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SUMMARY
The coronavirus (CoV) family includes several viruses infecting humans, highlighting the importance of
exploring pan-CoV vaccine strategies to provide broad adaptive immune protection. We analyze T cell reac-
tivity against representative Alpha (NL63) and Beta (OC43) common cold CoVs (CCCs) in pre-pandemic sam-
ples. S, N, M, and nsp3 antigens are immunodominant, as shown for severe acute respiratory syndrome 2
(SARS2), while nsp2 and nsp12 are Alpha or Beta specific. We further identify 78 OC43- and 87 NL63-specific
epitopes, and, for a subset of those, we assess the T cell capability to cross-recognize sequences from repre-
sentative viruses belonging to AlphaCoV, sarbecoCoV, and Beta-non-sarbecoCoV groups. We find T cell
cross-reactivity within the Alpha and Beta groups, in 89% of the instances associated with sequence conser-
vation >67%. However, despite conservation, limited cross-reactivity is observed for sarbecoCoV, indicating
that previous CoV exposure is a contributing factor in determining cross-reactivity. Overall, these results pro-
vide critical insights in developing future pan-CoV vaccines.
INTRODUCTION

Coronaviruses (CoVs) remain a general concern because of their

pandemic potential, as illustrated not only by the severe acute

respiratory syndrome coronavirus (SARS-CoV)-2 pandemic but

also by previous CoV outbreaks, including SARS-CoV and the

Middle East respiratory syndrome coronavirus (MERS-CoV). In

this context, the development of a pan-CoV vaccine to preemp-

tively provide adaptive immunity against the threat of an up-

coming CoV outbreak resulting from zoonotic spillover from an

animal reservoir species into humans is of interest.1 Indeed, all

CoVs associated with the recent outbreaks had zoonotic origins,

infecting bats, pigs, pangolins, and rodents before being trans-

ferred to humans. Zoonotic and human coronaviruses, are

broadly classified in two main genera: Alpha and Beta. The

Beta coronaviruses are subdivided into additional subgenera,

with the Beta sarbecoCoV group being of the most pandemic

concern.2 Compared with AlphaCoV, the BetaCoV genus has

been evolutionary more prolific with multiple subgenera infecting
Cell R
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humans with various degrees of phylogenetic relation, including

merbecoCoV (MERS-CoV) and sarbecoCoV (SARS and SARS-

CoV-2).2–4Within AlphaCoV, two CoVs infect humans seasonally

(HCoV-229E and HCoV-NL63), and, within the BetaCoV, HCoV-

HKU1 and HCoV-OC43 cause common colds upon infection,

with cyclical and alternating patterns of prevalence in different

populations and geographical locations.5 These four common

cold coronaviruses (CCCs) are prevalent worldwide and usually

cause mild illness primarily affecting the upper respiratory tract.5

Despite the seasonality and prevalence of common cold vi-

ruses, scarce data were available regarding general immunity,

with a prevalent focus on humoral immunity and no information

on cellular immunity before the pandemic.6 In contrast, both

components of adaptive immunity have been more investigated

in the context of the sarbecoCoV, with particular emphasis on

SARS-CoV-2.1,7,8

In the context of SARS-CoV-2 andwith particular emphasis on

cellular immunity, several studies have shown that early broad

and polyantigenic T cell responses play a potential part in the
eports Medicine 4, 101088, June 20, 2023 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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resolution of SARS-CoV-2 infection and COVID-19.7,9–11 In non-

human primates, T cells can also contribute to the reduction of

SARS-CoV-2 viral loads.12 When individuals with agammaglob-

ulinemia and B cell-depletion are infected with SARS-CoV-2,

there is only a small increase in the risk of hospitalization,13

indicating the T cells could be providing protection against

more severe disease. Indeed, individuals with multiple sclerosis

(MS) who are without antibody responses while treated with oc-

relizumab exhibit mild COVID-19 upon infection, suggesting that

COVID-19 can be modulated without antibody responses.14,15

Furthermore, the preservation of T cell reactivity against variants

in which binding of neutralizing antibodies is impaired correlates

with the preservation of protection against severe disease

but decreased protection from infection. Specifically, several

studies showed that T cell responses were largely preserved at

the population level to SARS-CoV-2 variants, including

Omicron.16–22

The impact of cross-reactive T cells recognizing viral variants

has also been reported in the influenza system. It has been

shown that pre-existing T cell immunity to influenza correlates

with disease protection,23,24 including protection from symp-

tomatic infection.25 Additionally, influenza-specific T cell epi-

topes have been identified and shown to be recognized by

multiple donors and conserved in multiple influenza strains.26

In the absence of cross-reactive neutralizing antibodies,

conserved virus-specific T cell responses correlated with

cross-protection from symptomatic influenza.27 This evidence

points to the potential value of cross-reactive T cells in the

context of influenza viral infection and that could be applicable

to other viral infections, including coronaviruses.

In this context, several studies have reported pre-existing

cross-reactivememory T cells associatedwith CCC, and pre-ex-

isting T cells were shown to associate with milder disease and

better vaccination responses.7,28–32 Specifically, T cell re-

sponses to SARS-CoV-2 have been identified in unexposed

subjects,7,28,33–35 which, in some instances, have been shown

to map to cross-reactive recognition of the SARS-CoV-2 se-

quences by T cells induced by endemic CCC.36–39 SARS-CoV-

2-specific T cells were also able to cross-recognize other human

CoVs, including SARS-CoV-1 and MERS-CoV,40–44 and other

viral species.29,45,46 Based on these data, it has been proposed

that immunodominant T cell regions conserved across CoVs

may be of interest for inducing a pan-CoV T cell response,1 to

be considered not as an alternative but in conjunction with the in-

duction of broadly reactive antibody responses.47,48

However, while over 100 different studies have investigated

the T cell epitope repertoire induced after infection with

SARS-CoV-2, as reviewed by Grifoni et al.,49 sparse data are

available for other human circulating CoVs. We have recently

shown that CCC T cell immunity is readily detectable in the

general population with unknown CCC exposure, and showed

that it is sustained over time.50 This suggested the feasibility

of the study of the pattern of protein immunodominance and

T cell epitope repertoire recognized by the general population

after CCC exposure. Accordingly, in this study, we define

CCC CD4+ T cell targets using NL63 and OC43 as prototypes

for Alpha and Beta CCC viruses to study which antigens and

epitopes are recognized and to what extent broad T cell re-
2 Cell Reports Medicine 4, 101088, June 20, 2023
sponses can be identified and predicted on the basis of

sequence conservation.

RESULTS

Characteristics of a cohort of healthy blood donors who
donated pre-SARS-CoV-2 pandemic samples
We investigated the pattern of immunodominance in T cell re-

sponses using peripheral blood mononuclear cells (PBMCs)

isolated from 88 healthy adult participants (Table S1; indicated

hereafter as ‘‘first cohort’’), spanning a wide age range (ages

from 19 to 84 years; median 46 years), with a balanced gender

ratio (48:52, male:female). The ethnic breakdown was reflective

of the demographics of the local enrolled population with a

prevalence of white, not Hispanic or Latino (60%), and a 22%

representation of other ethnicities; 18% of the cohort has not

reported information regarding ethnicity. Human leukocyte an-

tigen (HLA) typing of these donors is presented in Table S2.

Blood samples were collected from March 2020 to February

2021, 71% of the samples were collected prior to June 2020,

while only 29% were collected between November 2020 and

February 2021 when SARS-CoV-2 infection rates were minimal

in San Diego (Figures S1A and S1B). Accordingly, and based

on epidemiological data on CCC seasonality for the 2019–

2021 years,5 we selected NL63 and OC43 as representative

prototypes for recent exposure to AlphaCoV and BetaCoV

CCC, respectively.

All donors in this cohort were seronegative for SARS-CoV-2

Spike receptor-binding domain (RBD) antibodies at the time of

sample collection, ensuring that any responses detected would

not be related to SARS-CoV-2 exposure or vaccination. Like-

wise, as expected based on expected previous CCC exposure,

these donors were seropositive for antibodies to the RBD do-

mains of the NL63 and OC43 viruses, as measured by immuno-

globulin G (IgG) ELISA (Figure S1C).

Immunodominant antigens recognized by CCC-specific
T cell responses
In contrast with the wealth of information available on antigen im-

munodominance resulting from SARS-CoV-2 infection,49 a sys-

tematic analysis of which antigens are dominantly recognized

in T cell responses elicited by CCC infection is currently lacking.

