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Significance

Our results provide evidence that 
functional pre-existing SARS-CoV-
2-reactive memory CD4+ T cells 
are elicited in early childhood 
and linked to seroconversion 
with the seasonal coronavirus 
OC43 but not many other viral 
infections. Compared to other 
viruses, the high OC43 
seroprevalence at age two 
indicates that memory responses 
to coronaviruses develop at a 
young age. The distinct age-
dependent profiles of the 
responding T cells suggest that 
cross-reactive T cells can 
contribute to the different clinical 
outcomes of COVID-19 in 
children and the elderly. The 
present results provide 
important advances regarding 
antigen-specific memory CD4+ 
T cell development and 
maturation, which can help guide 
future vaccine and therapeutic 
interventions relating to 
specificity, function, and 
phenotype of memory T cell 
responses throughout the 
human life span.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.  
This open access article is distributed under Creative 
Commons Attribution-NonCommercial-NoDerivatives 
License 4.0 (CC BY-NC-ND).
1M.H. and A.O. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
annika.karlsson@ki.se.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2220320120/-/DCSupplemental.

Published March 14, 2023.

IMMUNOLOGY AND INFLAMMATION
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Pre-existing SARS-CoV-2-reactive T cells have been identified in SARS-CoV-2-
unexposed individuals, potentially modulating COVID-19 and vaccination out-
comes. Here, we provide evidence that functional cross-reactive memory CD4+ T 
cell immunity against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is established in early childhood, mirroring early seroconversion with seasonal human 
coronavirus OC43. Humoral and cellular immune responses against OC43 and 
SARS-CoV-2 were assessed in SARS-CoV-2-unexposed children (paired samples at 
age two and six) and adults (age 26 to 83). Pre-existing SARS-CoV-2-reactive CD4+ 
T cell responses targeting spike, nucleocapsid, and membrane were closely linked to 
the frequency of OC43-specific memory CD4+ T cells in childhood. !e functional 
quality of the cross-reactive memory CD4+ T cell responses targeting SARS-CoV-2 
spike, but not nucleocapsid, paralleled OC43-specific T cell responses. OC43-specific 
antibodies were prevalent already at age two. However, they did not increase further 
with age, contrasting with the antibody magnitudes against HKU1 (β-coronavirus), 
229E and NL63 (α-coronaviruses), rhinovirus, Epstein–Barr virus (EBV), and influ-
enza virus, which increased after age two. !e quality of the memory CD4+ T cell 
responses peaked at age six and subsequently declined with age, with diminished 
expression of interferon (IFN)-γ, interleukin (IL)-2, tumor necrosis factor (TNF), 
and CD38 in late adulthood. Age-dependent qualitative differences in the pre-existing 
SARS-CoV-2-reactive T cell responses may reflect the ability of the host to control 
coronavirus infections and respond to vaccination.

T cell specificity | cross-protection | human coronavirus OC43 | SARS-CoV-2 | age groups

!e clinical relevance of pre-existing SARS-CoV-2-reactive T cells has been intensely 
debated since the discovery of immune reactions against this virus in samples collected 
before the coronavirus disease 2019 (COVID-19) pandemic (1). It remains to be de"ned 
if age in#uences the functional capacity of such cross-reactive T cells. Similar to SARS-
CoV-2-speci"c memory (m)CD4+ T cells (2–4), cross-reactive mCD4+ T cells and recent 
infection with seasonal human coronaviruses (HCoVs) have been associated with reduced 
COVID-19 severity (1, 5–7). !us, it has been suggested that the lack of cross-reactivity 
could partly explain the high incidence of severe and fatal COVID-19 among the elderly, 
in contrast to the mild or asymptomatic disease more typically seen in children. We here 
hypothesized that the potential bene"cial role of pre-existing SARS-CoV-2-reactive T cells 
might be in#uenced by their functional quality in relation to age.

Several lines of evidence have shown that pre-existing SARS-CoV-2-reactive T cells are 
likely induced by previous infections with seasonal HCoVs causing respiratory infections 
(8). !ese HCoVs are the α-coronaviruses 229E and NL63, and the lineage A β-corona-
viruses OC43 and HKU1 (9). While HCoV infections and reinfections occur throughout 
life, severe disease disproportionately a$ects children and the elderly (10). Conserved 
T cell epitopes have been identi"ed between SARS-CoV-2 and several of the HCoVs 
located primarily within the structural and functional proteins (5, 6, 11, 12).

In response to SARS-CoV-2 infection, lower magnitudes of SARS-CoV-2-speci"c 
T cells have been observed in children and the elderly compared to young/middle-aged 
adults (13, 14), suggesting age-dependent features in the SARS-CoV-2 immune response. 
!e frequency of pre-existing SARS-CoV-2-reactive memory T cells has been reported to 
decrease from early to late adulthood (5, 15, 16) and to be higher in children than in 
adults (17), potentially re#ecting the frequent exposure to HCoVs in this population. 
Similarly, the functional capacity of pre-existing SARS-CoV-2-reactive mCD4+ T cells 
and the avidity of HCoV-speci"c mCD4+ T cells have been suggested to decrease with 
age (5). However, since studies comparing the pre-existing SARS-CoV-2-reactive and 
HCoV-speci"c mCD4+ T cell responses in children and the elderly are largely lacking, 
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the relationship between pre-existent immunity and age, as well 
as their role in COVID-19, remains unclear.

Both pandemic SARS-CoV-2-speci"c and seasonal HCoV-
speci"c mCD4+ T cells have been shown to predominately pro-
duce the T helper 1 (!1) signature cytokines IFN-γ, TNF, and 
IL-2 (18, 19). While a similar functional pro"le has been described 
for cross-reactive T cells, con#icting results are apparent, either 
showing limited functional capacity compared to bona "de SARS-
CoV-2-speci"c memory T cells (1, 18, 20) or suggesting that the 
quality of the cross-reactive memory T cell response is epitope- 
dependent (21, 22). !e SARS-CoV-2 proteome has been screened 
for immunogenic and cross-reactive T cell epitopes using conva-
lescent samples, T cell proliferation assays, and epitope prediction 
tools (23). While these approaches have e$ectively demonstrated 
the existence and breadth of pre-existing SARS-CoV-2-reactive 
mCD4+ T cells, they fail to evaluate the unaltered functional rep-
ertoire of cross-reactive mCD4+ T cells circulating in SARS-  
CoV-2-unexposed individuals.

