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Peer Review File



Reviewers' comments: 

Reviewer #1 (Remarks to the Author): 

Dear authors: 

This article presents a high-throughput method for preparation of soluble pMHC by designing MHC 

class I molecules as single-chain trimers (SCT), sequentially linking the heavy chain, β2m, and the 

required peptide for assembling the protein by two Linker segments. To a certain extent, the 

preparation of this scheme possesses high throughput and is capable of producing SCTs paired with 

any peptide and class I HLA allele, so this method is able to rapidly obtain information on specific T 

cells involved in adaptive immunity from individuals with different HLA alleles against pathogenic viral 

strains, providing considerable value for subsequent vaccine-based in vitro therapies as well as T cell-

based in vivo therapies, and the identified TCR sequences may serve as drug candidates for future 

TCR-T therapies. The SCT method itself is not new. 

There are a number of issues that must be addressed before publication can be considered. If the 

following problems are well-addressed, this reviewer believes that the important contribution of this 

paper is important for quantifying antigen-specific T cell responses in the viral proteome. 

The relevant questions are as follows：

1. It has been demonstrated that glycosylation is closely related to the assembly and folding of pMHC, 

and Figure.1c demonstrates that SCT can be glycosylated, but pMHC in the physiological state is 

presented to the cell membrane after completion of assembly and folding on the endoplasmic 

reticulum and with the assistance of related molecular chaperones, and the SCT in this paper adopts 

the form of secretory expression, whether it will have an impact on the true binding of peptides to 

MHC? 

2. The effect of peptide sequence on the expression of SCT library is huge, which may miss the T cell 

information corresponding to some important peptides, because the antigenic peptide corresponding 

to SCT does not necessarily have better expression. How to address this? 

3. In terms of antigen-specific T-cell enrichment, where is the advantage of SCT technology compared 

with other similar technology, such as 10×Genomics' pMHC-specific Dextramers technology? 

4. What are the advantages of SCT multimers over traditional in vitro synthesized tetramers in T cell 

functional assays in vitro? 

5. In the FACS experiments in Figure.3c, should a control be set up as irradiated DC cells isolated from 

PBMC without incubation with HLA-restricted peptides and then go to test the response of SCT 

libraries to them after co-incubation with T cells? Should a control also be set up to stain the isolated T 

cells with SCT prepared with a non-relevant peptide? 

6. In Fgure.5b, why some DC cell-loaded peptides in the experimental group have GzB release but not 

TNF-α and IFN-γ release when incubated with T cells? 

Reviewer #2 (Remarks to the Author): 

Chour et al optimized the Single chain trimers (SCT) technology to express HLA-epitope complex for 

the utility of capturing and characterizing cognizant CD8 T cells. They systematically demonstrated the 

construct designs and different methods to validate/select the designs. At last, they demonstrated the 

construction of medium-scale SCT libraries of predicted SARS-CoV-2 peptides, which were used to 

capture and characterize CD8 T cell clones of three SARS-CoV-2 infected donors and one never-

infected donor. The results demonstrate the utility of the SCT method for representing complex HLA-

epitope libraries. 



Major concern: the study relied on the NetMHC4.0 server to predict the SARS-CoV-2 epitopes for three 

patients. However, it is well known that the prediction server is far from accurate and comprehensive. 

It would be very informing to compare the results of identified epitopes of this study (Fig. 4b) with the 

previous results of global studies to identify CD8 T cell epitopes of SARS-CoV-2 (For example: Ferretti 

et al. PMID: 33128877, Zhang et al. PMID: 34506741). Significant overlapping would help identify 

common immuno-dominant epitopes. 

Minor concerns: 

1. Quality and resolution of some of the figures are low, for example, Fig. 2c and 2d. 

2. The three groups of TCRs from the killing experiment (Supplementary Table 7) could be further 

analyzed to see if any properties of TCR might correlate with their functions. 

3. Since the study only tested a subpopulations of SARS-CoV-2 epitopes predicted by NetMHC4.0, 

given the limitations of the prediction server, the title of the manuscript “CD8 T cell responses against 

a whole viral proteome” seems a bit exaggerated. 

