactivity than found in children. The frequency of high-avidity 
and functional CD4+ T cells, cross-reactive with SARS-CoV-2 S2, has 
also been shown to decrease significantly with age62. It is possible that 
this reflects both an age-related decline of immune activity, through 
thymic involution78, immunosenesence79 and reduced T cell receptor 
(TCR) repertoire diversity80, and the age-related distribution of CCC 

Box 1

Sequence homology among closely related viruses impacts 
on immune response to heterologous infection
Closely related viruses can induce cross-reactive immune responses 
against each other, as exemplified in virus families in which high 
sequence homology among members impacts on the immune 
response to related viruses. For example, it is well known that cross-
reactivity impacts on clinical outcomes in infections with members of 
the Flaviviridae family: this includes dengue virus (DENV) and zika virus 
(ZIKV), in which immune response to infection by one DENV serotype 
can have deleterious consequences for subsequent infection by 
another DENV serotype or ZIKV36–38. This phenomenon aligns with the 
concept of ‘original antigenic sin’. This was proposed in 1953 (ref. 118) 
and describes a scenario in which immunity to a primary infection 
alters the effectiveness of the immune response to a secondary 
infection. Detrimental original antigenic sin in flaviviru ses is mostly 
antibody-mediated and due to antibody-dependent enhancement 
(ADE) in a secondary infection37,119,120 (Fig. 1). In the example of DENV, 
ADE is a phenomenon whereby low avidity or a low concentration of 
antibodies generated in response to a primary infection of one DENV 
serotype is unable to neutralize a secondary infection with another 
DENV serotype, but instead binds to and enhances the capacity of 
the virus causing the secondary infection to enter the cells through 
Fc-receptor-mediated endocytosis119.

Although there is substantial evidence for detrimental ADE in 
flavivirus infection, the role of cross-reactive T cell-mediated immune 
responses in flavivirus outcomes is still debated114. Initial evidence 
suggested that in repeat infection with DENV of different serotypes, 
T cells recruited in the secondary infection are of a higher affinity 
to the primary infectious serotype than the secondary serotype36. 
Furthermore, several studies have demonstrated that the magnitude 
of T cells in DENV infections positively correlates with disease 
severity112,121 and suggested that cross-reactive T cells in secondary 
DENV infections may play a role in the increased pathogenesis 
observed during secondary infections111 (Fig. 1). However, there is 
also evidence that cross-reactive T cells may instead be beneficial 
to the clinical outcomes of flavivirus infection. A recent publication 

identified 93 cross-reactive ZIKV T cell epitopes in 90% of the 
DENV-exposed, ZIKV-unexposed donors, and in vitro testing of 
some of these cross-reactive epitopes showed that they induced 
strong cross-reactive T cell response122, which, in theory, may have a 
protective role in subsequent ZIKV infection. In several other studies, 
T cell responses to cross-reactive peptides that were generated in 
previous DENV infections corresponded to a more rapid and higher 
magnitude of T cell responses to secondary infection with ZIKV or the 
similarly highly conserved flavivirus, Japanese encephalitis virus122–124. 
Epitopes of cross-reactive T cells had a high degree of sequence 
homology between DENV and ZIKV (>67%). These were associated 
with an increase in the magnitude of the secondary immune response 
to ZIKV122, experimentally demonstrating that the degree of sequence 
homology impacts on the strength of cross-reactive T cell responses. 
The threshold of 67% sequence homology between epitopes has 
subsequently also been shown to be relevant to T cell cross-reactivity 
between common cold coronaviruses and SARS-CoV-2 (ref. 28).

In addition to examples of beneficial cross-reactivity in 
flaviviruses, there are further examples of beneficial cross-reactivity 
in the literature. Perhaps the most famous example is the discovery 
by Edward Jenner in 1796 that inoculation with cowpox protected 
individuals from the related, but deadly smallpox virus — leading to 
the eventual eradication of smallpox and the foundation of the field 
of vaccinology125,126. More recently, detailed studies of influenza A 
infection during the 2009 H1N1 pandemic found that pre-existing 
T cells in H1N1-naive donors were cross-reactive with conserved 
epitopes of H1N1. Furthermore, the magnitude of these pre-existing 
H1N1 cross-reactive T cells was inversely correlated with the disease 
score in a subsequent infection, such that study participants with 
higher pre-existing cross-reactive interferon-γ-secreting CD8+ 
T cells had a reduced risk of symptomatic infection with H1N1 
(ref. 34). Studies such as these demonstrate that cross-reactivity 
can substantially alter subsequent immune responses and disease 
outcomes in a heterologous infection.
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prevalence5. A similar phenomenon of decreasing CD4+ T cell func-
tionality with age is observed in mice, in which thymic involution and 
reduced TCR repertoire diversity in aged mice were associated with 
a reduced capacity to develop de novo responses and immunity to influ-
enza A virus81. In this case, it is plausible that the increased frequency of 
cross-reactive CD4+ T cells in young children and adults may contribute 
to their increased protection against severe COVID-19, compared with 
elderly adults in the early phase of the pandemic.