To define the specific antigens recognized by CD4+ T cells from

donors previously exposed to human Alpha and Beta coronavi-

ruses (as determined by NL63 and OC43 seropositivity), we

tested PBMCs from the first cohort donors described in

Table S1, with sets of overlapping peptides spanning proteins

from the entire viral proteome (Figure 1). The same approach

was previously used to define the SARS-CoV-2 antigens recog-

nized by T cells33,51 in SARS-CoV-2 convalescent donors. CD4+

T cell responses were measured by the activation-induced

marker (AIM) assay utilizing the OX40 and CD137 markers. The

gating strategy of the flow cytometry-based AIM assay is

detailed in Figure S2A. For each antigen/donor combination,

the total magnitude of response is shown as a heatmap to illus-

trate the donor-to-donor variability (Figures 1A and 1B). Addi-

tionally, for each protein, both the total magnitude, calculated

by summing all responses observed for a given antigen in the
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Figure 1. CCC-specific CD4+ T cell reactivity per protein

(A–D) PBMCs from healthy donors (n = 88) were analyzed for reactivity against NL63 (green; A and C) and OC43 (orange; B and D).

(A and B) T cell reactivity across the CCC proteome is shown as heatmaps as a function of the donor tested. The x axis shows individual donors’ responses for

each protein (y axis).

(C and D) Immunodominance at the antigen level and for the frequency of T cell responders. Magnitude data for each single donor/protein combination are shown

as truncated violin plots on the left y axis. The frequency of donors responding to the specific protein are shown as bar plots on the right y axis. See also Figures S1

and S2.

Article
ll

OPEN ACCESS
study cohort, and frequency of responses were derived (Figures

1C and 1D).

The overall pattern of recognition of NL63 and OC43 was

similar; specifically, 20% or more of responses were ascribed

to the S, N, M, or nsp3 proteins for both viruses, with S and N

proteins most dominantly recognized, followed by M and other

non-structural proteins (Figures 1C and 1D). Additionally, nsp2

and nsp12 responses were found to be more frequent in NL63

(Figure 1C) or OC43 (Figure 1D), respectively. These six proteins
account for 85% and 81% of the overall responses for NL63 and

OC43, respectively (data not shown).

The protein antigens found here to be dominant in CCC re-

sponseswere similar to those previously shown to be dominantly

recognized in the context of SARS-CoV-2 responses.51 In the

case of CCC responses, the top six antigens accounted for

80% or more of the Alpha and Beta non-SARS-CoV-2 re-

sponses, compared with the eight or nine protein antigens

required to cover 80% of the SARS-CoV-2-specific response.51
Cell Reports Medicine 4, 101088, June 20, 2023 3
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To assess relative dominance hierarchies, we next plotted the

total T cell reactivity detected for eachOC43 andNL63 antigen in

the current study and compared this with the total reactivity to

the various SARS-CoV-2 antigens, previously measured in a

cohort of mostly mild COVID-19 convalescent donors using the

same methodology.51 The majority of the antigens were similarly

recognized in the different viruses, with Spearman correlation

analysis (Figure S2B) showing significant positive correlations,

especially for OC43/SARS-CoV-2 (R = 0.5649 and p = 0.0095)

and NL63/SARS-CoV-2 (R = 0.6140 and p = 0.0067). This is

consistent with those two viruses belonging to the BetaCoV

genus, and therefore being phylogenetically more similar to

each other than with the NL63, which belongs to the AlphaCoV

genus.2

The total SARS-CoV-2 response previously observed in

SARS-CoV-2 convalescents51 was significantly higher than

what was observed with the other two CCC (Kruskal-Wallis;

p < 0.0001), consistent with the more recent SARS-CoV-2 expo-

sure in the COVID-19 convalescent cohort, which was analyzed

1 month after infection, compared with the unknown timing of

exposure to the other CCCs in the donors analyzed in this study

(Figure S2C). Overall, these results provide ant unbiased

genome-wide analysis of CD4+ T cell reactivity to two ubiquitous

CCCs.

Identification of CCC-derived CD4+ T cell epitopes
The analysis of the NL63 and OC43 proteome-wide immunoge-

nicity pinpointed specific donor-antigen combinations associ-

atedwith good reactivity for CD4+ T cells that were deconvoluted

based on the availability of donor cells. To identify specific CD4+

T cell epitopes, we deconvoluted peptide pools corresponding

to the six immunodominant antigens (S, M, N, nsp2, nsp3, and

nsp12) identified above as accounting for 80% or more of the

NL63 and OC43 CD4+ T cell activity (Figure 1). Epitope deconvo-

lution was performed in at least eight independent donors per

antigen. CD4+ T cell epitopes were defined using an HLA-unbi-

ased approach. First, overlapping peptides spanning the entire

sequence of the antigen in question were pooled in intermediate

pools of about 10 peptides each and tested for reactivity in the

AIM assay. The intermediate pools found to be positive in the

AIM assays were then deconvoluted to identify the specific pep-

tides associated with the positive response in a second round of

experiments.51 The positivity threshold was defined as >100 net

AIM+ cell counts (background subtracted by the average of trip-

licate negative controls) and a stimulation index (SI) >2, as previ-

ously described.51,52

Table S3 provides a summary of the 165 epitopes identified,

fairly evenly distributed between NL63 (n = 87) and OC43 (n =

78). Overall, these results provide an unbiased genome-wide

CD4+ T cell epitope identification screen to two CCCs.

Selection of a panel of Alpha, Beta, and sarbeco virus
representatives of coronaviruses of human concern
We next addressed to what degree the CCC epitopes identified

in this study were conserved within different coronavirus spe-

cies, with the ultimate goal of identifying CCC-specific epitopes

that would be predicted to cross-react with other Alpha and Beta

coronaviruses, and potentially broadly reactive with other
4 Cell Reports Medicine 4, 101088, June 20, 2023
different HCoVs, including sarbecoCoV of potentially pandemic

concern, as well. Several studies have reported pre-existing

memory SARS-CoV-2 CD4+ T cell reactivity in unexposed do-

nors and have shown cross-reactivity between SARS-CoV-2

and CCC sequences,33,35,36,39 demonstrating the presence of

T cell memory clones able to cross-recognize multiple HCoVs.

We selected a representative set of viruses according to the

criteria summarized in Figure S3. The selection included clus-

tering based on genomic sequence identity, sorting clusters

based on cluster size, and a phylogeny and metadata-based

sampling method to select representatives (blue) in major phylo-

genetic clusters. A total of 33 sequences were selected,

including the prototype sequences used to identity NL63 and

OC43 epitopes. Of those, 16 sequences were selected to repre-

sent the AlphaCoV genus and 17 to represent BetaCoV genus.

The BetaCoVwere further divided into a group of four sequences

specifically related to the subgenus sarbecoCoV and a group of

13 non-sarbecoCoV (Table 1).

Sequence conservation of CCC CD4+ T cell epitopes in
other CoVs
We first calculated the degree of conservation (percentage

sequence conservation) of the sequences of each of the NL63

and OC43 T cell epitopes in each of the representative se-

quences (Figure S4). We next calculated the median overall con-

servation for each of the epitopes and the median conservation

within AlphaCoV, sarbeco, and non-sarbeco BetaCoV groups

(Table S3). The results are also graphically summarized in Fig-

ure 2. Information regarding the protein location of each epitope

and the total magnitude of responses associated with each

epitope is shown in the vertical line graph.

Overall, NL63 epitopes showed the highest degree of conser-

vation across AlphaCoV representative sequences, with some

specific epitopes, especially in the nsp12 protein, associated

with broad conservation across all HCoVs. OC43 epitopes

show the broadest conservation, particularly for nsp12, followed

by specific sub-regions pertaining to M, N, and S proteins. Thus,

the nsp12 protein is associated with the highest combined level

of conservation and immunogenicity, for both CCC viruses

analyzed, making it a potential candidate to stimulate broadly

cross-reactive T cell responses. In summary, the combined ex-

periments identify a number of different epitopes and antigen re-

gions, derived from CCC, immunogenic in humans, and with

different degrees of conservation in coronaviruses of human

concern.