Reviewer #3 (Remarks to the Author): 

The authors adapted single-chain trimer (SCT) technologies into a high throughput platform for pMHC 

library generation, showing that hundreds can be rapidly prepared across multiple Class I HLA alleles. 

Then they constructed SCT libraries designed to capture SARS-CoV-2 specific CD8+ T cells from 

COVID-19 participants and healthy donors. These technologies should enable the rapid analyses of 

peptide-based T cell responses. 

While this research provides sounded data and outstanding technologies, the following points may 

improve the quality of this manuscript: 

Comments: 

1、The two statements don’t match: in line 38: “the full SARS-CoV-2 viral proteome” and in line 91: 

“immunodominant epitopes across two SARS-CoV-2 protein domains” 

2、In line 38 and 232, pMHC multimers comprised of 634 pMHC multimers , but A*02.01, A*24.02, 

and B*07.02 HLA allele scomprised 96, 51 and 33 peptides from the spike protein, respectively, and 

191 peptides from the Nsp3 protein (papain-like protease, PLpro) for A*02:01 in line 239 and 814. 

According to supplementary Fig.1a-c and supplementary Table3-5, some SCT proteins yields were 

0.00, should those SCTs be excluded。

3、 In line 96-97and 523，using a SCT plasmid template and each peptide-encoded primer, how many 

bases the product of extension PCR is? Methods didn’t describe clearly. 

4、SCT yield variations may be related to a secretion signal, such as the leader sequence of β2m or 

IgGκ, which one did you choose? How many most of SCT yield? XXμg/mL in culture medium? 

5、In line 681, for CMVpp65 (NLVPMVATV) SCT(PE), the light red color card has the largest proportion

（59.8%）. Do you think the main sequence of CDR3α and CDR3β indicated by the light red color card 

are the domain sequence, other sequences have little relation with this peptide CMVpp65. 

6、A*02.01, A*24.02, and B*07.02 HLA allele shoud be changed to A*02:01, A*24:02, and B*07:02.



Point-by-point response to Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
Dear authors: 
This article presents a high-throughput method for preparation of soluble pMHC by designing 
MHC class I molecules as single-chain trimers (SCT), sequentially linking the heavy chain, β2m, 
and the required peptide for assembling the protein by two Linker segments. To a certain extent, 
the preparation of this scheme possesses high throughput and is capable of producing SCTs 
paired with any peptide and class I HLA allele, so this method is able to rapidly obtain 
information on specific T cells involved in adaptive immunity from individuals with different HLA 
alleles against pathogenic viral strains, providing considerable value for subsequent vaccine-
based in vitro therapies as well as T cell-based in vivo therapies, and the identified TCR 
sequences may serve as drug candidates for future TCR-T therapies. The SCT method itself is 
not new. 
There are a number of issues that must be addressed before publication can be considered. If 
the following problems are well-addressed, this reviewer believes that the important contribution 
of this paper is important for quantifying antigen-specific T cell responses in the viral proteome. 
The relevant questions are as follows： 

 
1. It has been demonstrated that glycosylation is closely related to the assembly and folding of 
pMHC, and Figure.1c demonstrates that SCT can be glycosylated, but pMHC in the 
physiological state is presented to the cell membrane after completion of assembly and folding 
on the endoplasmic reticulum and with the assistance of related molecular chaperones, and the 
SCT in this paper adopts the form of secretory expression, whether it will have an impact on the 
true binding of peptides to MHC? 

The reviewer brings up an interesting point.  The vast majority of SCTs that are reported in our 
manuscript do not contain glycsolyated peptides.  Further, many of the SCT library elements are 
shown to capture T cells that also recognize the antigen presented by antigen-presenting cells.  
It is always possible that the glycosylation biochemistry of the secreted SCTs is unique relative 
to membrane bound pMHC, but it is also possible that our observations provide new 
opportunities.  Glycosylated peptide antigens are a subject of research, especially within the 
framework of glycosylated self-antigens and autoimmunity.  Whether the SCT library approach 
can provide a tool set for exploring this biology is an open question, but the fact that such 
peptides can be produced may provide opportunities for new studies.  We agree with the 
referee that this is worth mentioning. 