One model investigating the relationship between CCC cross-
reactivity and the age distribution of SARS-CoV-2 incidence rates sug-
gests that cross-protection from previous infection with CCCs is not 
sufficient to explain age differences in the incidence of SARS-CoV-2 
infections82, but may account for some reduced susceptibility in chil-
dren. Overall, these data suggest a possible correlation between previ-
ous infection with CCCs and reduced SARS-CoV-2 severity. However, 
identifying a causal relationship between endemic CCC prevalence 
and COVID-19 disease outcomes is challenging owing to the impact of 
substantial confounding factors that vary between age populations 
including immunosenescence, comorbidities, physiological changes 
such as endothelial damage and angiotensin-converting enzyme 2 
(ACE2) receptor density83, variation in COVID-19 vaccination rates and 
SARS-CoV-2 variant prevalence.

Cohort studies of antibody and B cell cross-reactivity
Several studies have explored the potential effect of cross-reactive anti-
bodies and T cells on COVID-19 severity. Although cross- reactive 
antibodies against SARS-CoV-2 spike protein  domains can be 

detected in pre-pandemic samples and may neutralize SARS-CoV-2 
infection in vitro (SARS-CoV-2 spike pseudotypes and authentic 
SARS-CoV-2)5,49, there is an ongoing debate as to whether these influ-
ence COVID-19 clinical outcomes. In a large case–control study, levels 
of CCC-specific antibodies were found to be elevated in response to 
SARS-CoV-2 infection; however, the baseline CCC antibody titre (meas-
ured before SARS-CoV-2 infection) was not associated with protection 
against infection or predictive of disease severity84. This finding was 
supported by a second study, which similarly showed that SARS-CoV-2 
cross-reactive antibodies were non-neutralizing and did not protect 
against SARS-CoV-2 infection or hospitalization59. The in vitro and clini-
cal studies taken together suggest that some CCC–SARS-CoV-2 cross-
reactive antibodies may have neutralizing capacity when assessed in 
vitro, but that the clinical effect of this may be marginal as overall there 
is a low frequency of broadly cross-reactive memory B cell clones that 
target cross-neutralizing epitopes42.

One study has suggested that CCC cross-reactive antibodies may 
have a detrimental effect on COVID-19 severity85. In this retrospective 
cross-sectional study, it was shown that antibody responses to the 
HCoV-OC43 spike protein correlated with SARS-CoV-2 spike- protein-
reactive antibodies in fatal COVID-19 and that levels of SARS-CoV-2 
spike-protein-targeted antibodies were reduced in patients who died 
from COVID-19, compared with patients with COVID-19 who required 
admission to an intensive care unit but survived. This is supported by 
another study that suggested that patients with critical COVID-19 had 
higher levels of anti-HCoV antibodies compared with other individuals  
assessed before the pandemic or with individuals with mild-to-severe 
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Fig. 2 | Severe acute respiratory syndrome coronavirus 2 cross-reactive 
epitopes and common cold coronavirus homology. The severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) proteome with regions 
of experimentally defined cross-reactive epitopes in humans, as listed in 
Supplementary Table 1. SARS-CoV-2 proteins containing cross-reactive 
epitopes are labelled along the top and depicted along the bottom of the figure. 
The amino acid sequences for the ancestral SARS-CoV-2 and the reference 
sequences [Accession numbers: 229E: NC_002645.1, OC43: NC_006213.1, 
NL63: NC_005831.2, HKU1: NC_006577.2] for each of the four common cold 