Selection of a panel of CCCT cell epitopes to investigate
cross-recognition within other CoVs
We next experimentally investigated whether T cells specific for

CCC epitopes could cross-recognize peptides corresponding to

the different representative coronaviruses described above. To

address this point, we generated specific T cell lines expanded

with a single epitope known to be recognized ex vivo by a given

donor and asked the question of how broadly a T cell line specific

for a given CCC epitope can recognize the homologous se-

quences encoded in representative CoVs. This approach ex-

pands the epitope-specificmemory T cells and allows a stringent

determination of T cell cross-reactivity based on the specific



Table 1. List of the representative CoVs

Subgenus GenBank Sequence ID Source Isolate Host

AlphaCoV

(n = 16)

NC_005831 coronavirus NL63 Amsterdam I human

NC_002645 coronavirus 229E 229E human

NC_028752 isolate camel/Riyadh/Ry141/2015 camel/Riyadh/Ry141/2015 camel

NC_009657 Scotophilus bat coronavirus 512 BtCoV/512/2005 bat

NC_018871 Rousettus bat coronavirus HKU10 183A bat

MH687935 Alphacoronavirus species VZ_AlphaCoV_16715_24 bat

NC_009988 Rhinolophus bat coronavirus HKU2 HKU2/GD/430/2006 bat

NC_028824 BtRf-AlphaCoV/YN2012 BtRf-YN2012 bat

NC_010437 bat coronavirus 1A AFCD62 bat

NC_010438 Miniopterus bat coronavirus HKU8 AFCD77 bat

KJ473798 BtMf-AlphaCoV/HuB2013 BtMf-HuB2013 bat

NC_048216 NL63-related bat coronavirus BtKYNL63-9b bat

NC_022103 bat coronavirus CDPHE15/USA/2006 bat/USA/CDPHE15/2006 bat

NC_046964 bat-CoV/P.kuhlii/Italy/3398-19/2015 bat-CoV/P.kuhlii/Italy/3398-

19/2015

bat

NC_028814 BtRf-AlphaCoV/HuB2013 BtRf-HuB2013 bat

MK720945 bat coronavirus HKU32 TCL26A bat

Beta

(n = 17)

non-sarbeco

CoV (n = 13)

NC_019843 Middle East respiratory syndrome-

related coronavirus (MERS-CoV)

HCoV-EMC/2012 human

NC_038294 Betacoronavirus England 1 H123990006 human

NC_003045 bovine coronavirus BCoV-ENT bovine

NC_006213 coronavirus OC43 (HCoV-OC43) OC43 human

NC_006577 coronavirus HKU1 HKU1 human

NC_039207 Erinaceus/VMC/DEU/2012 ErinaceusCoV/2012-174/

GER/2012

hedgehog

NC_009019 Tylonycteris bat coronavirus HKU4 HKU4-1 B04f bat

NC_009020 Pipistrellus bat coronavirus HKU5 HKU5-1 LMH03f bat

MT337386 coronavirus BtRt-BetaCoV/GX2018 MCL_19_bat_606_2 bat

KC869678 coronavirus Neoromicia/

PML-PHE1/RSA/2011

Neoromicia/PML-PHE1/

RSA/2011

bat

MG596802 MERS-CoV bat-CoV/H.savii/Italy/

206645-40/2011

bat

HM211100 bat coronavirus HKU9-10-1 HKU9-10-1 bat

HM211101 bat coronavirus HKU9-10-2 HKU9-10-2 bat

sarbecoCoV

(n = 4)

MK211374 coronavirus BtRl-BetaCoV/SC2018 BtRl-BetaCoV/SC2018 bat

MT121216 pangolin coronavirus MP789 pangolin

NC_004718 SARS coronavirus Tor2 Tor2 human

MT952134 SARS-CoV-2 SARS-CoV-2/human/USA/

WA-

CDC-WA1/2020

human
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peptide investigated. In addition to providing direct evidence for

cross-reactivity within CoVs, this set of experiments was de-

signed to determine how frequently cross-reactive recognition

by human memory T cells of coronavirus sequences could be

observed, and which level of homology would correlate with

cross-reactivity. Previous studies had indicated a level of con-

servation of 67% (0.67) as being associated with cross-reactivity

of SARS-CoV-2 reactive T cells with CCC sequences.36

To address these points, we calculated the median conserva-

tion for each of the three groups analyzed (AlphaCoVs, Beta non-
sarbecoCoVs, and sarbecoCoVs) and selected for analysis 18

representative epitopes, defined as the sequence for which

reactivity was detected in ex vivo experiments, associated with

different degrees of conservation in the different coronavirus

groups (Alpha, Beta non-sarbeco, and sarbeco). Table 2 details

the epitopes selected, with the first column reporting the virus

species from which the epitope was identified and the specific

protein and residues. The next columns describe the median

conservation in the different viral groups. More specifically, 11

of the 18 representative epitopes were conserved within
Cell Reports Medicine 4, 101088, June 20, 2023 5



Figure 2. Epitope conservation across coro-

naviruses

Heatmap of conservation of NL63 (green text) and

OC43 (orange text) T cell epitopes in each of the

coronavirus representative sequences divided into

AlphaCoV (n = 16; green outline), BetaCoV non-

sarbecoCoV (n = 13; orange outline), and sarb-

ecoCoV (n = 4; blue outline) groups. Each row

represents a different epitope, and each column a

different coronavirus representative. The color in-

tensity, following the gradient shown on the right of

the heatmap, shows the degree of calculated

sequence conservation for each epitope/virus

combination. The y axis shows information rega-

rding the protein of each epitope, and a line graph

illustrates the total response associated with each

epitope. See also Figures S3 and S4.
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AlphaCoV, nine epitopes were conserved within Beta non-sar-

becoCoV, and eight epitopes were conserved within sarbeco-

CoV with a sequence identity >0.67 (Table 2). Based on their

pattern of conservation, as indicated by the next column in Ta-

ble 2, five epitopes were classified as common (that is,

conserved in all three viral groups), five epitopes were conserved

only in AlphaCoV, two conserved only in BetaCoV (not

conserved in Alpha, but conserved in all BetaCoV), two peptides

were conserved only in BetaCoV-non-sarbeco, and one peptide

was conserved only in sarbeco viruses. The last two peptides

had sequence identities of <0.67 and were not well conserved

in any of these groups.

Assessment of cross-reactivity patterns of CCC CD4+

T cell epitopes within other CoVs
Next, we determined the pattern of cross-reactivity of T cells

recognizing the various epitopes by generating epitope-specific

short-term T cell lines (TCLs) from PBMCs of a subset of donors

from the first cohort. This first round of experiments investigated

the reactivity of TCLs specific for 12 different epitopes. These

TCLs were tested with a dose range of synthetic peptides corre-

sponding to the sequence of the homolog peptides from each of

the virus isolates from Table 1, as previously reported.36 The

specific TCL reactivity for each epitope and virus sequence is

shown in Figures 3A–3E. Reactivity against AlphaCoV se-

quences is shown in green, Beta non-sarbecoCoV in orange,

and sarbecoCoV in blue. The reactivity of epitopes conserved

in all three groups is shown in Figure 3A, Alpha specific

(conserved only in Alpha-corona) in Figure 3B, Beta specific

(conserved only in Beta-corona) in Figure 3C, Beta non-sarbeco

specific in Figure 3D, and sarbeco specific in Figure 3E. The re-

sults are also summarized as heatmaps in Figure 3F, depicting

the epitope conservation across each viral species and the reac-

tivity of each TCL against each peptide.

The outcome of these experiments is also summarized in Ta-

ble 2 under the heading ‘‘first cohort.’’ Overall, seven out of eight
6 Cell Reports Medicine 4, 101088, June 20, 2023
epitopes conserved in AlphaCoVs showed

T cell reactivity against AlphaCoVs, and six

out of eight epitopes conserved in Beta-

non-sarbecoCoVs showed T cell reactivity
for Beta non-sarbecoCoVs. However, only three out of eight epi-

topes conserved in Beta-non-sarbecoCoVs showed T cell reac-

tivity for sarbecoCoVs. In conclusion, the results show that

cross-reactivity patterns are predicted by sequence conserva-

tion for AlphaCoV and Beta non-sarbecoCoVs. Conversely,

cross-reactivity within sarbecoCoVs that are phylogenetically

more distant from other Beta non-sarbecoCoVs was not well

predicted by sequence conservation. Indeed, only SARS-CoV-

2 was circulating in humans at the time the samples were ob-

tained, and all donors in this cohort were seronegative for

SARS-CoV-2.

Patterns of T cell cross-recognition of other CoVs in an
independent cohort
The results presented above show that while cross-reactivity for

the AlphaCoV and Beta-non-sarbecoCoV groups could be pre-

dicted based on the known sequence conservation, sarbecoCoV

reactivity was infrequent and not readily predicted based on

sequence conservation. In the next round of experiments, we

sought to verify these results in an independent cohort and also

investigate whether using AlphaCoV, Beta-non-sarbecoCoV, or

sarbecoCoV sequences for the in vitro peptide stimulation might

modulate the cross-reactivity patterns. These experiments were

performed with a new validation cohort (Table S1) as additional

PBMCs from the previous cohort were largely not available.

PBMC samples from the validation cohort were collected be-

tween October 2018 and August 2019 to ensure that donors

had not been exposed to the sarbeco virus SARS-CoV-2

(Table S1). Preliminary experiments determined the ex vivo reac-

tivity in the validation cohort of previously identified epitopes. In

these experiments, we tested both peptides corresponding to

the OC43 and NL63 sequences and for eight epitopes we de-

tected reactivity to either the AlphaCoV or BetaCoV peptide

version, or both (Figures 4A–4D; left-most part of the graphs).