Changes.  Discussion, paragraph 1, text with reference added:  Our finding that biologically 
produced SCTs can contain glycosylated antigens (Fig. 1c) may be notable.  Such antigens, especially 
glycosylated self-antigens in the context of autoimmune disease, are a topic of recent literature42. 
Whether the SCT library technology can provide a new tool for exploring this biology is an open 
question. 

2. The effect of peptide sequence on the expression of SCT library is huge, which may miss the 
T cell information corresponding to some important peptides, because the antigenic peptide 
corresponding to SCT does not necessarily have better expression. How to address this? 



This is an excellent point, although it is also a limitation of folded pMHCs or any other pathway 
towards producing pMHC multimers.  We have taken two approaches to address this limitation, 
although we also acknowledge that this limitation remains.   

The first is that we compared SCT production with what can be achieved using the dominant 
existing approach for preparing pMHC libraries, so that we can at least compare how our SCT 
libraries stack up against a literature gold standard that has been used for many biological 
studies.  This comparison is supplied in Fig S1d, where we show that, for a 37-element library, 
most antigens that are (or are not) loaded using the UV exchange approach are similarly 
presented by SCTs.  For the D8 template comparison, 13 of the peptide antigens yield neither a 
pMHC nor a SCT.   UV exchange generates only 3 pMHCs that are not produced as SCTs, and 
the D8 template yields 1 SCT that is not produced by UV exchange.  This strong equivalence 
between these two methods suggests that SCT libraries are at least very similar to those 
produced by UV exchange.  

The second approach is that we clone and test many of the TCRs that we identify as antigen 
specific, which is presented in Figure 5, and show that those T cell clonotypes are stimulated 
when the antigen is presented in its native format.  

However, it is possible, and even likely, that any approach that utilizes multimers is going to 
miss antigens that are naturally presented by MHC within the in vivo biological context.  We now 
include some text in the discussion, paragraph #1, to indicate that we are aware of this 
limitation.  

Changes: Discussion, paragraph 1, text added:  It is also possible, of course, that certain 
peptides that are presented by MHC in the natural, in vivo biological format, are not 
amenable to preparation as an SCT, although this limitation can also apply to in vitro 
folded pMHCs.   

3. In terms of antigen-specific T-cell enrichment, where is the advantage of SCT technology 
compared with other similar technology, such as 10×Genomics' pMHC-specific Dextramers 
technology? 

4. What are the advantages of SCT multimers over traditional in vitro synthesized tetramers in T 
cell functional assays in vitro? 
 

Here we answer queries #3 and #4 together 

• SCT libraries can be extended to virtually any Class I HLA allele.  This is not true of 
other large library methods. We have recently reported the use of SCT libraries that 
contain around 103 elements across multiple HLA alleles.  That paper was primarily a 
report of a clinical trial, and so the SCT library tech was only mentioned, but not 
deeply described. In any case, this is a scale that is not readily accomplished using 
other methods.  

• SCTs can be prepared in massively parallel fashion, and then stored (cryogenically) 
until ready for use.  This combination of production and stability is unique to SCTs. 
Refolding tanks, for example, do not lend themselves to massively parallel production 
of pMHCs.  



• SCT libraries were used to demonstrate significant efficiencies, relative to established 
literature approaches, in the targeted identification of antigen-specific CD8+ T cell 
populations (Fig 3 and text).  This would not be possible with standard pMHCs 
because those constructs do not exhibit long-term stability. 

• SCTs can be assembled into multimer formats, including the dextramer technology 
referred to above. Thus, we aren’t competitive with that technology, but we can take 
advantage of it.  

These advantages of the SCT library technology are already highlighted throughout the text, but 
we do emphasize some points with new text in the discussion..  