coronaviruses were aligned against each other using MATLAB multialign 
function and the PAM250 scoring matrix. A moving window was used to 
calculate the mean number of amino acid (aa) differences between the ancestral 
SARS-CoV-2 sequence and each common cold coronavirus (mean number 
of mismatches per base (mean distance)). A window size of 100 was used for 
ORF1ab and spike proteins, and a window size of 30 was used for other proteins. 
E, envelope protein; M, membrane protein; N, nucleocapsid protein; NSP, 
non-structural protein; NTD, N-terminal domain; ORF, open reading frame;  
RBD, receptor-binding domain; S2, spike subunit 2.
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COVID-19 (ref. 86). One possible explanation is that de novo responses 
to SARS-CoV-2 are decreased in patients with fatal COVID-19 compared 
with those with non-fatal severe COVID-19 and that the de novo genera-
tion of new responses is inhibited by pre-existing HCoV-OC43 cross-
reactive responses. However, these studies do not directly investigate 
the effect of pre-existing cross-reactive antibodies on COVID-19 sever-
ity, and the causal relationship between CCC cross-reactivity and fatal 
outcomes remains unclear. Furthermore, the median age of patients 
with fatal COVID-19 was not controlled for compared with those with 
non-fatal disease, which may confound the observations. To ascer-
tain a detrimental role for cross-reactive antibodies in SARS-CoV-2 
infection, further work must be carried out to explain a mechanism 
for this phenomenon (such as antibody-dependent enhancement 
or reduced de novo SARS-CoV-2 response). As yet, there is little evi-
dence for antibody-dependent enhancement in SARS-CoV-2 infection, 

with or without pre-existing SARS-CoV-2 cross-reactive antibodies  
(reviewed elsewhere87).

Overall, there is no evidence from longitudinal cohort studies 
or population-level studies to suggest that pre-existing SARS-CoV-2 
cross-reactive antibodies exacerbate COVID-19. Rather, current evi-
dence suggests that cross-reactive antibodies form part of the immune 
response to SARS-CoV-2, alongside the de novo response. However, 
as the levels of pre-existing antibodies are low, they are largely incon-
sequential in determining the clinical outcomes of COVID-19. These 
conclusions do not provide any convincing evidence for detrimental 
antibody-mediated cross-reactivity, which would mean that vaccine 
strategies that use CCC cross-reactive antigens should not be pursued. 
Consistent with this, the development of pan-coronavirus vaccines that 
are designed to target different SARS-CoV-2 VoC is currently an intense 
area of research in academic and industry laboratories88,89.

Table 1 | Experimental evidence for beneficial, detrimental or neutral effects of cross-reactivity on T cell and B cell 
responses and COVID-19 clinical outcomes

Observation Beneficial Neutral Detrimental

B cells

A study of 48 SARS-CoV-2-unexposed individuals identified SARS-CoV-2-binding antibodies in 33; 29 out of 33 
neutralized SARS-CoV-2 in vitro, indicating the existence of pre-existing cross-reactive protective antibodies49

X

Increased (in vitro) neutralizing capacity of CCP from 126 donors with high titres of antibodies targeted at the coronavirus 
NL63 (ref. 108)

X

No correlation between the levels of anti-CCC antibodies before SARS-CoV-2 infection and subsequent SARS-CoV-2-
targeted antibody response, or protection against infection in two case–control studies of 121 (ref. 84) and 502 individuals 
(ref. 59)

X

An increase in class-switched antibodies and reduced SARS-CoV-2 spike-protein-specific antibody functionality in the 
serum from 12 elderly SARS-CoV-2 convalescent donors, compared with 12 young convalescent donors. This suggests 
the presence of antibodies with reduced functional capacity in individuals who have experienced more CCC exposure77

X

A positive correlation between titres of β-CoV-specific antibodies and SARS-CoV-2-specific antibodies in 21 individuals with 
fatal COVID-19 infection, as well as an increased ratio of β-CoV spike-protein-specific antibodies compared with SARS-CoV-2 
spike-protein-specific antibodies in 21 individuals with fatal COVID-19 compared with 21 individuals with non-fatal COVID-19 
who required admission to an intensive care unit85

X

HCoV-specific antibody titres were higher in 32 patients with severe COVID-19 compared with 888 samples taken before 
the pandemic and from 64 patients with mild or severe COVID-19. Longitudinal assessment of HCoV-specific antibody 
titres in 28 patients with COVID-19 showed that HCoV antibody titres were not boosted after SARS-CoV-2 infection. 
Together, these data suggest that a higher HCoV-specific antibody titre before COVID-19 is associated with more severe 
COVID-19 (ref. 86)