Here, we conducted a comprehensive study of the humoral and 
cellular HCoV-OC43-speci"c and pre-existing SARS-CoV-2-
reactive immune responses in cohorts comprising samples from 
SARS-CoV-2-unexposed children, young/middle-aged adults, 
older adults, and COVID-19 convalescents 12 mo post-infection 
for comparison. Out of the four seasonal HCoVs, we chose to 
study OC43, the prototype of the genus β-coronaviruses, to which 
SARS-CoV-2 belongs (9, 24). !e selection was based on the 
relatively high sequence similarity between the structural proteins 
of OC43 and SARS-CoV-2 and the expected prevalence of OC43 
in the study populations (Scandinavian) and other countries, 
including China and the United States, with an epidemic spread 
every second winter (25–28).

To mimic the direct ex vivo characteristics of the memory  
T cell repertoire, we conducted short-term stimulations, followed 
by functional and phenotypic characterization of the responding 
antigen-speci"c mCD4+ T cell populations identi"ed by the 
expression of activation-induced markers (AIMs). !is approach 
allowed us to characterize in detail the functional quality of 

mCD4+ T cell responses against HCoV-OC43 and SARS-CoV-2 
spike and nucleocapsid in relation to age.

Results

Close Correlation between SARS-CoV-2 Spike-Reactive and 
Seasonal OC43 Spike-Specific T Cell Responses. To investigate 
the relationship between SARS-CoV-2-reactive and the seasonal 
OC43-speci"c T cell responses, we collected samples from SARS-
CoV-2 seronegative and unvaccinated blood donors collected 
pre- and post-pandemic until October 2020 (age 26 to 77 y.o.,  
n = 63, Table 1 and Fig. 1A). T cell responses against the OC43 
and SARS-CoV-2 spike (S), membrane (M), and nucleocapsid (N) 
regions were evaluated using de"ned peptide megapools (Fig. 1A). 
OC43-speci"c T cell responses against S and N were readily 
detected by FluoroSpot (IFN-γ) and AIM assays, while M-speci"c 
responses were of signi"cantly lower magnitudes (Fig.  1B and 
SI  Appendix, Fig.  S1A and B). SARS-CoV-2-reactive T cell 
responses were mainly directed to the S region, with signi"cantly 
lower magnitudes toward both the M and N regions (Fig. 1B 
and SI Appendix, Fig. S1B). !e proportion of individuals with a 
positive response to OC43 S (65%) was higher than that against 
SARS-CoV-2 S (37%) but not signi"cantly di$erent (SI Appendix, 
Fig. S1B). However, the magnitude, de"ned by average relative spot 
volume (RSV), of the SARS-CoV-2 S-reactive T cell response was 
signi"cantly lower, compared with the OC43 S-speci"c response 
(SI  Appendix, Fig.  S1C). Correlation analysis provided further 
evidence of a close link between the overall SARS-CoV-2 S-, M-, 
and N-reactive, and OC43 S-, M-, and N-speci"c T cell responses 
(Fig. 1D and SI Appendix, Fig. S1E). Although antibodies toward 
OC43 S were readily detectable (Fig. 1C), their levels did not 
correlate with mCD4+ T cell responses against OC43 S (Fig. 1E).

!rough the simultaneous mapping of individual T cell 
responses against OC43 and SARS-CoV-2 (Fig. 1A), we identi"ed 
56 unique immunogenic peptides not previously described within 
the S (n = 38), N (n = 17), and M (n = 1) proteins of OC43 
(SI Appendix, Table S1 and Fig. 1F). Several OC43-derived 

Table 1. Clinical characteristics of the study cohorts

Parameter 2 y.o. 6 y.o. Blood donors
Adults  
<60 y.o.

Adults  
≥60 y.o.

Convalescents: 
Mild**

Convalescents: 
Severe**

n (% Blood 
donors)

19* 29* 65 [100 %]† 55 [84 %]‡ 39 [36 %]‡ 34 24

% pre-pandemic 100% 100% 54% 53% 38% 0% 0%

Sex (% M) 53%§ 53%§ 45% 44% 36% 74% 88%

Age, years: 
Median (range)

2 6 50 (26 to 77) 45 (26 to 58) 66 (60 to 83) 55 (45 to 74) 58 (35 to 70)

Plasma 
availability

19/19 29/29 58/65¶ 44/55¶ 30/39¶ 34/34 24/24

PBMC availability 17/19 16/29 65/65 55/55 39/39 34/34 24/24

Sampling  
period

2002 to 2005 2007 to 2008 2016 to 2020¶ 2016 to 2020¶ 2017 to 2020¶ March 2021 March 2021

Co-morbidities# N/A N/A N/A N/A N/A 13/34 13/24

COVID-19 
vaccine

N/A N/A 0/65 0/55 0/39 1/32|| 1/24

*Includes 17 paired plasma samples and 16 paired PBMC samples at ages two and six.
†Includes two SARS-CoV-2 seropositive individuals, excluded from all analyses except for validation of SARS-CoV-2 epitope mapping results (SI Appendix, Fig. S1G).
‡Adults <60 y and ≥60 y of age, including samples from the blood donors.
§Sex distribution of donors with available PBMC samples.
¶Plasma available for all samples collected post-pandemic.
#Co-morbidities included hypertension, cancer, rheumatoid arthritis, diabetes, lung disease, cardiovascular disease, kidney disease, and stroke.
||Vaccination information unavailable for two individuals.
**Severity score defined in the Materials and Methods section.y.o., years old. Convalescents, 12 mo COVID-19 convalescents. PBMC, peripheral blood mononuclear cell. N/A, not applicable 
or not available.D
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peptides were highly immunogenic, inducing a positive T cell 
response in "ve or more donors, including peptides S-110, N-19, 
N-27, N-33, N-35, and N-36 (Fig. 1F and SI Appendix, Table S1). 
Nine SARS-CoV-2-derived peptides generated positive SARS-
CoV-2-reactive responses in at least one SARS-CoV-2 seronegative 
donor, including S-81, S-82, M-11, and N-11 (SI Appendix, 
Fig. S1F and Table S1). Two of these cross-reactive epitopes, S-22 