Changes.   Discussion, paragraph 3, text added: Further, large SCT libraries across many additional 
HLA A, B, and C alleles were reported recently by some of us to identify TCRs that were translated into 
the clinic for adoptive cell transfer cancer immunotherapy43. That paper was primarily a clinical study 
that only briefly described the SCT library technique, but it does offer further evidence of the 
versatility of the method. 

 

5. In the FACS experiments in Figure.3c, should a control be set up as irradiated DC cells 
isolated from PBMC without incubation with HLA-restricted peptides and then go to test the 
response of SCT libraries to them after co-incubation with T cells? 

6. Should a control also be set up to stain the isolated T cells with SCT prepared with a non-
relevant peptide? 
 

We answer these two queries together.  These questions from the referee were largely 
answered in the protocols and experimental methods of Figure 3, but that text was poorly 
written and not clear.  We have extensively revised the text to highlight that equivalent controls 
were in place.   

Prior works have demonstrated that peptide-loaded DCs are necessary for specific expansion of 
antigen-specific T cell populations.3,4 In the absence of peptide-loaded DCs, there would either 
be poor or non-specific expansion of T cells, rendering downstream steps (SCT tetramer sorting 
and expansion) extremely low-yield and requiring SCT reagents to have extremely high 
sensitivities, as the non-specific expansion step essentially dilutes the desired population of T 
cells. This is thus well-established in the literature, and citations have been included.  

The equivalent negative and positive controls that we included in the Figure 3 Methods 1-3 
involve the use of libraries of stimulating peptides and associated SCTs.  Some of those 
peptides are relevant to the particular patient (antigen-specific t cell populations exist), and 
some are irrelevant. Pooled analysis of the cells tests those cells against all relevant and 
irrelevant peptides, thus providing for negative, positive, and selectivity controls.  The fact that 
we see selective response to specific peptides and not to others is in alignment with 
foundational papers which propose the two-signal hypothesis (1: pMHC-TCR engagement, 2: 
IL-2) for T cell activation.5   

Changes:  We have extensively revised the results text associated with Figure 3 (and 
Supplemental Figure S3).   



6. In Fgure.5b, why some DC cell-loaded peptides in the experimental group have GzB release 
but not TNF-α and IFN-γ release when incubated with T cells? 
 
Such a diverse response of T-cell cytokine secretion upon stimulation is expected.  

For example, similar results have been reported that CD8+ cells that induced GzB production 
upon the HIV peptide stimulation did not induce IFN-γ, while several HIV peptides that induced 
IFN-γ did not induce GzB6. The heterogeneous and polyfunctional response of T cells has also 
been reported in numerous studies indicating that the cytokine secretion profiles vary in T 
cells2,7–10. 

One contributing factor may be peptide dose, which was held at similar levels for all 
measurements reported here, but is also known to have a clear impact on the T cell response to 
antigen stimulation.  This is likely related to TCR-pMHC binding affinity/avidity11,12.  

T cells captured by pMHC tetramers  (and thus presumably SCT multimers) can exhibit a broad 
spectrum of the cellular responses to stimulation13.  This may be related to the differentiation 
state of the T cells, which is not part of this study14,15.  

Changes:  In the discussion, paragraph 4, we added the following text: While all TCR 
clonotypes were selectively activated following antigen exposure, that level of activation 
was diverse. Such diverse responses have been previously reported12,13,16. Mechanistic 
studies have revealed that TCR-pMHC binding affinity may be one influencing factor, but 
that there are likely others11,17,18.   
 
Reviewer #2 (Remarks to the Author): 
 
Chour et al optimized the Single chain trimers (SCT) technology to express HLA-epitope 
complex for the utility of capturing and characterizing cognizant CD8 T cells. They 
systematically demonstrated the construct designs and different methods to validate/select the 
designs. At last, they demonstrated the construction of medium-scale SCT libraries of predicted 
SARS-CoV-2 peptides, which were used to capture and characterize CD8 T cell clones of three 
SARS-CoV-2 infected donors and one never-infected donor. The results demonstrate the utility 
of the SCT method for representing complex HLA-epitope libraries. 
 