X

T cells

Pre-existing cross-reactive T cells appeared to abort SARS-CoV-2 infection before seroconversion in 10 individuals 
following close-contacts with SARS-CoV-2-infected individuals and in 19 highly exposed health-care workers39

X

Increased frequency of cross-reactive IL-2-producing T cells in 26 individuals who did not become PCR-positive after 
close-contacts with SARS-CoV-2-infected individuals, compared with 26 close-contacts who did become PCR-positive90

X

Pre-existing SARS-CoV-2 cross-reactive T cells associated with an increase in magnitude of high-avidity T cells in 17 
patients with acute SARS-CoV-2 infection. The same study also showed an association between cross-reactive T cells 
and an expedited ‘secondary-like’ memory T cell response to COVID-19 vaccine, increasing the rate of response to the 
vaccine in 31 donors62

X

Pre-existing cross-reactive T cell responses were associated with an increased frequency of SARS-CoV-2 spike-protein-
specific multicytokine producing CD4+ T cells and TFH cells in 17 individuals after COVID-19 vaccination, compared with 
18 individuals without pre-existing cross-reactive T cells100

X

Increased CD4+ and CD8+ T cell proliferation in response to COVID-19 vaccine in 48 donors with pre-existing SARS-CoV-2 
cross-reactive responses, leading to an increased functional T cell response to the vaccine101

X

Pre-existing cross-reactive T cells to SARS-CoV-2 from 17 donors had low functional avidity and T cells in 21 patients with 
COVID-19 were only minimally cross-reactive with CCCs. This suggests that cross-reactive T cells do not significantly 
contribute to the SARS-CoV-2 immune response26

X

Summary of the studies and mechanisms of CCC-SARS-CoV-2 cross-reactive immune responses in SARS-CoV-2 infection and vaccination. Clinical/biological outcomes that are beneficial, 
neutral or detrimental to COVID-19 clinical course are marked. β-CoV, Betacoronavirus; CCC, common cold coronavirus; CCP, COVID-19 convalescent plasma; HCoV, human coronavirus; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TFH cells; follicular helper T cells.
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Cohort studies of T cell cross-reactivity
Several studies have investigated the impact of SARS-CoV-2 cross-
reactive T cells on COVID-19 severity and SARS-CoV-2 infection, with a 
growing body of evidence showing that these have a beneficial role31,39,62. 
Cross-reactive T cells, which are potentially capable of preventing 
SARS-CoV-2 infection before seroconversion, have been detected in 
two independent studies. The first demonstrated that SARS-CoV-2 
cross-reactive T cells found in health-care workers who were highly 
exposed to SARS-CoV-2 but found to be both seronegative and PCR-
negative for COVID-19 were associated with levels of an innate immune 
marker (IFNα-inducible protein 27; IFI27) that can be used as a sur-
rogate marker for early SARS-CoV-2 infection39. The authors propose 
that T cell responses to NSP12, a protein with high sequence homology 
to CCCs, were linked with ‘abortive’ infection, whereby SARS-CoV-2 
infection was cleared before seroconversion or PCR positivity. Simi-
larly, CD4+ T cells that produce IL-2 in response to a pool of SARS-CoV-2 
peptides with high CCC homology (located primarily in regions outside 
the spike protein, including ORF1, 4, 6, 7 and 8, nucleocapsid protein 
and envelope protein) have been associated with protection from 
PCR-positive SARS-CoV-2 infection in people who were close-contacts 
with SARS-CoV-2-infected individuals90. In this study, several antigenic 
peptides were identified that were analogous to the NSP12 epitopes 
associated with abortive T cell infections in the health-care worker study 
reported by Swadling et al.39,90, together suggesting that cross-reactivity 
to NSP12 may play an important role in protecting against infection.