We then generated for each donor-peptide combination sepa-

rate TCLs using the prototype NL63 or OC43 peptides, and we



Table 2. List of representative epitope candidates and experimental outcome of TCLs

TCL reactivity

Conservation (%) First cohort Validation cohort

CCC Epitope AlphaCoV

Beta

non-sarbecoCoV SarbecoCoV

Conservation

category

Alpha/Beta

reactivity

Sarbeco

reactivity

Alpha/Beta

reactivity

Sarbeco

reactivity

NL63 nsp124476 0.87 0.73 0.73 common TCL-only – ND ND

NL63 nsp124896 1 0.87 0.87 common Alpha/Beta yes ND ND

OC43 N121 0.67 0.8 0.87 common Alpha/Beta – Alpha/Beta yes

NL63 nsp31286 0.87 0.73 0.8 common Alpha/Beta – ND ND

OC43 S911 0.67 0.73 0.73 common Alpha/Beta yes Alpha/Beta yes

NL63 S956 0.87 0.47 0.33 Alpha Alpha – ND ND

NL63 S951 0.87 0.27 0.13 Alpha Alpha – Alpha/Beta –

NL63 nsp124136 0.87 0.33 0.27 Alpha Alpha – ND ND

NL63 N121 0.73 0.53 0.6 Alpha ND ND Alpha/Beta yes

NL63 M111 0.73 0.47 0.47 Alpha ND ND Alpha –

NL63 nsp124731 0.8 0.33 0.4 Alpha ND ND Alpha yes

OC43 N116 0.47 0.73 0.73 Beta Beta yes Beta yes

OC43 nsp124731 0.47 0.73 0.73 Beta Beta – – ND

OC43 M36 0.33 0.73 0.4 non-sarbeco Alpha – ND ND

OC43 M46 0.47 0.73 0.53 non-sarbeco ND ND Beta –

OC43 N126 0.53 0.53 0.67 sarbeco Alpha – ND ND

OC43 S951 0.33 0.4 0.47 none ND ND Beta yes

OC43 S956 0.33 0.6 0.6 none ND ND Beta yes

ND, not determined (indicates not tested or lack of response of the TCL). Dash indicates no T cell reactivity.
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then tested for cross-reactivity with the other AlphaCoV and

BetaCoV sequences. We also used SARS-CoV-2 peptide se-

quences to generate TCL, and the results are described in the

following section. The specific TCL reactivity for each epitope

and virus sequence is shown in Figures 4A–4D. Reactivity

against AlphaCoV sequences is shown in green, Beta non-sar-

becoCoV in orange, and sarbecoCoV in blue. The reactivity of

epitopes conserved in all three groups is shown in Figure 4A,

Alpha specific (conserved only in AlphaCoV) in Figure 4B, Beta

specific (conserved only in BetaCoV) in Figure 4C, Beta non-sar-

beco specific in Figure 4D, or not conserved in Figure 4E. The re-

sults are also summarized as heatmaps in Figure 4F, depicting

the epitope conservation across each viral species and the reac-

tivity of each TCL against each peptide. The outcome of these

experiments is also summarized in Table 2 under the heading

‘‘validation cohort.’’

We first analyzed the reactivity of TCLs generated by in vitro

stimulation with the same peptide epitopes for which ex vivo

reactivity was detected in that specific donor; these instances

are highlighted by a black highlighted margin around the graphs

in Figure 4. In those instances, in the case of epitopes that were

predicted to be conserved across CoVs, two out of two in-

stances showed cross-reactivity for AlphaCoV, Beta non-sarbe-

coCoV, and sarbecoCoV when the homologous epitope was

used for the TCL generation (Figure 4A). Three epitopes with

sequence conservation within AlphaCoV had ex vivo reactivity

with the AlphaCoV NL63 sequence and also showed cross-reac-

tivity to other AlphaCoV sequences after TCL expansion (Fig-

ure 4B). The NL63 M111 epitope is Alpha specific at the level of
conservation and the TCL was associated with a predominant

Alpha-specific reactivity (Figure 4B).

In the case of nsp124731 and S951, ex vivo reactivity was de-

tected for both the NL63 and OC43 epitopes, potentially reflec-

tive of either multiple exposures and/or cross-reactivity. For

nsp124731, the NL63 sequence is conserved within Alpha but

not Beta (AlphaCoV = 0.8; Beta non-sarbecoCoV = 0.33), and

conversely the OC43 sequence is conserved within Beta but

not Alpha (AlphaCoV = 0.47; BetaCoV = 0.73) (Table 2). The

TCL obtained by NL63 in vitro stimulation was Alpha specific,

while no in vitro expansion was noted in the case of the TCL stim-

ulated with the OC43 sequence (Figure 4B). In the case of S951,

the TCL expanded with the OC43 epitope was mostly Beta reac-

tive, and, conversely, the TCL expanded with the NL63 epitope

was Alpha-reactive (Figure 4B). These results are consistent

with the fact that the NL63 S951 epitope is well conserved within

Alpha but not Beta (AlphaCoV = 0.87; Beta non-sarbecoCoV =

0.27) (Table 2). In contrast, the OC43 S951 epitope is not well

conserved within Alpha or Beta (AlphaCoV = 0.33; Beta non-sar-

becoCoV = 0.4) (Table 2); however, the Beta-specific cross-reac-

tivity could be attributed to the subset of BetaCoV sequences

that are conserved for this epitope, as seen in Figure 4F.

The BetaCoV-specific OC43 N116 epitope induced Beta-spe-

cific cross-reactivity as expected, based on sequence conse-

rvation and ex vivo reactivity (Beta-non-sarbecoCoV = 0.73;

sarbecoCoV = 0.73; Figure 4C; Table 2). The Beta-non-sarbeco

conserved epitope OC43 M46 was associated with OC43 reac-

tivity ex vivo, and the associated TCL displayed predominant

Beta-non-sarbeco reactivity (Figure 4D and Table 2). The S956
Cell Reports Medicine 4, 101088, June 20, 2023 7
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Figure 3. Cross-reactivity of NL63 and OC43 epitopes and homologous CoVs peptides

(A–F) Twelve CCC epitopes were used to stimulate donor PBMCs (n = 12) and generate short-term T cell lines (TCLs) as described in the STAR Methods. These

epitopeswere selected based on the primary screenwith the first cohort, and the TCLswere generatedwith the sameNL63 orOC43 donor-epitope combinations.

In these graphs, the TCLs are categorized based on the original epitope selected and predicted on the basis of median sequence conservation >67% to be

common (A) or specific for AlphaCoV (B), BetaCoV (C), and further segregating the BetaCoV into non-sarbeco (D) and sarbeco (E) groups. After 14 days of in vitro

expansion, each TCL was tested with the CCC epitope used for stimulation (black lines in A, B, and C) and peptides corresponding to analogous sequences from

other CoVs (green, AlphaCoV; orange, Beta non-sarbecoCoV; and blue, sarbecoCoV) at three different concentrations (1, 0.1, and 0.01 mg/mL). Interferon gamma

(IFNg) SFCs/106 PBMCs are plotted for TCLs stimulatedwith each peptide. Sequence identity and overall reactivity are shown as heatmaps in (F). The heatmap for

the TCL reactivity represents the log10 scale of the sum reactivity for the three concentrations of peptide tested. The vertical bars in (F) and (G) refer to the sequence

conservation (dark gray, common; green, AlphaCoV; orange, Beta non-sarbecoCoV; and blue, sarbecoCoV). See also Figures S3 and S4.
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epitope was associated with OC43 Beta reactivity in the specific

donor tested. Consistent with this observation, the TCL main-

tained this pattern of prevalent Beta reactivity (Figure 4E). This
8 Cell Reports Medicine 4, 101088, June 20, 2023
result is consistent with the fact that the OC43 S956 epitope is

well conserved within some Beta but not Alpha (AlphaCoV =

0.4; Beta non-sarbecoCoV = 0.5) (Table 2).
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(legend on next page)
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Overall efficacy of sequence conservation and pre-
existing reactivity as a predictor of coronavirus cross-
reactivity
The overall data from the first and validation cohorts combined

were evaluated for parameters that might guide selection of epi-

topes linked with cross-reactive T cell responses. Table 3 details

how frequently sequence conservation of 67%, or above, was

associated with experimentally verified cross-reactivity in each

of the taxonomic coronavirus groups. When the three groups

are considered together, the 67% median sequence conserva-

tion threshold predicts T cell cross-reactivity in 78%of the cases

(considering 13 + 12 + 6 = 31 instances of cross-reactivity/15 +

13 + 12 = 40 tested). When only AlphaCoV and Beta non-sarbe-

coCoV are considered, cross-reactivity is correctly predicted in

89% of cases, while in only BetaCoV (Beta non-sarbecoCoV

and sarbecoCoV) the prediction accuracy is 69%. When we

look within each group separately, the predictive capacity is

93% and 86% if only Alpha or Beta non-sarbecoCoV groups

are considered. This is in contrast with the fact that experimental

T cell cross-reactivity was observed only in 50% of the cases of

sequences conserved within sarbecoCoV (Table 3).