and S-26, are a$ected by amino acid variations (N211I, Δ212, 
V213G, ins215EPE, and G257S) "rst identi"ed in circulating 
SARS-CoV-2 variants of concern (VOCs) Omicron BA.2 and 
BA.2.75. Several highly immunogenic OC43 epitopes, particu-
larly in the nucleocapsid, did not induce a SARS-CoV-2-reactive 
response. To con"rm our ability to detect SARS-CoV-2 reactivity, 
epitope mapping was performed on two SARS-CoV-2 seropositive 
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Fig. 1. Study outline and mapping of T cell responses against OC43 and SARS-CoV-2. (A) Outline of the study design, cohorts, and methodology created with 
BioRender.com. Cells were stimulated with 20-mer peptides spanning the spike (S), membrane (M), and nucleocapsid (N) proteins from OC43 and SARS-CoV-2, 
followed by analysis using IFN-γ FluoroSpot and flow cytometry by gating on antigen-specific CD69+ CD40L+ memory (m)CD4+ T cells. Control peptides included 
optimal MHC-I- and MCH-II-restricted peptides from SARS-CoV-2 (SARS-CoV-2 Opt) and CMV, and a pool combining peptides from CMV, EBV, and flu (CEF). See 
Materials and Methods for details. (B) Fold change of average spot forming units (average SFU) relative to negative control in blood donors (n = 60) stimulated 
with OC43 or SARS-CoV-2 peptide megapools. Kruskal–Wallis test with Dunn’s multiple comparison post hoc test. (C) Plasma levels of IgG in blood donors (n = 52)  
targeting the spike regions 1 (S1) and 2 (S2) and hemagglutinin (HA) of OC43, as well as S1 of 229E, NL63, and HKU1. Kruskal–Wallis test with Dunn’s multiple 
comparison post hoc test. (D and E) Spearman correlation of CD69+ CD40L+ mCD4+ T cells provided as the stimulation index against OC43 S versus SARS-CoV-2 S 
(D; n = 60) or anti-OC43-S IgG plasma levels (E; n = 49). The threshold for a positive antigen-specific response, set at 1.5 (dotted line), is indicated. (F) Immunogenic 
peptides identified by FluoroSpot in blood donors after stimulation with peptide matrix pools and single peptides derived from OC43. Presented as fold change 
of average SFU compared to negative control, with peptide name and region along the x axis (RBD; receptor-binding domain).*, p < 0.05; **, p < 0.01; ***,  
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blood donors, in which 40 immunogenic epitopes were identi"ed 
(SI Appendix, Fig. S1G). Over time, both the OC43-speci"c and 
SARS-CoV-2-reactive T cell responses against S and N remained 
stable at the population level (SI Appendix, Fig. S1H).

Functional and Phenotypic Qualities of SARS-CoV-2 S-Reactive 
mCD4+ T Cell Responses Mimic T Cell Responses against OC43 
S. Based on the initial results suggesting a link between the 
frequencies of OC43-speci"c and SARS-CoV-2-reactive T cell 
responses, we next investigated if the antigen-speci"c mCD4+ 
T cell responses possessed similar functional pro"les. Due to the 
low frequency of responses against the M protein, subsequent 
analyses focused on the responses against the S and N proteins. 
!e mCD4+ T cell characteristics were investigated by measuring 
the expression of "ve functional markers: IFN-γ, IL-2, TNF, 
CD107a, and granzyme B (GzmB) (Fig. 2A and SI Appendix, 
Fig. S2A). Initial data revealed that the functional qualities of 
control cytomegalovirus (CMV)-speci"c responses were clearly 
distinguishable from both OC43-speci"c and SARS-CoV-
2-reactive mCD4+ T cells, which displayed no expression of 
CD107a or GzmB (Fig. 2A and SI Appendix, Fig. S2B). !ere 

was no signi"cant di$erence in the polyfunctional pro"les of 
the OC43 S-speci"c and SARS-CoV-2 S-reactive mCD4+ T cell 
populations (Fig. 2A and SI Appendix, Fig. S2B). However, when 
analyzing the proportion of cells producing a single cytokine 
(Fig.  2B), there was a signi"cant di$erence identi"ed in the 
magnitude of IFN-γ produced by the two cell populations, 
when paired by donor (Fig. 2C). Several combinations of mono- 
and polyfunctional T cell subsets separated OC43 N-speci"c 
mCD4+ T cells from SARS-CoV-2 N-reactive mCD4+ T cells, 
suggesting a reduced functional capacity of the cross-reactive 
responses targeting this protein (Fig. 2 A and B and SI Appendix, 
Fig. S2 B and C).

Next, we evaluated whether the mCD4+ T cell reactivity 
induced by the peptide pools re#ected individual epitope-speci"c 
responses. Compared with individual peptides, OC43 S and 
OC43 N peptide megapools induced higher frequencies of IFN-γ+ 
and IL-2+ mCD4+ T cells (SI Appendix, Fig. S2D), suggesting 
polyclonal T cell reactivity. Another important functional measure 
is the amount of antigen needed to induce a T cell response, which 
can be evaluated as functional avidity. We observed an association 
between the functional avidity of the cross-reactive T cell responses 
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and the degree of sequence similarity between the tested SARS-
CoV-2 and OC43 S and N peptide sequences (Fig. 2D), where a 
higher sequence similarity was associated with a lower amount of 
antigen needed to induce a response.

!e functional ability of T cells is closely interconnected with 
the combined expression patterns of activation, stimulatory, and 
inhibitory immune checkpoint markers de"ning the responding 
T cell subsets. While the permutation test revealed no signi"cant 
phenotypic di$erences between OC43 S-speci"c and SARS-
CoV-2 S-reactive mCD4+ T cell responses, signi"cant di$erences 
were observed between the N-speci"c T cell populations 
(SI Appendix, Fig. S2E). However, when comparing responses 
separately for each marker, and paired by donor, SARS-CoV-2 
S-reactive mCD4+ T cells were found to express modestly, but 

signi"cantly, higher levels of TIGIT compared to their OC43 
S-speci"c counterparts (SI Appendix, Fig. S2F). !e phenotypic 
di$erence between OC43 N-speci"c and the SARS-CoV-2 
N-reactive mCD4+ T cells was seemingly driven by a moderate 
decrease in the expression of inhibitory molecule PD-1 by the 
SARS-CoV-2-reactive cells (SI Appendix, Fig. S2F). In conclusion, 
the phenotype of SARS-CoV-2 S-reactive mCD4+ T cell responses 
resembles the response against OC43 S.

Increased Functional Capacity of the OC43-Specific mCD4+ 
T Cells after SARS-CoV-2 Infection. To investigate the impact 
of SARS-CoV-2 infection on the quality of the mCD4+ T cell 
responses against OC43, we analyzed samples from 58 COVID-19 
convalescents 12 mo post-infection in comparison to SARS-CoV-2 

SARS-CoV-2 S
Severe

SARS-CoV-2 S
Mild 

IFN-! IL-2 TNF
0

10
20
30
40
50
60
70
80
90

100

%
 o

f a
nt

ig
en

-s
pe

cif
ic 

m
CD

4+

SARS-CoV-2 S

1 10
1

10

100

OC43 S

SA
RS

-C
oV

-2
 S

r = 0.294
p = 0.025 (*)

1 10
1

10

100

OC43 S

SA
RS

-C
oV

-2
 S

r = 0.517
p = 0.001 (**)

1 10
1

10

100

OC43 S

SA
RS

-C
oV

-2
 S

r = 0.388
p = 0.061

S S-92 N S S-82 N Opt
1

10

100

OC43 SARS-CoV-2

CD
40

L+
 C

D6
9+

 m
CD

4+
 

st
im

ul
at

io
n 

in
de

x

0.1

1

10

100

1000

Fo
ld

 c
ha

ng
e 

(Ig
G

 - 
M

FI
)