Indirect evidence for early activation of CD8+ T cells in mild SARS-
CoV-2 infection91 supports the concept that cross-reactive memory 
T cells are recruited and activated early in response to SARS-CoV-2 
infection. Several studies have found that a delayed onset and weak 
induction of SARS-CoV-2 specific T cells are found in patients with 
severe COVID-19 (ref. 92) and that the early induction of SARS-CoV-2 
reactive T cells is associated with mild COVID-19 (ref. 93) — potentially  
as a consequence of recruitment of cross-reactive memory T cell 
responses (although this was not demonstrated in these studies). 
More direct evidence was provided by a study that showed that patients 
hospitalized with COVID-19 had a lower frequency of CD4+ T cells that 
bind HLA-DR-restricted cross-reactive epitopes compared with indi-
viduals with mild COVID-19 (ref. 31) and that CD8+ T cell responses in 
individuals with severe COVID-19 were directed at epitopes that were, 
on average, less similar to HCoVs than to epitopes targeted by CD8+ 
T cell responses in individuals with mild COVID-19 (ref. 94). Recently, 
the important contribution of an immunodominant CD4+ T cell epitope 
(S816–830) in the fusion protein domain of SARS-CoV-2 S2 was reported. 
High-avidity responses to this epitope were generated in the majority of 
infected donors, and the frequency of these pre-infection cross-reactive 
T cells showed a positive correlation with titres of S1-targeted IgG and 
neutralizing antibodies after infection62. Responses to this epitope were 
further highlighted in a single patient, with cross-reactive CD4+ T cells 
specific to the S816–830 epitope detected 6 years before SARS-CoV-2 
infection and subsequently boosted following SARS-CoV-2 infection53.

The role of T cell avidity in clinical outcomes in patients with 
COVID-19 has also been considered elsewhere, showing that SARS-
CoV-2-specific T cells of low avidity are enriched in patients who are 
hospitalized with severe COVID-19 compared with patients with mild 
disease26. Low-avidity responses in hospitalized patients have not been 
directly or causally linked to CCC cross-reactive responses, although 
pre-infection cross-reactive SARS-CoV-2 responses have been shown 
to be of lower avidity relative to T cells that are specific for SARS-CoV-2 
peptides26,95. To fully address causality, longitudinal studies that assess 

CCC T cell reactivity and avidity before and after SARS-CoV-2 infection, 
correlated with COVID-19 severity, are required.

The impact of cross-reactivity beyond CCCs
The current data support the hypothesis that beneficial immune cross-
reactivity in SARS-CoV-2 infection may also be derived from sources 
other than HCoVs, and cross-reactive immune responses from mem-
ory T cells for unrelated pathogens have been proposed96. In one 
study, self-reported measles, mumps, rubella (MMR) but not Bacillus 
Calmette–Guérin or hepatitis B vaccination was associated with less 
severe COVID-19 (ref. 97), and another study showed that the presence 
of antibodies induced by MMR vaccination was associated with better 
outcomes in COVID-19 (ref. 98). More recent data suggest that recipi-
ents of MMR and tetanus/diphtheria/pertussis (Tdap) vaccine share TCR 
clonotypes with individuals who are convalescent or vaccinated against 
COVID-19 (ref. 99). This may explain why vaccination with either MMR or 
Tdap is associated with reduced hospitalization, intensive therapy unit 
(ITU) care and/or death in patients with COVID-19, particularly in women 
when adjusted for other confounds99. In these studies, the time interval 
between the MMR and Tdap vaccine dose and SARS-CoV-2-positive test 
was not significantly associated with outcomes99. Given the widespread 
deployment of MMR vaccines in the face of a high prevalence of severe 
COVID-19, it is unlikely that MMR cross-reactive responses are a major 
factor in the stratification of disease severity, although it is plausible 
that COVID-19 severity may be substantially worse in a global context 
without widespread exposure to cross-reactive antigen such as MMR. 
Further study of COVID-19 severity/mortality in populations with poor 
MMR vaccine coverage is required to fully understand the role of this 
cross-reactivity in COVID-19.

Heterologous humoral responses mediated by previous responses 
to respiratory pathogens may also contribute to some protection 
in COVID-19. This was suggested by a study that found weaker anti-
body responses to rhinoviruses, influenza viruses and enteroviruses 
detected in patients who were hospitalized with COVID-19, compared 
with those with mild COVID-19 (ref. 58).