Major concern: the study relied on the NetMHC4.0 server to predict the SARS-CoV-2 epitopes 
for three patients. However, it is well known that the prediction server is far from accurate and 
comprehensive.    

The referee makes an excellent point.  As indicated, there are more comprehensive algorithm 
approaches reported for developing lists of putative antigens.  While the NetMHC4.0 predictions 
were sufficient for the scientific studies reported in our manuscript, we do now provide text to 
acknowledge this limitation.   

Changes:  Discussion, paragraph 3, we added the text: The antigens tested here were based 
upon those predicted by NetMHC4.0.  Improved prediction approaches, based upon the 
use of multiple algorithms, have been reported19, and could be adapted for more 
comprehensive searches of antigen-specific T cell populations  



It would be very informing to compare the results of identified epitopes of this study (Fig. 
4b) with the previous results of global studies to identify CD8 T cell epitopes of SARS-CoV-2 
(For example: Ferretti et al. PMID: 33128877, Zhang et al. PMID: 34506741). Significant 
overlapping would help identify common immuno-dominant epitopes.   

Response:  We have added the text in the section “SCT libraries enable rapid discovery…”, 
paragraph 2: In fact, certain antigen-specific T cell responses detected here (against epitopes 
QYIKWPWYI, NYNYLYRLF, and SPRRARSVA YLQPRTFLL, although YLQPRTFFK was found here to be 
more immunodominant), have been reported elsewhere35,37–39. 

 
Minor concerns: 
1. Quality and resolution of some of the figures are low, for example, Fig. 2c and 2d. 

This has been corrected in the revision.  

2. The three groups of TCRs from the killing experiment (Supplementary Table 7) could be 
further analyzed to see if any properties of TCR might correlate with their functions. 

This is beyond the scope of the work, which is to describe the SCT library approach, and to 
show multiple scientific demonstrations of the value of this technology.  A detailed query of T 
cell clonotypes with differential activation characteristics upon stimulation is beyond scope, 
although we do elaborate, in the discussion, on factors that may contribute to these diverse 
responses.  

Changes:  In the discussion, paragraph 4, we added the following text: While all TCR 
clonotypes were selectively activated following antigen exposure, that level of activation 
was diverse. Such diverse responses have been previously reported12,13,16. Mechanistic 
studies have revealed that TCR-pMHC binding affinity may be one influencing factor, but 
that there are likely others11,17,18.   

3. Since the study only tested a subpopulations of SARS-CoV-2 epitopes predicted by 
NetMHC4.0, given the limitations of the prediction server, the title of the manuscript “CD8 T cell 
responses against a whole viral proteome” seems a bit exaggerated. 

We agree and have fixed this. 
 
Reviewer #3 (Remarks to the Author): 
 
The authors adapted single-chain trimer (SCT) technologies into a high throughput platform for 
pMHC library generation, showing that hundreds can be rapidly prepared across multiple Class I 
HLA alleles. Then they constructed SCT libraries designed to capture SARS-CoV-2 specific 
CD8+ T cells from COVID-19 participants and healthy donors. These technologies should 
enable the rapid analyses of peptide-based T cell responses. 
While this research provides sounded data and outstanding technologies, the following points 
may improve the quality of this manuscript: 
 
 
1、The two statements don’t match: in line 38: “the full SARS-CoV-2 viral proteome” and in line 
91: “immunodominant epitopes across two SARS-CoV-2 protein domains” 



We have fixed this.  The comment was made by the other referees as well, and we agree.  
 
2、In line 38 and 232, pMHC multimers comprised of 634 pMHC multimers , but A*02.01, 
A*24.02, and B*07.02 HLA allele scomprised 96, 51 and 33 peptides from the spike protein, 
respectively, and 191 peptides from the Nsp3 protein (papain-like protease, PLpro) for A*02:01 
in line 239 and 814. According to supplementary Fig.1a-c and supplementary Table3-5, some 
SCT proteins yields were 0.00, should those SCTs be excluded. 

The fact that these SCTs don’t express product, and that our SCT yield closely matches the 
yields produced by alternative and literature proven library approaches suggests that there is 
value in presenting the results of non-productive SCT expressions. \ 

No change.  

