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Editorial Note: This manuscript has been previously reviewed at another journal that is not
operating a transparent peer review scheme. This document only contains reviewer comments and
rebuttal letters for versions considered at Nature Communications.

REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors made good responses to the questions raised in the previous round of review. They
once again highlighted the novelty of the study. Although the concept has been mentioned by some
other studies, the community could also learn useful information that cross-reactive T cells could be
induced by natural infection of a specific strain of common cold coronavirus OC43, or even
vaccination of a T cell epitope peptide.

Some comments have not been well responded: as Specific comments 1) from R1, alignment of the
peptides identified among all human coronaviruses should be performed to expand the significance;
Specific comments 4) from R1, the absence of broadly binding/neutralizing antibodies following
0C43 infection revealed by the current manuscript may due to the limitation of experiment method,
and the epitope of cross-reactive T cells was concentrated on a limited number of peptides which
means the frequency is also low.

Reviewer #2 (Remarks to the Author):

This manuscript provides direct evidence that Memory CD4 T cells elicited by common cold
coronaviruses might promote enhanced SARS-CoV-2 control in HLA transgenic mice. Revisions made
in response to reviewers' concerns are satisfactory and have enhanced the rigor of the paper. This
reviewer has no further concerns with this manuscript.



Reviewer #3 (Remarks to the Author):

The authors have adequately addressed the queries raised in my previous review and i have no
additional comments.

Reviewer #4 (Remarks to the Author):

This study makes two main claims:

Common cold virus OC43 infection elicits CD8+ and CD4+ effector T cells that cross-react with SARS-
CoV-2 peptides.

There is a protective role for OC43-elicited SARS-CoV-2 cross-reactive CD4+ T cells.

Claim 1 provides some knowledge, but it's not entirely new information since previous studies (e.g.,
Mateus et al., 2020) in humans have demonstrated cross-reactivity between HCoVs and SARS-CoV-2
T-cell epitopes. The findings in Claim 2 are of high interest because there is evidence of cross-
reactive protective immunity in humans. A mouse model may be appropriate to demonstrate the
mechanism of protective immunity to SARS-CoV-2 acquired from previous exposure to HCoVs.
Therefore, the authors utilized HLA-expressing transgenic mice to provide insight into cross-reactive
protective immunity to SARS-CoV-2.

However, in its current form, this manuscript does not help advance our knowledge of the immune
mechanisms underlying this cross-reactivity-mediated protection. These transgenic mice do not
produce antibodies to the N-protein. While they do produce antibodies to the S-protein, they do not
cross-react with the S protein of SARS-CoV-2 (Fig. S2). As seen in Fig. S4, CD8 T cells induced in
response to OC43, and CD8-epitope immunization (Fig 5), do not have a significant impact on the
SARS-CoV-2 challenge in terms of both viral RNA and pathology. Although CD4 depletion
experiments in OC43-infected mice showed an increase in viral RNA and higher N-protein expression
post SARS-CoV-2 challenge, the pathology is not different between CD4-depleted and control mice.
The authors proposed that the protection may be CD8-mediated, but unfortunately, they have
decided to remove the data on CD8-depletion experiments.



Altogether, it appears that none of these three immune mechanisms (CD4, CD8, and antibodies)
seem to drive protective immunity during this cross-reactive immune protection phenomenon. The
qguestion then arises: what else is protecting the OC-43-infected mice from the SARS-CoV-2 challenge
(Fig. 6)? Without a clear indication or mechanistic insight into the cross-reactive immunity-mediated
protection against SARS-CoV-2, the study does not address the original question for which it was
designed in the transgenic animal models. | believe that if the model is appropriate, it presents a
great opportunity for the authors to decipher how cross-reactive immunity from previous exposure
to a common cold virus confers protection against SARS-CoV-2 infection or disease. Since the
authors are proposing that their study will advance efforts for a broadly protective T-cell epitope-
based vaccine, it becomes even more important to address how T cells, CD4 or CD8 or both, are
actually implicated in this protection acquired from previous exposure to HCoVs.