Effect of cross-reactive immune responses on COVID-19 
vaccination
The effect of pre-existing cross-reactive SARS-CoV-2 immune responses 
on the outcomes of COVID-19 vaccination is of great interest but has been 
investigated in few studies to date. One of these was a longitudinal study 
of 35 individuals with pre-existing cross-reactive spike-protein-specific 
CD4+ T cells that investigated responses to low-dose mRNA-1273 vaccina-
tion100. Here, participants had a significantly higher frequency of SARS-
CoV-2 spike-protein-specific and polyfunctional CD4+ T cells (producing 
multiple cytokines) after the first dose and the second dose of vaccine 
compared with individuals without pre-existing cross-reactive CD4+  
T cells, and these frequencies remained higher up to 6 months following 
vaccination100. Follicular helper T cells (TFH cells) were also significantly 
increased in vaccinees with pre-existing cross-reactive CD4+ T cells com-
pared with those without, corresponding with increased spike-protein-
specific IgG and RBD-specific IgG 15 days after the second vaccine dose 
in vaccinees with pre-existing SARS-CoV-2 S-specific cross-reactive CD4+ 
T cells100. This indicates that pre-existing SARS-CoV-2 spike-protein-
specific cross-reactive CD4+ T cells facilitate a coordinated boost to 
adaptive immune responses after COVID-19 vaccination.

Vaccinees with pre-existing cross-reactive CD4+ T cell responses 
to SARS-CoV-2 S2 have also been shown to generate higher functional 
avidity after a first dose of BNT162b2 vaccination compared with 
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individuals without pre-existing cross-reactive T cell responses62. 
Interestingly, of the early (days 0–7) T cell responses to SARS-CoV-2 
S2 following vaccination, up to 100% of the CD4+ T cell response was 
directed at the S816–830 epitope, suggesting that this cross-reactive 
epitope is a major contributor to the early CD4+ T cell response to 
COVID-19 vaccination. Furthermore, an investigation of the role of 
T cells to the vaccine ChAdOx1 nCov-19 in people living with HIV found 
that SARS-CoV-2-seronegative individuals with baseline (before vac-
cination) SARS-CoV-2-specific CD4+ T cell proliferative responses had 
a significantly higher proportion of proliferating T cells in response 
to SARS-CoV-2 peptide following vaccination compared with those 
who had no proliferating SARS-CoV-2-specific T cells at baseline101. 
Together, these data suggest that SARS-CoV-2-specific CD4+ T cells in 
response to both BNT162b2 and ChAdOx1 nCoV-19 vaccines are boosted 
by the presence of pre-existing cross-reactive immune responses  
to SARS-CoV-2.

In evaluating humoral responses to COVID-19 vaccines, it has 
been shown that cross-reactive antibody responses at baseline do not 
correlate with post-vaccination SARS-CoV-2 antibody responses84. 
A follow-up study in mice showed that animals immunized with spike 
protein from OC43, HKU1, 229E or NL63 4 weeks before immunization 
with recombinant SARS-CoV-2 spike protein showed significantly lower 
levels of SARS-CoV-2 RBD-targeted and SARS-CoV-2 pseudoneutralizing 
antibodies than mice that were naive to CCCs84. Overall, data on cross-
reactivity in vaccine responsiveness are analogous to that described 
in SARS-CoV-2 infection, in which the clinical impact of cross-reactive 
immune responses to vaccines is largely mediated by T cells, rather 
than antibodies.

Cross-reactivity between SARS-CoV-2 variants
In the context of widespread SARS-CoV-2 vaccination and infection 
with emerging variants of SARS-CoV-2, the landscape of coronavirus 
cross-reactivity has changed. Although the phenomenon of CCC cross-
reactivity with SARS-CoV-2 emerged on a background of zero popu-
lation exposure to the novel SARS-CoV-2 virus, cross-reactivity with 
subsequent variants of SARS-CoV-2 now exists on a heterogeneous 
background of populations exposed to various SARS-CoV-2 vaccines 
and variants. It is likely that the precise combination of these expo-
sures defines the composition of the cross-reactive memory immune 
repertoire present in an individual and that the outcome of a subse-
quent SARS-CoV-2 infection is defined by these earlier combinatorial 
exposures. This is highlighted in a recent small, but detailed study 
showing that triple-vaccinated health-care workers infected first with 
Wuhan-Hu-1 SARS-CoV-2 in the first ‘wave’ of SARS-CoV-2 infections 
in the UK and then subsequently with Omicron (B.1.1.529, BA.1) had a 
lower magnitude of antibody and T cell responses to the Omicron spike 
protein than individuals who had not been initially infected with Wuhan-
Hu-1 SARS-CoV-2102. The study suggests that immunological imprinting 
through exposure to the ancestral strain of SARS-CoV-2 impairs the 
cross-reactivity of the response to divergent variants of SARS-CoV-2. 
Given that cross-reactive T cells derived from CCCs appear to boost 
functional T cell responses to SARS-CoV-2 infection or vaccination62, it 
is surprising that immune imprinting with SARS-CoV-2 variants impairs 
immune responses to subsequent heterologous infection — especially 
considering the relatively high homology between the SARS-CoV-2 
variants. Furthermore, recent epidemiological evidence suggests that 
unvaccinated individuals primed with both a non-Omicron variant and 
an Omicron variant (‘double-primed’) were almost half as likely to be 
reinfected with Omicron BA.2/4/5 135 days after the start of follow-up 