In conclusion, the results show that cross-reactivity patterns

are predicted by sequence conservation for AlphaCoV and

Beta non-sarbecoCoVs. Conversely, cross-reactivity with sarbe-

coCoVs (which were not circulating in humans at the time the

samples were obtained) was not well predicted by sequence

conservation. Relevant to the hypothesis that pre-exposure

might influence the capacity of experimentally observing T cell

cross-reactivity, we examined the association between ex vivo

reactivity and measured cross-reactivity in the expanded

TCLs. Indeed, when we consider the OC43 and NL63 epitopes

in Figure 4, for which ex vivo reactivity was experimentally deter-

mined, ex vivo reactivity was detected in 11 instances, of which

nine showed cross-reactivity in the expanded TCLs. Of the five

epitopes for which ex vivo reactivity was not detected prior to

in vitro expansion to derive specific TCLs, only one yielded

cross-reactive TCLs (p = 0.0357 by the Fisher exact test). This

observation demonstrates a correlation of ex vivo reactivity

with cross-reactivity after TCL expansion.

As stated above, in parallel experiments we also used SARS-

CoV-2 peptide sequences for re-stimulation to examine whether

this approach could increase the frequency and extent of CCC

cross-reactivity within sarbecoCoV sequences. The results are

shown in Figure 4 and summarized in Table 2.

Overall, when either NL63 or OC43 sequences were used for

re-stimulation, sarbecoCoV cross-reactivity was noted in three

out of 12 instances for the first cohort (25%), and in seven out
Figure 4. Cross-reactivity as a function of the initial peptide used for T

(A–F) Shown here are eight epitopes that had an ex vivo response in the validation

ex vivo to the NL63 (green) and OC43 (orange) epitopes for each donor as quantifie

on NL63 (green), OC43 (orange), and SARS-CoV-2 (blue) prototype peptide sequ

donors are indicated by the black highlightedmargin around the TCL graphs. Afte

for stimulation and peptides corresponding to analogous sequences from other C

PBMCs are plotted for TCLs stimulated with each peptide. Common (A), AlphaC

non-conserved (E) categories were selected based on predicted sequence ident

heatmap for the TCL reactivity represents the log10 scale of the sum reactivity for th

sequence conservation (dark gray, common; green, AlphaCoV; orange, Beta non
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of 16 (44%) for the validation cohort, for an overall frequency

of 10 out of 28 (36%). When the SARS-CoV-2 sequences were

utilized in the TCL generation, sarbeco cross-reactivity was

noted in two out of eight instances (25%). Thus, the use of

SARS-CoV-2 sequences to expand TCLs was not associated

with an increase in cross-reactivity and was actually associated

with a trend toward lower reactivity. This might reflect the possi-

bility that stimulation with CCC epitopesmight bemost related to

the original in vivo immunogen in this pre-pandemic cohort stud-

ied, and thereby also a more effective in vitro stimulus for TCL

expansion.

DISCUSSION

The data from the present study addresses three main issues:

the pattern of antigens recognized by human CD4+ memory

T cells recognizing CCC, the relation of the associated epitope

repertoire with the SARS-CoV-2-associated epitope repertoire,

and to what extent cross-reactive T cell responses between

different taxonomic CoV groups can be observed and predicted.

In addition, the studies revealed a prominent role of pre-existing

immunity as a driver of development of cross-reactive T cell

responses.

In terms of the antigens recognized as immunodominant by

T cell responses, we were able to systematically evaluate which

antigens are recognized by human memory CD4+ T cell re-

sponses in Alpha and Beta CCCs. NL63 and OC43 immunodo-

minant proteins included the structural proteins S, M, and N,

and the non-structural protein nsp3. This pattern of immunodo-

minance is similar to what was previously observed in the

context of SARS-CoV-2, suggesting these antigens are common

targets across multiple CoVs.39,49,51 This is in line with the work

of others who described immunodominant CD4+ T cell re-

sponses to CCC-conserved epitopes,29,35–38,45,53–58 which

have been previously reviewed.30,59 Thus, the dominance of

these antigens in coronavirus recognition might reflect

conserved and common mechanisms, such as high levels of

expression.33

Our study also revealed interesting features of immunodomi-

nance specific to CCCs. NL63-specific T cell responses promi-

nently recognized nsp2, and OC43-specific T cells recognized

nsp12, previously described in the SARS-CoV-2 context49,51

as recognized by cross-reactive T cells in the context of asy-

mptomatic SARS-CoV-2 infection in healthcare workers.60

Differences in the profile of antigens recognized by different co-

ronaviruses is also to be expected given that some antigens are

specifically encoded in some but not other coronavirus
CL generation

cohort of healthy donors (n = 7). (A–D) The bar graphs show the T cell responses

d by AIM assay. Subsequently, we generated three TCLs for each donor based

ences. The epitopes that originally yielded responses by AIM assay for these

r 14 days of in vitro expansion, each TCL was tested with the CCC epitope used

oVs at three different concentrations (1, 0.1, and 0.01 mg/mL). IFNg SFCs/106

oV-specific (B), BetaCoV-specific (C), Beta-non-sarbecoCoV-specific (D), and

ity. Sequence identity and overall reactivity are shown as heatmaps in (F). The

e three concentrations of peptide tested. The vertical bars in (F)–(G) refer to the

-sarbecoCoV; and blue, sarbecoCoV). See also Figures S3 and S4.



Table 3. Summary of sequence conservation and TCL cross-

reactivity as predictor of CoV cross-reactivity

Conserved

(>67%) Cross-reactive

%

correct

Alpha 14 13 93

Beta non-sarbeco 14 12 86

Sarbeco 12 6 50

All 40 29 73

Alpha + Beta non-sarbeco 28 25 89

Beta non-sarbeco + sarbeco 26 18 69
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genomes, such as the NL63 NP3 protein, which is not found in

OC43 or SARS-CoV-2, and the OC43 NS2a protein, which is

not encoded in NL63 or SARS-CoV-2 (see STAR Methods for vi-

rus sequence information). While these antigens could perhaps

have some diagnostic value, our data suggest that they are rela-

tively minor targets for human T cells. Conversely, the fact that

certain antigens are broadly conserved targets for human

T cell recognition supports the notion that these antigens could

be utilized to elicit broadly reactive responses.

The present study also provides the epitope repertoire associ-

ated with human CCC-specific memory CD4+ T cells. We found

an average breadth of seven epitopes (range 1–24) per donor be-

ing recognized. This is 2- to 3-fold fewer than what we previously

observed in the case of SARS-CoV-2, where an average of 19

CD4 epitopes/donor (range 1–63) were identified using a similar

experimental strategy.51 The lower number of epitopes detected

for the CCC is likely a reflection of the fact that the SARS-CoV-2

epitope identification studies were performed 2 months after

SARS-CoV-2 infection,51 while the present CCC studies were

performed in subjects of unknown and presumably less recent

exposure. The identified epitopes were associated with pre-

dicted promiscuous binding capacity to a panel of frequent

HLA alleles, confirming data obtained in several other sys-

tems61–64 and utilized to develop algorithms to predict dominant

CD4+ T cell epitopes.65–67

The epitope repertoire identified by ex vivo reactivity in NL63

and OC43 encompassed a total of 165 epitopes. These epitopes

were largely undescribed, with only 10 epitopes overlapping with

epitopes previously described in the Immune Epitope Database

(IEDB),68 even by allowing a rather loose criterion of 67%

sequence homology. The overlap between the repertoire of epi-

topes recognized in NL63 and OC43 in the current study, as also

defined by a 67% sequence homology or more, was limited to

two epitopes. Furthermore, of relevance to the issue of T cell

cross-reactivity across different coronaviruses, discussed

below, the NL63 and OC43 epitope repertoire was largely non-

overlapping (six epitopes; 4% overlap) with the repertoire of

SARS-CoV-2-specific CD4+ T cell responses previously des-

cribed.51 This is consistent with previous observations that

described pre-existing cross-reactive memory SARS-CoV-2 re-

sponses from unexposed individuals that share sequence ho-

mology with CCC,33,36,39 but also that the T cell repertoire that

develops upon SARS-CoV-2 infection is largely non-overlapping

with the repertoire recognized by pre-existing cross-reactive

memory SARS-CoV-2 responses from unexposed individu-
als.51As discussed above in the introduction, several lines of ev-