RBD S NS2 S-810 S1 S2
SARS-CoV-2 OC43

Mild Severe

OC43 S
Blood donors

OC43 S
Convalescents

SARS-CoV-2 S
Convalescents

Pie arcs

TNF

IFN-!
IL-2

+
+
+
+
-
-
-
-

+
+
-
-
+
+
-
-

+
-
+
-
+
-
+-

IFN-! IL-2 TNF
Polyfunctionality

SARS-CoV-2 S
Blood donors 

CMV CEF
1

10

100

1000

Blood donors Convalescents

CD
40

L+
 C

D6
9+

 m
CD

4+
 

st
im

ul
at

io
n 

in
de

x

S M N S M N Opt
1

10

100

OC43 SARS-CoV-2

A B

D

C E 

F

G

Fig. 3. Cellular and humoral immunity against OC43 and SARS-CoV-2 in 12 mo post-COVID-19 convalescents. (A) Stimulation index of CD69+ CD40L+ mCD4+ 
T cells in SARS-CoV-2 seronegative blood donors (n = 60) and 12 mo post-COVID-19 convalescents (n = 58, except for OC43 M, n = 9, and SARS-CoV-2 M, n = 14). 
The dotted line depicts the threshold, set at 1.5, for a positive antigen-specific response. Mann–Whitney test. (B) Functional profiles of identified OC43-specific 
and SARS-CoV-2-reactive mCD4+ T cells against S in blood donors and 12 mo convalescents. OC43 S (blood donors), n = 39; OC43 S (convalescents), n = 43; SARS-
CoV-2 S (blood donors), n = 22; SARS-CoV-2 S (convalescents), n = 56. Permutation test. (C) Plasma levels of IgG targeting SARS-CoV-2 and HCoV-OC43 in mild (n 
= 34) or severe (n = 24) 12 mo convalescents (S-810, amino acid position 810 in S). Mann–Whitney test. (D) Stimulation index of CD69+ CD40L+ mCD4+ T cells in 
mild (n = 34) and severe (n = 24) 12 mo convalescents. SARS-CoV-2 S-82 and corresponding OC43 peptide S-92 are immunogenic single peptides identified during 
epitope mapping. Mann–Whitney test. (E) Spearman correlation between the stimulation index of CD69+ CD40L+ OC43- and SARS-CoV-2-specific mCD4+ T cells 
against the S region in mild and severe 12 mo convalescents. (F) Function of detected SARS-CoV-2 S-specific mCD4+ T cells in mild (n = 32) and severe (n = 24)  
12 mo convalescents. Permutation test. (G) Comparison of IFN-γ+, IL-2+, and TNF+ between SARS-CoV-2 S-specific mCD4+ T cells from mild (n = 32) and severe 
(n = 24) 12 mo convalescents. Mann–Whitney test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.The median (dark red) is depicted when applicable.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
17

2.
22

5.
14

4.
18

4 
on

 M
ar

ch
 2

2,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 1

72
.2

25
.1

44
.1

84
.



6 of 12   https://doi.org/10.1073/pnas.2220320120 pnas.org

seronegative blood donors (Table 1). SARS-CoV-2 infection did 
not induce any signi"cant di$erence in the magnitudes of OC43-
speci"c T cell responses (Fig. 3A and SI Appendix, Fig. S3A) or for 
the control antigens CMV and CEF, i.e., CMV, Epstein–Barr virus 
(EBV), and #u (in#uenza  virus) (Fig.  3A). However, signi"cant 
di$erences in the polyfunctional pro"les of the mCD4+ T cell 
responses to OC43 S and N regions were observed between blood 
donors and convalescents (Fig.  3B and SI  Appendix, Fig.  S3B). 
T cells directed against OC43 S were more prone to produce IL-2 
and TNF in convalescents, compared with seronegative blood 
donors (SI Appendix, Fig. S3C). !e newly induced SARS-CoV-2 
-speci"c mCD4+ T cell responses in the convalescents were highly 
polyfunctional, particularly against the S region, and displayed clear 
signi"cant di$erences compared to responses against OC43 S and 
N (Fig. 3B and SI Appendix, Fig. S3 B–D). SARS-CoV-2 S-speci"c 
mCD4+ T cells were more polyfunctional (IFN-γ, IL-2, and TNF) 
and of higher magnitudes than OC43 S-speci"c cells (SI Appendix, 
Fig. S3 B and E). In contrast, SARS-CoV-2 N-speci"c responses were 
less polyfunctional than OC43 N-speci"c responses and produced 
lower amounts of IFN-γ and TNF but not IL-2 (SI  Appendix, 
Fig. S3B and E). Still, like our observations in blood donors (Fig. 2D), 
COVID-19 convalescents displayed comparable functional avidity 
between matched epitopes of SARS-CoV-2 and OC43 from both 
S and N (SI Appendix, Fig. S3F). In all, SARS-CoV-2 S-, but not 
SARS-CoV-2 N-, speci"c T cells displayed elevated functional 
capacity compared to OC43, after SARS-CoV-2 infection.

Next, we analyzed whether mild versus severe COVID-19 sever-
ity had an impact on humoral or cellular immunity. No di$erences 
were detected in the antibody response against OC43 (Fig. 3C) or 
any other HCoVs (SI Appendix, Fig. S3G), and the frequencies of 
OC43 S- or N-speci"c mCD4+ T cell responses were similar 
between the convalescent groups (Fig. 3D and SI Appendix, 
Fig. S3H). !e mild COVID-19 convalescent group had signi"-
cantly higher frequency of mCD4+ T cells recognizing OC43 S-92 
which, alongside its corresponding SARS-CoV-2 peptide S-82 
(5, 22), was identi"ed as immunogenic in the epitope mapping 
(Fig. 1F and SI Appendix, Fig. S1F and Table S1). As expected, 
convalescents who had su$ered from severe disease, compared to 
mild disease, had higher frequencies of SARS-CoV-2-speci"c 
mCD4+ T cells (Fig. 3D and SI Appendix, Fig. S3H). !e magni-
tudes of the SARS-CoV-2-speci"c T cell responses correlated with 
the OC43 S- and N-speci"c mCD4+ T cells, with the correlation 
being driven by the responses in subjects who had experienced a 
mild SARS-CoV-2 infection (Fig. 3E and SI Appendix, Fig. S3I). 
Detailed evaluation of the functional capacity of the responding 
T cells showed that the mild COVID-19 convalescent group had 
higher frequencies of polyfunctional SARS-CoV-2-speci"c mCD4+ 
T cell responses, and higher magnitude of IFN-γ-producing cells, 
than the severe group (Fig. 3 F and G and SI Appendix, Fig. S3 J 
and K). In summary, convalescents who had experienced a milder 
COVID-19 disease had more functionally active SARS-CoV-2-
speci"c mCD4+ T cells that were linked to their responses against 
OC43.