compared with those primed with only an earlier Omicron infection 
(‘Omicron-primed’), with an adjusted hazard ratio of reinfection of 
0.52 (95% CI 0.40–0.68)103. Detailed characterization of the immune 
repertoire in the context of different historical variant exposures will 
be needed to better understand the effects of immune imprinting on 
subsequent immune responses to SARS-CoV-2 infections and vaccines. 
The contradictory evidence from the immunological and epidemiologi-
cal studies presented here suggests that although measurable immune 
responses may be negatively impacted by immune imprinting, this does 
not translate into diminished protection against infection.

In the context of vaccines, these complex histories of multiple 
SARS-CoV-2 variant exposures should also be considered. In assessing 
COVID-19 vaccine efficacy in 363,646 individuals tested for SARS-CoV-2 
by PCR after 10 April 2022, previous PCR-positive infection with Omi-
cron BA.1 or BA.2, in addition to triple mRNA COVID-19 vaccination, 
was found to reduce Omicron BA.5 PCR-positive reinfection, compared 
with triple mRNA COVID-19 vaccination alone. Previous infection with 
either Delta or Alpha VoCs in addition to triple vaccination provided 
additional protection (Delta 46.9% (95% CI 27.0–61.3) and Alpha 65.4% 
(95% CI 49.8–76.2)) against BA.5 compared with vaccination alone, 
although the additional protection from infection with Delta and Alpha 
VoCs was lower than that from Omicron infection104. As Alpha and Delta 
waves occurred earlier compared with BA.1/2, the additional protection 
afforded by previous infection with these variants could reasonably be 
associated with the time between reinfections. However, the fact that 

Glossary

Antibody-dependent 
enhancement
Antibodies of low concentration or low 
avidity that are unable to neutralize a 
virus may instead opsonize it, thereby 
enhancing viral uptake into cells 
through antibody to Fc-receptor 
binding.

Back-boosting
Enhancement of immune responses to 
a primary infection via cross-reactivity 
with a subsequent secondary infection.

Functional avidity
The measure of how well a T cell 
receptor binds to its cognate antigen; 
that is, a T cell with high functional 
avidity has a higher or stronger 
response to a given concentration of 
antigen compared with a T cell with low 
functional avidity.

Receptor-binding degeneracy
The ability of T cell receptors to bind 
with varying levels of avidity to more 
than one epitope presented by a 
particular major histocompatability 
complex (MHC).

SARS-CoV-2 
pseudoneutralizing antibodies
Antibodies capable of neutralizing cell 
entry of non-SARS-CoV-2 viral vectors 
that have been engineered to express 
the SARS-CoV-2 spike protein.

SARS-CoV-2 spike 
pseudotypes
Viral vectors that have been engineered 
to express the SARS-CoV-2 spike 
protein.

Short-term T cell lines
The in vitro expansion of T cells. Often, 
short-term T cell lines are generated 
from single-sorted T cell clones that 
bind a specific epitope.

Tetramer enrichment
A technique used to detect rare antigen-
specific B and T cell populations using 
tetramers (antigen-specific complexes 
that can be used to stimulate/detect 
specific T or B cell receptors) and 
antibody-bound magnetic beads to 
increase the relative concentration 
of T and B cells that are specific to an 
epitope of interest.
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Alpha infection occurred earlier than Delta and offers more protection 
against reinfection with BA.5 suggests that this is not the case.