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors made good responses to the questions raised in the previous round of
review. They once again highlighted the novelty of the study. Although the concept has
been mentioned by some other studies, the community could also learn useful
information that cross-reactive T cells could be induced by natural infection of a specific
strain of common cold coronavirus OC43, or even vaccination of a T cell epitope
peptide.

Some comments have not been well responded: as Specific comments 1) from R1,
alignment of the peptides identified among all human coronaviruses should be
performed to expand the significance; Specific comments 4) from R1, the absence of
broadly binding/neutralizing antibodies following OC43 infection revealed by the current
manuscript may due to the limitation of experiment method, and the epitope of cross-
reactive T cells was concentrated on a limited number of peptides which means the
frequency is also low.

We thank the reviewer for their positive comments and appreciate their suggestions
towards improving the significance of our findings.

Per the reviewer’'s suggestion, we conducted an extensive sequence alignment analysis
to assess the conservation of the identified epitopes across various human coronaviruses
(shown in Figure 1 below; not included in the revised manuscript). The analysis revealed
percentage identities of the individual epitopes between strains of 0—40% in NL63, 0—
38.46% in 229E, 0-46.67% in HKU1, and 16—40% in OC43. Based on this analysis and
our study design (which was focused on identifying OC43-elicited T cell responses that
are cross-reactive with SARS-CoV-2), we consider it unlikely that the OC43/SARS-CoV-
2-cross-reactive epitopes identified in our study would exhibit high enough similarity with
other common cold coronaviruses. Further, this analysis suggests that future research
should examine how prior NL63, 229E, or HKU1 exposure influences T cell responses to
SARS-CoV-2 by developing HLA transgenic mouse models of sequential infections with
NL63, 229E, or HKU1 followed by SARS-CoV-2. We now mention the need to develop
these new mouse models (lines 416-423).

We also appreciate the reviewer's insightful comments regarding the absence of broadly
binding/neutralizing Abs following OC43 infection and the limited frequency of cross-
reactive T cell epitopes identified in our study. These points are valid and now
acknowledged in the revised manuscript within the study limitations section (lines 406—
426). As noted, our experimental approach has inherent limitations, including the inability
to capture all potential Ab and T cell epitopes comprehensively. We have emphasized the



need for further research to expand upon our findings and explore a wider spectrum of
potential cross-reactive epitopes.

Reviewer #2 (Remarks to the Author):

This manuscript provides direct evidence that Memory CD4 T cells elicited by common
cold coronaviruses might promote enhanced SARS-CoV-2 control in HLA transgenic
mice. Revisions made in response to reviewers' concerns are satisfactory and have
enhanced the rigor of the paper. This reviewer has no further concerns with this
manuscript.

We thank the reviewer for their comments.

Reviewer #3 (Remarks to the Author):

The authors have adequately addressed the queries raised in my previous review and i
have no additional comments.

We thank the reviewer for their comments.

Reviewer #4 (Remarks to the Author):

This study makes two main claims:

Common cold virus OC43 infection elicits CD8+ and CD4+ effector T cells that cross-
react with SARS-CoV-2 peptides.

There is a protective role for OC43-elicited SARS-CoV-2 cross-reactive CD4+ T cells.

Claim 1 provides some knowledge, but it's not entirely new information since previous
studies (e.g., Mateus et al., 2020) in humans have demonstrated cross-reactivity
between HCoVs and SARS-CoV-2 T-cell epitopes. The findings in Claim 2 are of high
interest because there is evidence of cross-reactive protective immunity in humans. A
mouse model may be appropriate to demonstrate the mechanism of protective immunity
to SARS-CoV-2 acquired from previous exposure to HCoVs. Therefore, the authors
utilized HLA-expressing transgenic mice to provide insight into cross-reactive protective
immunity to SARS-CoV-2.

However, in its current form, this manuscript does not help advance our knowledge of
the immune mechanisms underlying this cross-reactivity-mediated protection. These
transgenic mice do not produce antibodies to the N-protein. While they do produce
antibodies to the S-protein, they do not cross-react with the S protein of SARS-CoV-2
(Fig. S2). As seen in Fig. S4, CD8 T cells induced in response to OC43, and CD8-



epitope immunization (Fig 5), do not have a significant impact on the SARS-CoV-2
challenge in terms of both viral RNA and pathology. Although CD4 depletion
experiments in OC43-infected mice showed an increase in viral RNA and higher N-
protein expression post SARS-CoV-2 challenge, the pathology is not different between
CD4-depleted and control mice. The authors proposed that the protection may be CD8-
mediated, but unfortunately, they have decided to remove the data on CD8-depletion
experiments.