Diminished T Cell Reactivity against OC43 and SARS-CoV-2 
Associated with Older Age. To investigate the role of age on the 
quantity and quality of the OC43-speci"c and SARS-CoV-2-reactive 
mCD4+ T cells, we strati"ed the SARS-CoV-2 seronegative adults 
based on age into two groups: adults <60 and ≥60 y.o. (Table 1). 
All subjects had overall similar antibody levels against OC43, 
other HCoVs, rhinovirus, EBV, and in#uenza virus (SI Appendix, 
Fig. S4A), as well as T cell responses against the CMV and CEF 
peptide pools (Fig. 4A). !e magnitudes of OC43-speci"c mCD4+ 
T cells against the S and N regions were signi"cantly diminished 

in the adults ≥60 y.o., while the lower frequency of SARS-CoV-
2-reactive mCD4+ T cells did not reach signi"cance (Fig. 4A and 
SI Appendix, Fig. S4B). Detailed functional and phenotypic analysis 
revealed substantial di$erences in the T cell responses against OC43 
S, OC43 N, and SARS-CoV-2 S (Fig. 4B and SI Appendix, Fig. S4C), 
con"rmed by principal component analysis (PCA), showing a 
clear segregation of mCD4+ T cells between the two age groups 
(Fig. 4C and SI Appendix, Fig. S4D). Di$erences in the OC43 
S-speci"c mCD4+ T cell responses between the groups were driven 
by signi"cantly decreased levels of IFN-γ, IL-2, and TNF in adults 
≥60 y.o. (Fig. 4B). !e phenotype of the responding cells remained 
unchanged, except for a decrease in CD226 expression in adults ≥60 
y.o. !e same patterns observed in the OC43 S-speci"c mCD4+ 
T cells were displayed by the OC43 N-speci"c and SARS-CoV-2 
S-reactive mCD4+ T cells in the young/middle-aged versus older 
adults, with the addition of an increase in 2B4 expression in the 
older population. Despite the lower frequencies of OC43-speci"c 
mCD4+ in adults ≥60 y.o., the correlation between mCD4+ T cell 
reactivity against OC43 and SARS-CoV-2 was maintained in this 
group (SI Appendix, Fig. S4E). In all, we demonstrated diminished 
functional qualities of the OC43-speci"c T cell responses, which 
are mimicked by the cross-reactive T cell responses against SARS-
CoV-2 in adults older than 60 y.

SARS-CoV-2-Reactive and OC43-Specific T Cell Responses Are 
Tightly Linked in Children. Since children generally experience 
mild symptoms from SARS-CoV-2 infection, we next evaluated the 
humoral and cellular immunity in a pre-pandemic cohort of children 
consisting of paired samples at ages two and six, compared to adults 
<60 y.o. (Table 1). Already at age two, most children had developed 
antibodies against OC43, and no statistically signi"cant di$erences 
were observed between the magnitudes of the OC43 humoral response 
at age two, age six, and in adulthood (SI Appendix, Fig. S5A). !e 
magnitudes of the humoral responses against β-coronavirus HKU1 
and rhinovirus signi"cantly increased from age two to adulthood, 
while the responses against the α-coronaviruses (229E and NL63) 
increased signi"cantly between ages two and six, and between age six 
and adulthood, as did the humoral responses to the control antigens 
EBV and in#uenza (SI Appendix, Fig. S5 A and B).

In contrast to the OC43 humoral response, increased magnitudes 
as detected by the stimulation index of OC43-speci"c mCD4+ 
T cells, against both the S and N regions, were observed in children 
at age six compared to adults <60 y.o. (Fig. 5A). Moreover, the 
frequency, but not the stimulation index, of OC43 N-speci"c 
mCD4+ T cells increased during childhood (Fig. 5A). No di$erences 
were observed in the frequencies of the responding OC43 S-speci"c 
or SARS-CoV-2 S- and N-reactive T cell populations between ages 
two and six (Fig. 5A). !e OC43-speci"c mCD4+ T cell responses 
were mimicked by the SARS-CoV-2-reactive T cell responses, as 
shown by the close correlation between the responses directed 
toward these antigens (Fig. 5B). !e correlation was strengthened 
between ages two and six for both S and N peptide pools, as well 
as for SARS-CoV-2 individual peptide S-82 and its corresponding 
OC43 peptide S-92 (Fig. 5B), although the magnitudes of each 
antigen-speci"c response remained stable (SI Appendix, Fig. S5C). 
Overall, these results indicate a maturation of the mCD4+ T cell 
responses against OC43, linked to the cross-reactive responsiveness 
to SARS-CoV-2 S and N, in children between ages two and six.

To shed light on the functional and phenotypic pro"les of the 
responding T cell pool in children at ages two and six, we analyzed 
the expression level of 10 functional and phenotypic markers 
(Fig. 5C and SI Appendix, Fig. S5D). Between ages two and six, 
OC43 S-speci"c mCD4+ T cells showed a signi"cant increase in 
their ability to produce IFN-γ, IL-2, and TNF (Fig. 5C). At the D
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same time, the expression of CD38 was decreased from the high 
levels observed at age two. !e median expression levels of CD38 
at age six were still more than twice that of the adult population 
in response to OC43 S, OC43 N, and SARS-CoV-2 S (SI Appendix, 
Fig. S5F). Additional signi"cant di$erences included increased 
expression of the activating receptor CD226, while its inhibitory 
counterpart, TIGIT, decreased between childhood and adulthood 
(Fig. 5C and SI Appendix, Fig. S5D). A PCA con"rmed the seg-
regation of the OC43-speci"c mCD4+ T cell populations at ages 
two and six, weighing the functional markers high in the separa-
tion and highlighting the role of the phenotypic markers Ki-67 