idence suggest that T cells play a role in limiting disease severity

and terminating infection, in the context of SARS-CoV-2 infec-

tion.7,9–11 The preservation of T cell reactivity against variants

and the impairment of neutralizing antibodies correlates with

preservation of protection against severe disease and decre-

ased protection from infection.16,18,19,69 Directly applicable to

the present study are the observations, also summarized in the

introduction, that pre-existing cross-reactive immunity associ-

ated with CCC are beneficial in the context of SARS-CoV-2

infection and vaccination.31,32,60,70 These observations are

consistent with studies71 that point out that Hu CoV infections

are seasonal and common but associated with limited disease

severity, again consistent with a role of T cells in modulating dis-

ease rather than preventing infection. Based on this rationale, it

has been proposed that expanding T cell-specific for regions

conserved across CoVs may be of interest in the context of

inducing a pan-CoV T cell response aimed at reducing or pre-

venting severe disease. Based on this rationale, it has been pro-

posed that immunodominant T cell regions conserved across

CoVs may be of interest in the context of inducing a pan-CoV

T cell response.1

What strategies can be utilized to predict and detect such

cross-reactive responses? Bioinformatic analysis of sequence

conservation in panels of different viral species was shown to

be effective in informing selection of potential cross-reactive

T cell epitopes.33,36,67 Cross-reactive epitopes were associated

with overall 67% or greater sequence conservation, in agree-

ment with previous studies in the context of SARS-CoV-2 and

other viral infections such as Zika virus (ZIKV) and varicella zoster

virus (VZV).36,56,72,73 Our results provide the largest dataset

available to address this issue, with cross-reactivity data

involving 18 different epitopes and 37 TCLs, testing a total of

594 different viral variant epitope sequences. Within the Alpha

and Beta-non-sarbeco groups, the degree of sequence conser-

vation was frequently reflected in CD4+ T cell cross-reactivity.

Across Alpha and BetaCoV groups, we correctly predicted

cross-reactivity in 29 out of 40 CoV-conserved epitopes consid-

ered (73% of the cases). This result validates the use of the 67%

sequence identity value to predict T cell cross-reactivity. Previ-

ous studies on different viral species reported conserved T cell

epitopes were also observed. In the influenza system, CD4+

and CD8+ T cell epitopes conservation in multiple influenza

strains were reported.26,74 In the context of flaviviruses, despite

an overall low degree of cross-reactivity between different flavi-

viruses,75 such as dengue, yellow fever, and Zika, it has been

shown that T cell epitopes conserved among these viruses can

protect against disease in animal models.76,77 Overall, cross-

reactivity between viruses is more often observed across viruses

with closer phylogenetic relations and greater sequence

homology.40,44

A remarkably different situation was observed when the cross-

reactivity with sarbecoCoV was considered. In this case, there

were few instances of T cell cross-reactivity, even in cases

with higher sequence conservation, and a total of six out 12 in-

stances of cross-reactivity was observed, corresponding to

50% of cases. The most straightforward explanation of this

result in pre-pandemic or SARS-CoV-2-seronegative samples
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is that previous exposure to Alpha and Beta-non-sarbeco vi-

ruses is an important determinant of cross-reactivity alongside

the degree of conservation. Indeed, sarbecoCoV are more

phylogenetically distant and more different from other

BetaCoVs, including OC43. Accordingly, the lack of previous

exposure to sarbecoCoVs in these samples, being collected

pre-pandemic, was associated with lower degree of cross-reac-

tivity among different representatives of sarbecoCoV se-

quences, including SARS-CoV-2, and even if those sequences

were relatively conserved. Hence, the lower cross-reactivity

observed in this study fits with the lack of previous exposure to

sarbecoCoVs and suggests this is an important determinant of

cross-reactivity alongside the degree of conservation. We then

asked if this bias in cross-reactivity using the in vitro expansion

was due to the fact that we used only OC43 or NL63 epitopes,

and accordingly we simultaneously stimulated the same donor

with the three peptide variants andwe found that the cross-reac-

tivity was not increased by using SARS-CoV-2 sequences.

Indeed, our experiments identify peptides that are associated

with cross-reactive capacity. Whether these T cells would natu-

rally expand in individuals infected by different CoVs is a related

question. The available data suggest that this is not likely to be

the case, and support the notion that immunization with corona-

virus cross-reactive regions, such as the ones identified by the

approach described herein, might be necessary to avoid the

concomitant expansion of non-cross-reactive ones. This is

based on the observation that the data in the present study

show that cross-reactive T cells are aminor fraction of the overall

T cell repertoire, and the NL63 and OC43 epitope repertoire was

largely non-overlapping (six epitopes; 4% overlap) with the

repertoire of SARS-CoV-2 specific CD4+ T cell responses

previously described. These observations are consistent with a

previous report51that the minority of epitope repertoire of

cross-reactive T cells in pre-pandemic samples36 overlapped

with the repertoire of T cells in SARS-CoV-2 convalescent sam-

ples.51 These results are consistent with the notion that, although

a cross-reactive repertoire is present in unexposed donors,

SARS-CoV-2 infection elicits a vast repertoire of additional

T cell specificities, and cross-reactive T cells might be diluted

post SARS-CoV-2 infection.

Our overall goal is to be able to generate and amplify CD4+

T cells broadly cross-reactive with sarbecoCoVs of zoonotic

origin and of potential pandemic concern. Our data suggest

that exposure is a contributing factor; therefore, future studies

should focus on immunity following SARS-CoV-2 exposure.

The large numbers of individuals that have been exposed to

SARS-CoV-2 worldwide suggests that this should be a feasible

goal. Selecting SARS-CoV-2 epitopes and antigenic regions

associated with high immunodominance, indicating their recog-

nition in the general human population, and broad conservation

among other sarbecoCoVs and possibly other Beta and Alpha

coronaviruses, will give the best opportunity of expanding and

eliciting cross-CD4+ T cells broadly reactive for a number of

different CoV species.

Limitations of the study
One limitation of this study is that the time of themost recent CoV

exposure of the donors tested is unknown. We hypothesize that
12 Cell Reports Medicine 4, 101088, June 20, 2023
some of the reactivity we observed was affected by the most

recent CoV exposure. In this study, our cohort was collected

early in the pandemic and only 29% were collected between

November 2020 and February 2021. While we used a negative

SARS-CoV-2 serology as an additional criterion of selection,

we cannot exclude that those samples may have been exposed

to SARS-CoV-2 infection.78,79 Additionally, our study did not

evaluate cross-reactivity at the level of CD8+ T cells and in

SARS-CoV-2-exposed or -vaccinated subjects. Previous

studies have shown that the presence of CD4+ pre-existing

T cells against SARS-CoV-2 is more readily detected than

CD8+ T cells in the context of samples collected pre-

pandemic.33 Future studies should investigate further CD8+

T cell epitope repertoires and assess cross-reactivity with other

CoVs. Another limitation of this study is that we have not ad-

dressed the HLA restrictions of the epitopes identified, which

in this specific study are to be defined as immunogenic peptides.

Future studies should investigate further the HLA restriction of

the currently defined epitopes. An additional limitation is that

we did not perform serology tests to check for exposure to other

zoonotic CoV species that may contribute to T cell cross-reac-

tivity; however, exposure to other zoonotic CoVs has not been

reported in the area of sample collection, and it is reasonable

to assume no or minor impact on the study’s results.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Human subjects

d METHOD DETAILS

B Peptide pools

B SARS-CoV-2 ELISA

B CCC ELISA

B Flow cytometry

B In vitro expansion of OC43 and NL63 specific T cells

lines (TCLs) and cross-reactivity assessment by Fluo-

roSPOT assays

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Sequence download and quality control

B Representative virus selection

B T cell epitope homolog identification

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

xcrm.2023.101088.

ACKNOWLEDGMENTS

This study has been funded by the NIH/NIAD P01 AI168347 to A.G., contract

no. 75N93019C00065 to A.S. and D.W., and HHS75N93019C00076 to R.H.S.

https://doi.org/10.1016/j.xcrm.2023.101088
https://doi.org/10.1016/j.xcrm.2023.101088


Article
ll

OPEN ACCESS
A.T. was supported by a PhD student fellowship through the Clinical and

Experimental Immunology Course at the University of Genoa, Italy. We thank

Gina Levi and the LJI clinical core for assistance in sample coordination and

blood processing. The graphical abstract accompanying this manuscript

was created with BioRender.com, accessed 11 May 2023.