To date, widely deployed COVID-19 vaccines have used only 
the spike protein as the vaccine antigen. In a widely vaccinated envi-
ronment, SARS-CoV-2 variants have evolved with mutations primarily 
located in immunodominant epitopes in the spike protein RBD to 
evade immunity105,106. Comparatively, the identified regions of cross-
reactivity between CCCs and SARS-CoV-2 are in regions located outside 
the RBD, which remain largely unaltered between SARS-CoV-2 variants 
(Supplementary Table 1). It is likely that these regions of CCC cross-
reactivity have not mutated, either because they have a key role in 
SARS-CoV-2 viral replication or fitness, or because they are not under 
selection pressure to do so105. Either way, the preservation of cross-
reactive epitopes between SARS-CoV-2 variants and CCCs highlights 
these regions as important targets for pan-coronavirus vaccine design. 
Multiple vaccine candidates are now being developed that use these 
conserved regions as immunogens, with recent studies showing that 
antibodies targeting a conserved region of the S2 domain of the SARS-
CoV-2 spike protein are able to neutralize hACE2 receptor binding 
and protect against SARS-CoV-2 symptomatic infection in preclinical 
small animal challenge models88,89 and that antibodies generated to 
conserved sequences of the S2 stem helix are broadly neutralizing 
against β-CoVs42,76,107.

In the absence of pan-coronavirus vaccines, the lifting of govern-
ment mandates to reduce SARS-CoV-2 transmission means that it is 
likely there will be an increase in the spread of other viruses, including 
CCCs. The cross-reactivity between SARS-CoV-2 and these viruses will 
therefore remain relevant for outcomes of COVID-19. Considering a 
potential back-boosting effect, whereby future CCC infection boosts 
immune responses to SARS-CoV-2, repeated seasonal infections with 
CCCs may provide an innocuous booster for SARS-CoV-2 immune 
responses. Furthermore, this recurring exposure may preferentially 
boost cross-reactive responses to epitopes that are conserved between 
coronaviruses, potentially enhancing pan-coronavirus immune 
responses. The reciprocal effect of widespread SARS-CoV-2 immunity 
on the seasonality and prevalence of CCCs will also give us important 
information on cross-reactivity between these viruses.

Conclusion
We evaluated the available evidence assessing the role of CCC and 
SARS-CoV-2 immune cross-reactivity in SARS-CoV-2 infections and vac-
cine outcomes and provide a detailed table of experimentally verified 
cross-reactive T and B cell epitopes of SARS-CoV-2 (Supplementary 
Table 1). Our analysis suggests that pre-existing cross-reactive T cells 
may provide some protection from COVID-19, whereas there are no data 
that convincingly show a role of cross-reactive antibodies in COVID-19 
clinical outcomes. Similarly, CCC cross-reactive CD4+ T cells that are 
detectable before vaccination may enhance responses to both mRNA-
based and viral vector-based vaccines62,100,101, whereas pre-existing 
cross-reactive antibody responses are enhanced by vaccination but 
do not themselves enhance overall vaccine antibodies titres. Despite 
evidence showing that cross-reactive T cells may be detrimental to 
the outcome of secondary infections in other virus families and that 
some unconventional23–25 or low-avidity conventional T cell26 popu-
lations may be associated with severe disease, to date there is little 
evidence suggesting a role for pre-existing cross-reactive T cells in  
exacerbating COVID-19.

Investigating the effects of CCC infections on clinical outcomes 
in COVID-19 in the future will be complex. High levels of SARS-CoV-2 

and COVID-19 vaccine exposure globally mean that it will be almost 
impossible to design studies that investigate cross-reactive responses 
in individuals who have not been exposed to SARS-CoV-2 antigen. 
However, multiple factors are likely to contribute to the capacity of 
an individual to generate cross-reactivity, including the infectivity 
and genus of the virus (HCoV or otherwise), the temporal relationship 
between different viral infections, the HLA allotype that restricts anti-
gen presentation to T cells31,63, age (immunological and biological)77 
and history of SARS-CoV-2 exposure82, each of which may contribute 
to the quality and quantity of immune responses84.

In the context of repeated infections with different SARS-CoV-2 
variants, it is likely that cross-reactive memory responses to CCCs, 
COVID-19 vaccines and SARS-CoV-2 variants will form a pool of cross-
reactive responses that offer some protection from future variants. 
Here, it is possible that the exact order and composition of different 
infections may play a role in determining the efficacy of the immune 
response to prevent symptomatic SARS-CoV-2 infection. New vaccines 
that exploit CCC and SARS-CoV-2 variant immune cross-reactivity by 
targeting regions that are conserved across coronaviruses are currently 
being investigated and may offer a way to protect the population from 
future coronaviruses pandemics.

Published online: xx xx xxxx
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