and HLA-DR (Fig. 5D). Similar observations were made in 
response to OC43 N (SI Appendix, Fig. S5 D and E). !e cross-re-
active mCD4+ T cell responses against SARS-CoV-2 S displayed 
an increased ability to produce IFN-γ between ages two and six, 
although the values were not signi"cant (Fig. 5C). !e visually 
increased expression of CD226 and decreased expression of CD38 
were not signi"cant between children at ages two and six (Fig. 5C), 
but signi"cant in comparison to the adult group (SI Appendix, 
Fig. S5F), thus showing that the function and phenotype of SARS-
CoV-2-reactive mCD4+ T cells closely resemble that of OC43-
speci"c mCD4+ T cells.
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Fig. 4. Impact of older age on OC43-specific and pre-existing SARS-CoV-2-reactive T cell immunity. (A) Stimulation index of CD69+ CD40L+ mCD4+ T cells in 
SARS-CoV-2 seronegative adults <60 y.o. (OC43 S, SARS-CoV-2 S, n = 55; OC43 N, n= 53; SARS-CoV-2 N, n = 54; SARS-CoV-2 Opt, n = 46; CMV, n = 49; CEF, n = 48) 
and adults ≥60 y.o. (OC43 S, SARS-CoV-2 N, n = 39; OC43 N, SARS-CoV-2 S, n = 38; SARS-CoV-2 Opt, n = 33; CMV, n = 32; CEF, n = 27). The dotted line depicts the 
threshold for a positive response. Mann–Whitney test. (B) Function and phenotype of identified OC43 S-specific and pre-existing SARS-CoV-2 S-reactive mCD4+ 
T cells. Mann–Whitney test. (C) Principal component (PC) analysis of functional and phenotypic markers among antigen-specific mCD4+ T cells. OC43 S (<60 y.o.), 
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OC43-Specific and Cross-Reactive mCD4+ T Cell Responses from 
Childhood to Late Adulthood. Finally, we investigated in detail 
how the functional and phenotypic qualities of the responding 
mCD4+ T cell changed with age from childhood (6 y.o.) until 
late adulthood (until 83 y.o.). !e proportion of donors with 
mCD4+ T cells responding to OC43 and SARS-CoV-2 S and/or N 
decreased signi"cantly from age six to adults ≥60 y.o. (SI Appendix, 
Fig. S6A). A signi"cant decrease was also observed for responses 
against SARS-CoV-2 from age six to adults <60 y.o. Including 
all samples from age six throughout adulthood, we observed an 
inverse correlation between age and the frequency of OC43 S- and 
N-speci"c mCD4+ T cells (Fig. 6A and SI Appendix, Fig. S6B). 
!e decrease in OC43-speci"c T cells was also re#ected by the 

SARS-CoV-2 S-reactive mCD4+ T cells (Fig.  6A), but not by 
the low frequency of N-speci"c mCD4+ T cells (SI  Appendix, 
Fig. S6B).

We next performed a Uniform Manifold Approximation and 
Projection (UMAP) dimensionality reduction to investigate the 
range of phenotypes in the present OC43-speci"c and SARS-CoV-2- 
reactive populations across age groups (Fig. 6 B and C). Notably, 
we identi"ed a considerable accumulation in the upper region of 
the UMAP structure, which corresponded to cells with a poly-
functional cytokine-producing phenotype (TNF+, IL-2+, IFN-γ+) 
(Fig. 6D). !e distribution of cells was also strongly in#uenced 
by the expression of CD38. !ere was a tendency for the six y.o. 
children to have more CD38+ mCD4+ T cells in comparison to 
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Fig. 5. Functional and phenotypic markers distinguish T cell responses at ages two and six. (A) Stimulation index of CD69+ CD40L+ mCD4+ T cells in 2 y.o. (n = 17),  
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the elderly group (Fig. 6 C and D). Next, we used PhenoGraph 
to identify clusters de"ned by patterns of marker co-expression 
(Fig. 6 E and F) and quanti"ed the cluster distribution of OC43-
speci"c and SARS-CoV-2-reactive mCD4+ T cells from each 
group (Fig. 6G). As revealed from this analysis, the cytokine-en-
riched cluster 13 contained the most antigen-speci"c mCD4+ 
T cells and was the least frequent in adults ≥60 y.o. (Fig. 6G). 
Furthermore, clusters 1 and 7 were characterized by higher expres-
sion of CD38 (Fig. 6F) and contained high fractions of mCD4+ 
T cells from six y.o. children (Fig. 6G), while cluster 4 was de"ned 
by low CD38 expression and comparatively higher 2B4+/
HLA-DR+ expression (Fig. 6F), which was only observed among 
elderly donors (Fig. 6G). Cluster 6, de"ned by higher expression 
of PD-1 and moderate expression of CD226 (Fig. 6F), was rarely 

detected in children at age six (Fig. 6G). !e cluster distribution 
of OC43-speci"c and SARS-CoV-2-reactive mCD4+ T cells from 
each group was similar (Fig. 6G). Overall, our analyses demon-
strate that polyfunctional responses are generated across age 
groups, with the elderly group having the comparatively lowest 
distribution of mCD4+ T cells in highly functional clusters.

Discussion

COVID-19 manifests a clinical pro"le that is generally mild in 
children and more likely to cause severe disease in the elderly. 
Previously induced CD4+ T cell responses against seasonal HCoVs 
(11, 22, 29, 30) might provide e$ective cross-reactive T cell responses 
(1, 5). !e suggested bene"cial e$ect of cross-reactive T cell responses 
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refers to their association with SARS-CoV-2 infection (1, 5–7) and 
vaccination outcome (5, 22, 31). !e quality of pre-existing cross-re-
active T cells in association with HCoVs and age has not been eval-
uated. We performed a comprehensive epitope mapping of 
HCoV-OC43-speci"c and SARS-CoV-2-reactive mCD4+ T cells 
and have identi"ed immunogenic epitopes. Subsequently, by thor-
oughly evaluating pre-existing SARS-CoV-2-reactive mCD4+ T cells 
in relation to seasonal OC43-speci"c T cell responses, from early 
childhood (2 y.o.) to late adulthood (83 y.o.), we shed further light 
on the nature of these responses in relation to age. Pre-existing 
SARS-CoV-2-reactive CD4+ T cell responses  targeting the structural 
proteins spike, nucleocapsid, and membrane were linked to the fre-
quency of T cell responses, but not antibody titers, against OC43. 
!e functional pro"le of pre-existing SARS-CoV-2-reactive mCD4+ 
T cells targeting spike, but not nucleocapsid, closely mirrored the 
OC43-speci"c T cell immunity. !e pre-existing SARS-CoV-2-
reactive mCD4+ T cell immunity was inversely correlated with age, 
with a peak at age six and declining functionality with older age. 
Collectively, our results suggest that pre-existing SARS-CoV-2-
reactive T cells induced by previous encounters with OC43, and 
possibly the other seasonal HCoVs, are in#uenced by age and might 
have an impact on early SARS-CoV-2 control and response to 
vaccination.