Altogether, it appears that none of these three immune mechanisms (CD4, CD8, and
antibodies) seem to drive protective immunity during this cross-reactive immune
protection phenomenon. The question then arises: what else is protecting the OC-43-
infected mice from the SARS-CoV-2 challenge (Fig. 6)? Without a clear indication or
mechanistic insight into the cross-reactive immunity-mediated protection against SARS-
CoV-2, the study does not address the original question for which it was designed in the
transgenic animal models. | believe that if the model is appropriate, it presents a great
opportunity for the authors to decipher how cross-reactive immunity from previous
exposure to a common cold virus confers protection against SARS-CoV-2 infection or
disease. Since the authors are proposing that their study will advance efforts for a
broadly protective T-cell epitope-based vaccine, it becomes even more important to
address how T cells, CD4 or CD8 or both, are actually implicated in this protection
acquired from previous exposure to HCoVs.

We thank the reviewer for this detailed feedback, which has helped us to understand their
specific concerns. We have sought to address them as follows:

We agree that the cross-reactivity between common cold HCoVs and SARS-CoV-2 has
been the subject of numerous prior studies in humans. However, those studies also had
several limitations, including sparse details regarding the precise infecting HCoVs and
the times of infection. Our research aimed to elucidate the protective role of OC43-cross-
reactivity in distinct but tightly controlled contexts that allowed us to evaluate the
quantitative and qualitative contributions of OC43 pre-exposure to subsequent infection
with SARS-CoV-2. We fully recognize that the specificity of our study is also one of its
limitations and have incorporated discussions with respect to the real-world scenario in
the limitations section (lines 406-426).

In particular, we note that:

- Our transgenic mouse strains expressed a single transgenic HLA class | or Il molecule
but not both, which undoubtedly influenced the responses. As an example, SARS-CoV-2
RNA levels in the lung were lower in HLA-DRB1*0101 /fnar1™~ mice (Figure 6B — OC43
group mean: 2.91) compared with HLA-B*0702 Ifnar1™~ mice at day 16 post-OC43
infection (supplementary Figure 4C — OC43 group mean: 7.27), and a comparably low
RNA level was only seen in the HLA-B*0702 Ifnar1™~ mice at 60 days post-infection
(Figure 5H — OC43 group mean: 3.63). As shown in Supplementary Figures S2B and
S2C, strain-specific differences in RNA persistence and distribution exist, potentially
explaining the observed differences in viral load between the mouse strains.



- Contrary to our initial expectations that cross-protective immunity may result from a
single mechanism, our data implicate multiple concurrent mechanisms. Depending on the
context, this multifaceted protection likely involves CD4 and CD8 T cells and Abs to
varying extents. Although cross-reactive anti-OC43 and anti-SARS-CoV-2 Abs have been
identified, the cross-reactivity is primarily targeted against the S2 protein, which is a target
for non-neutralizing Abs (see Crowley A et al. ). This suggests that Abs are not likely to
be the principal protective mediators.

- We also note that our study was restricted to evaluation at day 3 post-infection. This
time frame was chosen to observe the cross-reactive memory response (before the
primary T cell response to SARS-CoV-2 is detectable); however, it may not be optimal for
a comprehensive assessment of lung pathology.

Moving forward, we anticipate that more exhaustive explorations of the possible
protective mechanisms of cross-reactivity and a deeper understanding of the effects on
lung pathology will be valuable. We appreciate the insights provided by the reviewers and
are committed to advancing our understanding in this area.

1. Crowley, A.R. et al. Boosting of cross-reactive antibodies to endemic
coronaviruses by SARS-CoV-2 infection but not vaccination with stabilized spike.
Elife 11 (2022).