AUTHOR CONTRIBUTIONS

Conceptualization, A.G., R.H.S., and A.S.; data curation and bioinformatic

analysis, Y.Z.; formal analysis, A.T., N.M., and T.M.N.; funding acquisition,

A.S. and R.H.S.; investigation, A.T., Y.Z., N.M., T.M.N., R.H.S., A.S., and

A.G.; project administration, A.F.; resources, D.W., S.M., E.P., J.D., and

A.S.; supervision, G.F., L.P., R.H.S., A.S., and A.G.; writing, A.T., Y.Z.,

R.H.S., A.S., and A.G.

DECLARATION OF INTERESTS

A.S. is a consultant for Gritstone Bio, Flow Pharma, Moderna, AstraZeneca,

Qiagen, Fortress, Gilead, Sanofi, Merck, RiverVest, MedaCorp, Turnstone,

NA Vaccine Institute, Emervax, Gerson Lehrman Group, and Guggenheim.

L.J.I. has filed for patent protection for various aspects of T cell epitope and

vaccine design work.

INCLUSION AND DIVERSITY

Weworked to ensure gender balance in the recruitment of human subjects.We

worked to ensure ethnic or other types of diversity in the recruitment of human

subjects. We worked to ensure that the study questionnaires were prepared in

an inclusive way.

Received: December 16, 2022

Revised: March 17, 2023

Accepted: May 24, 2023

Published: May 29, 2023

REFERENCES

1. Sette, A., and Saphire, E.O. (2022). Inducing broad-based immunity

against viruses with pandemic potential. Immunity 55, 738–748. https://

doi.org/10.1016/j.immuni.2022.04.010.

2. Hu, B., Guo, H., Zhou, P., and Shi, Z.-L. (2021). Characteristics of SARS-

CoV-2 and COVID-19. Nat. Rev. Microbiol. 19, 141–154. https://doi.org/

10.1038/s41579-020-00459-7.

3. Masters, P.S. (2006). The molecular biology of coronaviruses. Adv. Virus

Res. 66, 193–292. https://doi.org/10.1016/s0065-3527(06)66005-3.

4. Coronaviridae Study Group of the International Committee on Taxonomy

of Viruses (2020). The species Severe acute respiratory syndrome-related

coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Mi-

crobiol. 5, 536–544. https://doi.org/10.1038/s41564-020-0695-z.

5. Shah, M.M., Winn, A., Dahl, R.M., Kniss, K.L., Silk, B.J., and Killerby, M.E.

(2022). Seasonality of common human coronaviruses, United States,

2014-2021(1). Emerg. Infect. Dis. 28, 1970–1976. https://doi.org/10.

3201/eid2810.220396.

6. Sariol, A., and Perlman, S. (2020). Lessons for COVID-19 immunity from

other coronavirus infections. Immunity 53, 248–263. https://doi.org/10.

1016/j.immuni.2020.07.005.

7. Sette, A., and Crotty, S. (2021). Adaptive immunity to SARS-CoV-2 and

COVID-19. Cell 184, 861–880. https://doi.org/10.1016/j.cell.2021.01.007.

8. Dan, J., da Silva Antunes, R., Grifoni, A., Weiskopf, D., Crotty, S., and

Sette, A. (2022). Observations and perspectives on adaptive immunity to

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin.

Infect. Dis. 75, 24–29. https://doi.org/10.1093/cid/ciac310.

9. Rydyznski Moderbacher, C., Ramirez, S.I., Dan, J.M., Grifoni, A., Hastie,

K.M., Weiskopf, D., Belanger, S., Abbott, R.K., Kim, C., Choi, J., et al.

(2020). Antigen-specific adaptive immunity to SARS-CoV-2 in acute
COVID-19 and associations with age and disease severity. Cell 183,

996–1012.e19. https://doi.org/10.1016/j.cell.2020.09.038.

10. Tan, A.T., Linster, M., Tan, C.W., Le Bert, N., Chia, W.N., Kunasegaran, K.,

Zhuang, Y., Tham, C.Y.L., Chia, A., Smith, G.J.D., et al. (2021). Early induc-

tion of functional SARS-CoV-2-specific T cells associates with rapid viral

clearance and mild disease in COVID-19 patients. Cell Rep. 34, 108728.

https://doi.org/10.1016/j.celrep.2021.108728.

11. Tarke, A., Potesta, M., Varchetta, S., Fenoglio, D., Iannetta, M., Sarmati,

L., Mele, D., Dentone, C., Bassetti, M., Montesano, C., et al. (2022). Early

and polyantigenic CD4 T cell responses correlate with mild disease in

acute COVID-19 donors. Int. J. Mol. Sci. 23, 7155. https://doi.org/10.

3390/ijms23137155.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-human CD8 BUV496 (clone RPA-T8) BD Biosciences Cat# 612942; RRID:AB_2870223

Mouse anti-human CD3 AF700 (clone UCHT1) BD Biosciences Cat# 56-0038-42; RRID: AB_10597906

Mouse anti-human CD14 V500 (clone M5E2) BD Biosciences Cat# 561391; RRID:AB_10611856

Mouse anti-human CD19 V500 (clone HIB19) BD Biosciences Cat# 561121; RRID:AB_10562391

Mouse anti-human CD4 BV605 (clone RPA-T4) BD Biosciences Cat# 562658; RRID:AB_2744420

Mouse anti-human CD69 PE (clone FN50) BD Biosciences Cat# 555531; RRID:AB_395916

Mouse anti-human CD134 (OX40)

PE-Cy7 (clone Ber-ACT35)

BioLegend Cat# 350012; RRID:AB_10901161

Mouse anti-human CD137 APC (clone 4B4-1) BioLegend Cat# 309810; RRID:AB_830672

Biological samples

Healthy donor PBMCs samples LJI Clinical Core N/A

Chemicals, peptides, and recombinant proteins

Brilliant Staining Buffer Plus BD Biosciences Cat# 566385

Live/Dead Viability Dye eFluor506 Invitrogen (Thermo

Fisher Scientific)

Cat# 65-0866-14

Synthetic peptides TC Peptide Lab https://www.tcpeptide.com

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/; RRID:SCR_002798

FlowJo 10.8.1 FlowJo https://www.flowjo.com/; RRID:SCR_008520

IEDB Immune Epitope DataBase https://www.iedb.org; RRID:SCR_006604

ViPR Virus Pathogen Resource http://www.viprbrc.org; RID:SCR_010685

Code to identify conserved T cell epitopes Public Github repository https://github.com/yzhang2168/t-cell-epitopes
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Dr. Alba Grifoni, agrifoni@lji.

org (A.G.).

Materials availability
Epitope pools used in this studywill bemade available to the scientific community upon request, and following execution of amaterial

transfer agreement, by contacting Dr. Alba Grifoni (agrifoni@lji.org).

Data and code availability
The published article includes all data generated or analyzed during this study, and summarized in the accompanying tables, figures

and supplemental materials. The code to identify conserved T cell epitopes has been deposited in the Public Github repository and

can be accessed with the following link: https://github.com/yzhang2168/t-cell-epitopes. Any additional information required to re-

analyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Blood samples from healthy adult donors were obtained from the San Diego Blood Bank (SDBB) or by donation collected at the La

Jolla institute Clinical Core. The study protocol was approved by the local ethic committee under the La Jolla Institute for Immunology

Institutional Review Board (IRB#VD-214 and VD-184). All enrolled patients have provided informed consent. Subjects were con-

sidered eligible for this study if they fulfilled the SDBB criteria to donate blood and if they were tested and found negative for
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SARS-CoV-2 RBD IgG serology. Overview of the cohort analyzed is summarized in Table S1. Whole blood was collected from all

donors in heparin coated blood bags and processed as previously described (Tarke et al., 2021). Briefly, peripheral blood mononu-

clear cells (PBMC) were isolated by density-gradient sedimentation using Ficoll-Paque (Lymphoprep, and 90%heat-inactivated fetal

bovine serum (FBS; Hyclone Laboratories, Logan, UT) and stored in liquid nitrogen until used in the assays. Each sample was HLA

typed by Murdoch University in Western Australia, an ASHI-accredited laboratory. Typing was performed for the class II DRB1,

DQB1, and DPB1 loci.

METHOD DETAILS

Peptide pools
Preparation of 15-mer peptides and subsequent megapools and mesopools

To identify CCC-specific T cell epitopes, we synthesized 15-mer peptides overlapping by 10 amino acids and spanning the entire

NL63 and OC43 proteomes. All peptides were synthesized as crude material (TC Lab, San Diego, CA) and individually resuspended

in dimethyl sulfoxide (DMSO) at a concentration of 20mg/mL. Aliquots of peptides were either pooled by antigen (megapools; MP) or

by ten peptides each (mesopools). The MP required an additional step of sequential lyophilization as previously reported (Carrasco

Pro et al., 2015). MPs were resuspended at 1 mg/mL in DMSO, while mesopools were resuspended at 2 mg/mL.