By simultaneously identifying SARS-CoV-2-reactive and OC43-
speci"c T cell responses to the structural proteins S, M, and N, we 
demonstrated a close relationship between the mCD4+ T cell pop-
ulations. In adults, our data con"rmed that the OC43-speci"c and 
SARS-CoV-2-reactive T cell responses remain stable over time (32). 
While most adults had responses against OC43 S and N, the cross-re-
active responses more frequently targeted the S rather than the N 
region, as displayed at both protein and epitope levels. Our results 
are supported by a recent "nding in silico, suggesting that the struc-
tural proteins S, followed by N, from OC43 have the highest 
sequence identity to SARS-CoV-2, compared with all other HCoVs 
(33). Overall, the frequencies of both SARS-CoV-2 S-reactive and 
OC43 S-speci"c mCD4+ T cells were inversely correlated with age, 
corroborating "ndings by Loyal et. al. (5). !ese data support our 
hypothesis that the T cell response against OC43 may impact the 
response against SARS-CoV-2 from childhood until late adulthood. 
!is notion is strengthened by the polyfunctional and phenotypic 
pro"les of the SARS-CoV-2 S-reactive mCD4+ T cells that are not 
di$erent from that of OC43 S-speci"c T cells. In contrast, SARS-
CoV-2 N-reactive mCD4+ T cells had an impaired ability to produce 
IFN-γ, IL-2, and TNF, compared to the OC43 N-speci"c mCD4+ 
T cells. !e disparate functional capacity of cross-reactive mCD4+ 
T cells targeting di$erent proteins or epitopes provides insights, in 
addition to technical considerations discussed below, into why some 
studies detected a link between pre-existing SARS-CoV-2-reactive 
T cells and disease outcome after SARS-CoV-2 infection (1, 5, 6), 
while others did not (20). Finally, by evaluating T cell reactivity in 
a COVID-19-convalescent control cohort, we also observed that the 
group who had experienced a milder disease, compared to severe 
disease, displayed SARS-CoV-2-speci"c mCD4+ T cells that were 
more polyfunctional and closely correlated with their OC43-speci"c 
responses.

At an epitope level, in SARS-CoV-2-unexposed blood donors, 
we identi"ed numerous OC43 epitopes and corroborated the 
cross-reactive potential of SARS-CoV-2 epitopes S-81 (aa 801 to 
820) and S-82 (aa 811 to 830) (5, 21, 22), an epitope also targeted 
by neutralizing antibodies (34, 35). Limited cross-reactivity was 
observed between the N regions, but previously identi"ed N-11 
(aa 101 to 120) was among the most immunogenic cross-reactive 
peptides in our blood donor cohort (29, 36). When evaluating 
the functional avidity of the most immunogenic peptides in 

relation to the amino acid sequence, we observed an association 
between OC43 and SARS-CoV-2 sequence similarity and the 
potential for T cells to cross-recognize epitopes between OC43 
and SARS-CoV-2. Furthermore, we con"rmed that the majority 
of the de"ned immunogenic cross-reactive epitopes including, 
S-81, S-82 and N-11, were not a$ected by amino acid variations 
identi"ed in circulating SARS-CoV-2 VOCs. !us, such SARS-
CoV-2-reactive T cells might provide immunological aid, a 
hypothesis that will need to be evaluated in future studies. It is 
worth mentioning that a part of the cross-reactive responses is 
not likely to be of coronavirus origin, e.g., commensal bacteria 
(1, 37). Additional factors, such as sequence similarity, peptide 
processing and presentation, and the frequency of the presenting 
HLA molecule in the population, will also a$ect cross-reactivity.

OC43-speci"c antibodies were readily detected in children at 
age two, with comparable magnitudes to those at age six and 
adults. !is corroborates OC43 as a childhood infection and com-
mon seasonal HCoV in Scandinavia (26). Conversely, the humoral 
immune responses against β-coronavirus HKU1, as well as α-coro-
naviruses 229E and NL63, signi"cantly increased between child-
hood and adulthood, re#ecting their less commonly spread in 
young children (25–27). While the frequency of OC43-speci"c 
mCD4+ T cell responses remained stable between ages two and 
six, their functional capacity was enhanced at age six. Importantly, 
we showed that the functional and phenotypic pro"les of the 
OC43-speci"c mCD4+ T cell population were shared by the 
pre-existing SARS-CoV-2-reactive mCD4+ T cells. Considering 
that the mortality rate in children is the lowest from ages "ve to 
nine, and higher in younger children (38), our results imply that 
cross-reactive mCD4+ T cells may have a role in the control of 
SARS-CoV-2 infection in children, alongside other hypothesized 
factors, including their lower prevalence of comorbidities, distinct 
expression patterns of viral receptor ACE2, and enhanced antiviral 
capabilities of innate and adaptive immunity at mucosal sites, 
compared with adults and the elderly (39–41).

When investigating T cell function in relation to activating and 
inhibitory molecules expressed by OC43-speci"c and SARS- 
CoV-2-reactive T cell populations throughout life, we discovered 
that age, rather than speci"city, was the delineating factor. 
Clustering analysis highlighted that the vast majority of the OC43-
speci"c and SARS-CoV-2-reactive mCD4+ T cells were contained 
within a cluster of cytokine-producing cells, expressing moderate 
levels of the inhibitory molecule PD-1 and activating molecule 
CD226. !e cytokine-producing T cell population was substan-
tially diminished in older adults (≥60 y.o.). In children, the most 
common population without the ability to produce cytokines was 
de"ned by high expression of CD38 and moderate levels of the 
inhibitory molecules PD-1 and TIGIT. !is "nding is in line with 
the high frequency of central mCD4+ T cells expressing CD38 in 
children compared to adults (42, 43). In addition to its role in 
activation and proliferation upon infection, CD38 may also facil-
itate mobilization or tissue migration (44, 45). Based on the lim-
ited expression of additional activating markers, such as HLA-DR 
and CD226, our results imply that these cells are likely to be 
recently activated (46) or undergoing homeostatic proliferation 
(47). In the adult cohorts, a population cluster expressing PD-1 
and CD226, without the ability to produce cytokines, was preva-
lent. Expression of PD-1 might imply an age-dependent transition 
toward senescence (48). Finally, a T cell population expressing high 
levels of 2B4 and moderate levels of CD226 was common in late 
adulthood but rarely seen in children. Inducible expression of 2B4 
(also called CD244 or SLAMf4) on CD4+ T cells has been shown 
to mediate co-inhibition (49), and its expression has been related 
to the functional capacity of T cells during infection (50, 51). D
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Although di$erences existed in the expression of functional mark-
ers and activating and inhibitory receptors between T cell subsets, 
the phenotype and cytokine responsiveness of OC43 S-speci"c 
and pre-existing SARS-CoV-2 S-reactive mCD4+ T cells were sim-
ilar and strongly associated with age, where cross-reactive T cell 
responses were most prominent in children and diminished in late 
adulthood.