Peptide LFLPFFSNVTWFHAI (Ssi-e8)

SARS-CoV-1 S SSMRGVYYP-DEIFRSDTLYLTQJLFLPFYSNV——TGFH-————TIN-———————— HTFG
SARS-CoV-2 S SFTRGVYYP-DKVFRSSVLHS TQLFLPFFSNV——TWFHl- ———— ATHVSGTNG-—TKRED
MERS S SKADGIIYPQGRTYSNI—————— T ITYQGLFPYQGDHGDMYVYSAGHATGTTP——QKLEV
HKU1l S SYGLGTYYILDRVYLNT— — I ILFTGYFPKSGANFRl-———— DLSLKGTTYLSTLWYQ
NL63 S YSANGFFYIDVGNHRS— T YVTNEIGLNASVTLKICKES
229E S 000 @ mmmmmmmmmmeee
oc43 s TNGLGTYYVLDRVYLNT— JLFLNGYYPTSGSTYR] NMALKGSVLLSRLWFK
Peptide AYYVGYLQPRTFLLK (Sze4-278)

SARS-CoV-1 S ILTAF P————AQDIWGTSA[AYFVGYLRPTTEFMLKY DE
SARS-CoV-2 S LLALHRSYL —SSSGWTAGANAYYVGYLOPRTFLLKYNE
MERS S —DRKAW-———AAFYVYKLOPLTFLLD}'SV
HKUl S LPLTCN A-———ISSNTDNET[.QYWVTPLSKRQYLLK} DN
NL63 S LPPTVREIVVARTGQFYINGFKYFDLGEFIEAVNFNVTTASAFDFWIVAFATFVDVLVNIVS
229E S LPKTVREFVISRTGHFYINGYRYFTLGNVEAVNFNVTTAETDFCTVALASYADVLVINIVS
oca3 s MPLTCN s KLTLEYWVTPLTSROYLLAFNQ
Peptide SFCTQLNRALTGIAV (S7s58-772)

SARS-CoV-1 S QYGH -ODRNTREVFAQVKOMYKTPTLKYFG————— GF-NFSQILP—
SARS-CoV-2 S QOYGYFCTQLNRALTGIAV[EQODKNTQEVEFAQVKQIYKTPPIKDEFG— GF-NFSQILP—
MERS S EYGYFCSKINQALHGANLRODDSVRNLFASVKSSQSSPI I PGFG————— GDFNLTLLEP—
HKULl S EYGJFCDNINSILDEVNG[.LDTTQLHVADTLMOGVTLSSNLNTNLHFDVDNINFKSLVGC
NL63 S QOYTYACKTIEDALRLSAH[ ETNDVSSMLTFDSNAFSLANVTSE GDYNLSSVLPQ
229E S QOYTYACKTIEDALRNSAR| ESADVSEMLTFDKKAFTLANVSSE—————— GDYNLSSVIPS
oca3 s EYGY{FCDNINAILTEVNE[.LDTTOLOVANSLMNGVTLSTKLKDGVNFNVDDINEFSPVLGC

Peptide YYRRATRRIRGGDGK (Nse-100)

SARS—-CoV—-1 N QOGLPNNTASWETALTQHGK-EELRFPRGOQGVPINTNSGPDDQIYYRRATRR-VRGGDGK
SARS—-CoV-2 N QOGLPNNTASWETALTQHGK-EDLKEFPRGOQGVPINTNSSPDDQIGYYRRATRR- IRGGDGK
MERS N RAAPNNTVSWYTGLTQHGK-VPLTFPPGOGVPLNANSTPAONAGYWRRODRK—-INTGNG—
HKUl N OGNTIPHYSWESGITQFOKGRDFKESDGOQGVPIAFGVPPSEAKGYWYRHSRRSFKTADGO
NL63 N ———KFPPPSFYMPLLVSSDKAPYRVIPRNLVPIGKGN-KDEQT(YWNVQER—--WRMRRGQ
229E N ———GRIPYSLYSPLLVDS—-EQPWKVIPRNLVPINKKD-KNKLIEYWNVQOKR—-—-FRTRKGK
OC43 N GGNVVPYYSWESGITQFQKGKEFEFVEGQGVPIAPGVPATEAKGYWYRHNRRSFKTADGN
Peptide DAALALLLLDRLNQL (N21is-230