SARS-CoV-2 ELISA
The SARS-CoV-2 RBD ELISA has been described in detail elsewhere (Dan et al., 2021; Grifoni et al., 2020a). Briefly, 96-well half-area

plates (ThermoFisher 3690) were coated with 1 mg/mL SARS-CoV-2 Spike (S) Receptor Binding Domain (RBD) and incubated at 4�C
overnight. On the following day plates were blocked at room temperature for 2 h with 3% milk in phosphate buffered saline (PBS)

containing 0.05% Tween 20. Then, heat-inactivated plasma was added to the plates for another 90-min incubation at room temper-

ature followed by incubation with conjugated secondary antibody, detection, and subsequent data analysis by reading the plates on

Spectramax Plate Reader at 450 nm using SoftMax Pro.

CCC ELISA
OC43 and NL63 RBDELISAwere carried out as previously described.80,81 Briefly, coating was performed by Streptavidin (Invitrogen)

at 4 mg/mL in Tris-Buffered Saline (TBS) pH 7.4 for 1 h at 37�C followed by blocking with Non-Animal Protein-BLOCKER (GBioscien-

ces). Then biotinylated spike RBD antigens for OC43 and NL63were added at 1 mg/mL at 37�C for 1 h. All plasma samples were heat-

inactivated before usage to minimize risk of residual virus in serum and then incubated at serial dilution followed by multiple washes

and incubation with horseradish peroxidase-conjugated secondary Goat Anti-Human secondary IgG (Cat No: 109-035-008, Jackson

ImmunoResearch) at 1:40,000 dilution in 3%milk at 37�C for 1 h. The resulting plate waswashed and 3,30,5,5’ -Tetramethylbenzidine

(TMB) Liquid Substrate (Sigma-Aldrich) was added for optical density (OD) measurement at 405 nm after stopping the reaction with

50 mL of 1 N HCl.

Flow cytometry
Activation induced cell marker (AIM) assay

The AIM assay for epitope identification was performed mirroring the previously described protocol (Tarke et al., 2021). Cryopre-

served PBMCs were thawed in RPMI 1640 media supplemented with 5% human AB serum (Gemini Bioproducts) in the presence

of benzonase [20 mL/10 mL]. Cells were stimulated for 24 h in the presence of CCC specific MPs or mesopools at 1 mg/mL and

then deconvoluted with 15-mer peptides [10 mg/mL] to reach the epitope level. Stimulation was carried out in 96-wells U bottom

plates with 1 3 106 PBMC per well. An equimolar amount of DMSO was used as negative control in triplicates, while stimulation

with phytohemagglutinin (PHA, Roche, 1 mg/mL) was included as the positive control. The cells were stained with CD3 AF700

(2:100; Life Technologies Cat# 56-0038-42), CD4 BV605 (1:100; BD Biosciences Cat# 562658), CD8 BUV496 (2:100; Biolegend

Cat#612942), CD14 V500 (2:100; BD Biosciences Cat# 561391), CD19 V500 (2:100; BD Biosciences Cat#561121), and Live/Dead

eFluor 506 (25:1000; eBioscience Cat# 65-0866-18). Activation was measured by the following markers: CD137 APC (4:100; Bio-

legend Cat# 309810) and OX40 PE-Cy7 (2:100; Biolegend Cat#350012). All samples were acquired on ZE5 cell analyzer (Bio-rad lab-

oratories) and analyzed with FlowJo software (Tree Star).

In vitro expansion of OC43 and NL63 specific T cells lines (TCLs) and cross-reactivity assessment by FluoroSPOT
assays
In vitro expansion of OC43 and NL63 specific T cells was carried out for 14 days to generate epitope-specific T Cell Lines (TCLs). The

TCLswere set up using donors selected from the NL63 andOC43 epitope identification screening. The PBMCswere expanded using

specific epitope/donor [1 mg/mL] combinations chosen on the basis of the NL63 and OC43 CD4+ T cell epitope screening. IL-2 was

added on day 3, 7, and 11. On the 14th day, the cells were harvested and triplicates of 53 104 PBMCswere incubated in the presence

of the epitope used for expansion and subsequent homologous CoV peptides based on representatives’ sequence selection. Each

peptide was tested at 2 to 5 different serial concentrations depending on cells availability after the 14 days of culture (1 mg/mL, 0.1 mg/

mL, 0.01 mg/mL, 0.001 mg/mL, and 0.0001 mg/mL) and measured by IFNg FluoroSPOT assay as previously reported.36 Briefly, cells
e2 Cell Reports Medicine 4, 101088, June 20, 2023
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were incubated in presence of peptide stimulation for 20 h at 37C, 5% CO2 at a concentration of 1 3 105 cells/mL. Cells were then

incubated with IFNg mAb (7-B6-1-BAM Mabtech, Stockholm, Sweden) for 2 h and developed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequence download and quality control
The genome and protein sequences used in this study were downloaded from the Virus Pathogen Resource (ViPR; https://www.

viprbrc.org/) and Bacterial and Viral Bioinformatics Resource Center (BV-BRC; https://www.bv-brc.org)82 websites on June 17,

2021. Given the unprecedented number of SARS-CoV-2 genomes, to make the data size more manageable, the SARS-CoV-2 refer-

ence dataset (1438 strains as of June 17, 2021) computed by the ViPR team was used. For alphacoronavirus and non-SARS-CoV-2

betacoronavirus, all available sequences in ViPR were used. Potential laboratory strains and low-quality sequences were filtered out

using custom scripts.

Representative virus selection
Representative virus selection is summarized in Figure S3. To select viruses that are representative of each taxon group (alphacor-

onavirus, non-sarbeco betacoronavirus, and sarbecovirus), a targeted sampling approach was used which leverages sequence

identity, sequence and annotation quality, host, isolation date and region, RefSeq designation, and phylogenetic structures. First,

all genome sequences were clustered based on sequence identity using cd-hit with the non-greedy option that assigns shorter se-

quences to the closest cluster. To get the desired number of representative viruses, a 0.80 identity threshold was used for the alpha

and non-sarbeco beta groups, while a 0.999 threshold was used for the sarbeco group as sarbeco strains have very high similarity in

sequence identity. Second, the taxa andmetadata (host, isolation country, and isolation year) associated with the sequences in each

cluster were extracted using custom scripts. Third, target clusters were selected based on the cluster size (at least 2 for alpha and

non-sarbeco beta groups, and at least 10 for the sarbeco group) and host (human, bat, camel, hedgehog, or pangolin). Fourth, repre-

sentative viruses were selected for each target cluster. Specifically, if a cluster contains NCBI RefSeq sequences (1 or 2 sequences),

the RefSeqs were selected as the representatives. Otherwise, a virus with complete metadata, good quality protein annotations and

from a recent subcluster was selected as the representative. Finally, since the sarbeco group has amuch narrower taxonomic scope,

an extra iteration of phylogeny-based sampling was performed to ensure the best diversity representation. Using the genome se-

quences of the selected sarbeco candidates, a phylogenetic tree was built and visualized on the ViPR website. Representatives

were selected to cover the major phylogenetic clusters. This targeted sampling process resulted in the selection of 16 alpha, 13

non-sarbeco beta and 4 sarbecoviruses as representatives.

T cell epitope homolog identification
To find the epitope homologs in the representative viruses, the epitope homologous region in each representative was identified and

then the optimal k-mer was found in this region (Figure S4). Specifically, each epitope was mapped to the virus taxon’s RefSeq pro-

tein. Then the RefSeq protein sequence harboring themapped epitopewas alignedwith each taxon group’s protein sequences using

the mafft program einsi mode. In the resulting alignment, the epitope mapped peptide in each virus was defined as the seed. Using

the seed, the search space for finding the optimal k-mer, where k is the length of the epitope, was defined. If the seed was k or longer,

the search space was the seed itself. Otherwise, the search space was expanded to include (k – seed_length) additional residues on

both sides of the seed, unless the boundary of the protein was reached:

search_space = min(max(0, k – seed_length), num_of_upstream_residues) upstream_residues + seed + min(max(0, k – see-

d_length), num_of_downstream_residues) downstream_residues.

To find the optimal k-mer, each k-mer in the search space was calculated with an identity score, and the k-mer with the maximum

score was selected. In case of ties, the leftmost k-mer with the maximum score was selected:

optimal_k-mer = argmax(identity_score(k-mer))

The k-mer identity score was defined as the maximum number of matched residues in all possible non-gap alignments divided by

the epitope length k:

identity score = max(num_of_matched_residues_in_alignment)/k.

A non-gap alignment was defined as a pairwise alignment of the k-mer and the input epitope that only allowed shifting and sub-

stitutions, but no internal indels. Each k-mer had 2 *k - 1 such alignments.
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