We are aware of the fact that techniques and experimental 
approaches used to de"ne and characterize SARS-CoV-2-reactive 
T cells may give di$erent results; e.g., the prevalence of cross-re-
active T cells ranging from 0 to 80% of unexposed individuals has 
been reported (2, 4, 18, 22, 29, 36, 52–54). In some studies, 
enrichment (4, 5, 20, 36) and/or expansion for several days  
(5, 6, 11, 12, 20, 22, 29, 36) were performed before responses 
were identi"ed. Here, we opted for FluoroSpot for the mapping of 
T cell responses, and for a single high-parameter #ow cytometry 
panel to identify antigen-speci"c T cells via an AIM assay, while 
simultaneously characterizing their phenotype and function via an 
intracellular cytokine staining (ICS) assay. To investigate the unal-
tered SARS-CoV-2-reactive mCD4+ T cell population, the analysis 
was conducted ex vivo directly following a short (10 h) cell stimu-
lation without prior enrichment and/or expansion. !e present study 
characterizes circulating OC43-speci"c and SARS-CoV-2-reactive 
mCD4+ T cells from peripheral blood, showing di$erences in rela-
tion to age. Whether age-dependent di$erences in#uence pre-exist-
ing SARS-CoV-2-reactive T cells in clinically relevant tissues, e.g., 
in airway-resident tonsil tissue (41) or bronchoalveolar lavages (55), 
was not assessed. In addition, the results are based on the enumera-
tion of !1 cytokines established to be produced by SARS-CoV-2-
speci"c T cells, although other T cell pro"les (e.g., production of 
IL-10) may also contribute to the age-dependent manifestation of 
COVID-19 (56). We observed enhanced OC43-speci"c and SARS-
CoV-2 S-reactive mCD4+ T cell responses at age six, compared to 
age two, but lacked samples from older children and younger adults, 
which will be necessary for further investigation.

In summary, we show that many children at age two have highly 
functional mCD4+ T cells that cross-recognize SARS-CoV-2. 
!ese cells are characterized by the expression of high levels of 
CD38 but no co-inhibitory molecules. From age six, the frequen-
cies and functional capacity of this pre-existing T cell immunity 
wane, particularly in older adults. In all age groups, the functional 
capacity of the cross-reactive SARS-CoV-2 immunity against the 
Sregion was closely linked to the simultaneously characterized 
OC43-speci"c mCD4+ T cell responses. !ese "ndings are of 
importance not only for COVID-19 and vaccination outcomes 
but also translate to other diseases caused by existing and emerging 
pathogens. !e distinct age-dependent functional and phenotypic 
pro"les of the responding mCD4+ T cells provide general insights 
into the immune system development in childhood and subse-
quent waning during late adulthood. Additional studies are needed 
to de"ne the contribution of cross-reactive T cells to the distinct 
clinical outcomes of COVID-19 in children and the elderly.

Materials and Methods
Human Subjects. The characteristics of the study cohorts are provided in detail 
in Table 1. Blood samples, peripheral blood mononuclear cells (PBMCs), and 
plasma samples were obtained pre-pandemic from healthy children sampled 
longitudinally in 2002 to 2008 at ages two and six (57). This birth cohort study 
was approved by the Ethical Review Board in Linköping (Dr 99184 and com-
plementary Dr M98-06), Sweden. From each of the 65 blood donors collected 
pre-pandemic (54%) or during 2020 (until October 2020), we obtained >100 
million PBMCs to map OC43-specific and pre-existing SARS-CoV-2-reactive 
mCD4+ T cell responses, including longitudinal pre-pandemic samples from 10 

donors. Samples from these blood donors were obtained from the Department 
of Clinical Immunology and Transfusion Medicine, Karolinska Institutet, as 
approved by the Ethical Review Board in Stockholm (Dnr 2016/1415-32, 
2006/229-31/3), Sweden. When screening for SARS-CoV-2 antibodies, two 
blood donors, whose samples were collected post-pandemic, were confirmed 
seropositive and excluded from further analysis but were used as controls for 
SARS-CoV-2 epitope mapping (SI Appendix, Fig. S1G). In addition to the blood 
donors, we obtained PBMCs from healthy adults (n = 37) recruited as “age-
matched, healthy volunteers” in a study of immune function in end of life, 
performed in Stockholm, Sweden, during 2017 to 2020 (on or before October 
2020) (Dnr 2017/203-31/4). Samples obtained in 2020 were screened for 
SARS-CoV-2 antibodies, among which three volunteers were confirmed seropos-
itive and excluded from further analyses. The adult cohorts were subsequently 
divided into two age groups <60 y.o (n = 55) and ≥60 y.o. (n = 39). It was con-
firmed that the magnitudes of the detected T cell responses were indistinguish-
able in samples obtained pre versus post-pandemic (SI Appendix, Fig. S1D). 
All samples were collected before access to a COVID-19 vaccine. Additional 
samples were acquired from COVID-19 convalescents 12 mo after RT-PCR—ver-
ified infection with SARS-CoV-2, leading to mild (n = 34) or severe (n = 24)  
disease, in March–April 2020, before the emergence of VOCs (Dnr 2020-06133, 
2016/1415-42). Disease severity was graded based on the NIH Ordinal Scale 
and Sequential Organ Failure Assessment (SOFA), as previously reported (18). 
Severe disease was defined by the need for hospitalization in the intensive care 
unit, with low- or high-flow oxygen support or invasive mechanical ventilation.

Study Outline. The goal of the study was to map and investigate the humoral 
and cellular immunological memory to the seasonal HCoV-OC43 in relation to 
pre-existing SARS-CoV-2-reactive T cell immunity and age (Fig. 1A). The study 
cohorts consisted of children (ages two and six), adults < 60 y.o., adults ≥60 
y.o., and 12 mo post-COVID-19 convalescents (Table 1 and SI Appendix, Table S2). 
Antibody screening for SARS-CoV-2, seasonal human coronaviruses (HCoVs), 
EBV, influenza, and rhinovirus was conducted. Peptide megapools spanning the 
spike (S), membrane (M), and nucleocapsid (N) proteins from HCoV-OC43 and 
SARS-CoV-2, and peptide matrix pools, were constructed using 20-mer individ-
ual peptides. Epitope screening and epitope avidity analysis were performed by 
FluoroSpot assay (IFN-γ detection) using PBMCs from blood donors. A single flow 
cytometry panel combining AIM and ICS assays enabled the characterization of 
antigen-specific (CD69+ CD40L+) mCD4+ T cells. Peptide megapools (OC43 and 
SARS-CoV-2), optimal peptide pools (SARS-CoV-2; CMV; and CEF, CMV + EBV + 
influenza virus), and individual peptides were used (SI Appendix, Table S2). For 
further details, see SI Appendix, Supporting Information Text and Tables S1 and S2.

Data, Materials, and Software Availability. All other data are included in 
the manuscript and/or SI Appendix. Key resources, incuding antibodies, pep-
tides, proteins, peptide sequences, software, and algorithms, are included in 
SI Appendix, Tables S1 and S2.
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