SARS-CoV-1 N SGGAETALALLLLDRLNQLE SK—VSGKG——0—0QQGOTV T ————————————
SARS—-CoV—-2 N GNGEDAALALLLLDRLNQLESK-MSGKG——Q—QQQGQTVT—

MERS N SGIGAVGGDLLYLDLLNRLPDAL-ESGKV—-K-QSQPKVIT—

HKU1l N ————-——-DSIVKPDMADEIRANL-VLAKLGKD-S—KPQOVT—

NL63 N DLVARVTLALKNLGEFDNQSKSPSSS———GTSTPKKPNKPL—————————————

229E N DIMKAVAAALKSLGFDKPQEKDKKSAKTGTPKPSRNQSPASSQTSAKSLARSQSSETKEQ
0oCc43 N ————-——TSGVTPDMADQIRSL.-VLAKLGKD-ATKPOQOVT———————————— KHTAKEVR
Peptide ICLLQFAYANRNRFL (Msz-46)

SARS-CoV-1 M = —————-= MADNGTITVEELKQLLEQWNLVIGFLFLAWIMLLOFAYSNRNRFLY I IKLVELW
SARS—-CoV—-2 M - MADSNGTITVEELKKLLEQWNLVIGFLFLTWICLLOFAYANRNRFLY I TKLIFLW
MERS M - ——MSNMTQLTEAQT TATTKDWNFAWSLITFLLITIVLOYGYPSRSMTV{VEKMEFVLW
HKU1l M - MNKSFLPQFTSDOAVTFLKEWNFSLGVILLFTIILOFGYTSRSMEVYLIKMI ILW
NL63 M - ——MSNSSVPLLEVYVHLRNWNESWNLILTLIIVVLOYGHYKYSRLLYGLKMSVLW
229e M @ ==————-] MSND-—NCTGDIVTHLKNWNFGWNVILTIFIVILOFGHYKYSRLEF{GLKMLVLW
oCc43 M MSSKTTPAPVYIWTADEAIKFLKEWNEFSLGIILLFTIILOFGYTSRSMEVYVIKMIILW
Peptide VLAAVYRINWITGGI (Mse6-80)

SARS—-CoV—-1 M LLWPVTLACH == hTAMACTIVGLMWLSYFEFVASFRLEFARTRSMWSEN
SARS—-CoV-2 M LILWPVTLACHVLAAV-—-YRINWITGGINIAMACLVGLMWLSYFIASFRLFARTRSMWSEN
MERS M LLWPSSMALYIFSAV-—YPIDLASQIIFEGIVAAVSAMMWISYFVQSIRLFMRTGSWWSEN
HKU1l M LMWPLTITLYIFNCF-—-YALNNAFLAFESIVETIISIVIWILYFVNSIRLEIRTGSWWSEN
NL63 M CLWPLVLALYIFDCFVNENVDWVEFGF 5 I LMS I ITLCLWVMY FVNSFRLWRRVKTEWAEN
229E M LLWPLVLALYIFDTWANWDSNWAFVAFEEFFMAVSTLVMWVMY FANSFRLEFRRARTEFWAWN
oCc43 M LMWPLTIILYIFNC ——YALNNVYLGLEIVETIVAIIMWIVYEVNSIRLEIRTGSFWSEN

Figure 1. Mapping the HLA-DRB1*0101-restricted epitopes elicited by OC43 that cross-
react with SARS-CoV-2 across human coronaviruses. (A) Multiple sequence alignment of S,
N, and M proteins from human coronaviruses: SARS-CoV-1 (AY278741.1), SARS-CoV-2
(NC_045512.2), MERS (NC_019843.3), HKU1 (NC_006577.2), NL63 (NC_005831.2), 229E
(NC_002645.1), and OC43 (NC_006213.1). The putative locations of identified cross-reactive
epitopes are boxed, and sequences are shown in bold. Dashes indicate deletions. (B) Percent
identity of SARS-CoV-2 cross-reactive peptides and putative epitopes in human common cold

coronaviruses.
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):

The quality of this manuscript has not been significantly improved. Here are some concerns:

1. As mentioned by the authors and some reviewers, the N104-113 peptide identified and studied in
this manuscript has been described and discussed in several published studies. Although the authors
explore this epitope in HLA-B*0702 and HLA-DRB1*0101 Ifnar-/- transgenic mouse models, there is
still a lack of innovative concepts.

2. The current study focuses on the CD4 T cell responses while the authors somehow neglect
discussing the subsequent cross antibodies responses. The IgG titer against 0C43 spike may be quite
low which results in the undetectable anti-SARS-CoV-2 spike titer.

3. Since there are 4 common cold coronaviruses, while the authors only studied OC43, the title of
the current manuscript should narrow the range to common cold coronavirus OC43.

4. The HLA-DRB1*0101-restricted epitopes elicited by OC43 that cross react with SARS-CoV-2 across
human coronaviruses identified in this study share very limit amino acid sequences between 0C43
and SARS-CoV-2, which is raises another important issue to be discussed.



Reviewer #1 (Remarks to the Author):

The quality of this manuscript has not been significantly improved. Here are some concerns:
1. As mentioned by the authors and some reviewers, the N104-113 peptide identified and
studied in this manuscript has been described and discussed in several published studies.
Although the authors explore this epitope in HLA-B*0702 and HLA-DRB1*0101 Ifnar-/-
transgenic mouse models, there is still a lack of innovative concepts.

We appreciate the reviewer's comment. We agree that the N104-113 peptide recognized by CD8*
T cells has been identified by several studies (as cited in the discussion lines 390-397). However,
the precise infection parameters (in terms of the identity, number, sequence, and timing of
infections with the various common cold HCoVs) are unknown in the published human studies,
and importantly, human studies have provided associative data suggesting that common cold
HCoV/SARS-CoV-2 cross-reactive T cells associate with protection. In contrast, our study shows
that a single pre-exposure with OC43 elicits CD8 T cells that are cross-reactive with SARS-CoV-
2, and provides direct evidence that the pre-existing OC43-elicited T cells contribute to cross-
protection against subsequent infection with SARS-CoV-2.

2. The current study focuses on the CD4 T cell responses while the authors somehow neglect
discussing the subsequent cross antibodies responses. The IgG titer against OC43 spike may be
quite low which results in the undetectable anti-SARS-CoV-2 spike titer.

We agree that OC43-induced antibody response in our mouse model is weak. This is likely
because OC43 does not establish sufficient levels of infection to induce robust antibody
responses, whereas OC43 is able to elicit detectable SARS-CoV-2-cross-reactive CD4+ T cell
responses in our mouse model. We therefore focused the present study on evaluating the
protective function of these cross-reactive CD4+ T cells. Our results are in line with human studies
reporting that the cross-reactive antibody response is weak and decays rapidly, and that the
cross-reactive cellular immunity (ie, not antibodies) likely contributes to protection against SARS-
CoV-2 12345 We have referenced these published studies in the discussion (lines 372, and
373-374).

3. Since there are 4 common cold coronaviruses, while the authors only studied OCA43, the title
of the current manuscript should narrow the range to common cold coronavirus OC43.

We thank the reviewer for this suggestion, and agree that the title should be changed. The new
title is: Human coronavirus OC43-elicited CD4* T cells protect against SARS-CoV-2 in HLA-
DRB1*0101 transgenic mice.

4. The HLA-DRB1*0101-restricted epitopes elicited by OC43 that cross react with SARS-CoV-2
across human coronaviruses identified in this study share very limit amino acid sequences
between OC43 and SARS-CoV-2, which is raises another important issue to be discussed.

We acknowledge the reviewer's observation that some SARS-CoV-2 cross-reactive peptides in
our study show limited homology with the OC43 sequence. However, this is not surprising given
the low cytokine production (IFNy alone or IFNy and TNF) in response to some epitopes. Our
results are also consistent with human data: variable but low CD4* T cell cross-reactivity to SARS-
CoV-2 is present in many healthy SARS-CoV-2-unexposed individuals, and the degree of amino
acid sequence identity between common cold HCoVs and SARS-CoV-2 does not correlate with
CD4+ T cell cross-reactivity®. We have included these points in the discussion (lines 376-381).
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