3. In line 96-97and 523，using a SCT plasmid template and each peptide-encoded primer, how 
many bases the product of extension PCR is? Methods didn’t describe clearly. 

Peptide-encoded primers are designed with a fixed 16 bp region to anneal upstream of the 
plasmid's peptide region, followed by a 27-33 bp extension region that encodes the desired 
peptide (9-11 amino acids in length). 

Changes:  Under Methods, in SCT peptide library production, we added the following text: 
Briefly, for any given peptide substitution, a peptide-encoded reverse primer (binding to 
the IFNα2 signal sequence upstream of peptide region) and a forward primer (binding to 
L1 sequence downstream of peptide region) is required. Both primers have 16 bp 
annealing regions (reverse primer: 5’-GCCAACAGAACAGCTG-3’, forward primer: 5’-
GGTTGTGGAGGTTCTG-3’). The peptide-encoded reverse primer varies for any given 
peptide, while the forward primer remains fixed across all peptide elements (unless one 
chooses to use a different L1/HLA template plasmid). Thus, the peptide-encoded reverse 
primer will typically be extended by another 27-33 bp to account for insertion of a 9-11 
amino acid peptide (e.g. reverse primer for insertion of the peptide YLQPRTFLL: 5’-
CAGCAGGAAGGTTCTAGGCTGCAGGTAGCCAACAGAACAGCTG-3’).  
4、SCT yield variations may be related to a secretion signal, such as the leader sequence of 
β2m or IgGκ, which one did you choose? How many most of SCT yield? XXμg/mL in culture 
medium? 

Román et al. showed that the IFNα2 signal sequence resulted in maximal yield of recombinant 
proteins in HEK293 cells versus other signal peptides (e.g. serum albumin, IgG heavy chain, 
luciferase)24. Therefore, this sequence (MALTFALLVALLVLSCKSSCSVG) was incorporated 
upstream of the peptide as our signal peptide. For a standardized transfection reaction (1.25 μg 
SCT plasmid mixed into 1.25 ml Expi293 cells @ ~2.8 M cells/ml) following manufacturer's 
protocol, 96 hours of transfection can yield up to 4.0 mg/ml of protein. An approximate SCT 
yield of 0.25 mg/ml was the threshold above which SCTs were selected for purification to be 
used in binding assay experiments. 

Changes:  In the Introduction, in paragraph 3, we added the following text: Briefly, a pcDNA3.1 
plasmid construct encodes the IFNα2 protein secretion signal (MALTFALLVALLVLSCKSSCSVG)24, 
peptide, peptide-β2m linker (L1), β2m, β2m-HLA linker (L2), HLA, and protein purification tags, and 
the peptide-L1-β2m-L2-HLA construct is secreted as one protein. 



5. In line 681, for CMVpp65 (NLVPMVATV) SCT(PE), the light red color card has the largest 
proportion（59.8%）. Do you think the main sequence of CDR3α and CDR3β indicated by the 
light red color card are the domain sequence, other sequences have little relation with this 
peptide CMVpp65.    

Regarding the main sequences of CDR3α and CDR3β (indicated by light red color), these 
sequences are likely a private sequence used by the PBMC donor. These sequences have 
similarities to existing CMV TCRs from the VDJ database that can be detected through GLIPH 
analysis, and are detected in both the pMHC and SCT pulldowns. This population, while of high 
frequency, is still just one of many. We do not think that this finding is unusual, as the CMVpp65 
antigen is known to be highly immunogenic, and is known to trigger clonal expansions in CMV+ 
individuals.  

No changes 

6.A*02.01, A*24.02, and B*07.02 HLA allele should be changed to A*02:01, A*24:02, and 
B*07:02. 

Changes:  This has been corrected  
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REVIEWERS' COMMENTS: 

Reviewer #1 (Remarks to the Author): 

Dear authors: 

Thanks for submitting this revision. I do not have further questions regarding this version. As a result, 

I recommend acceptance of the current version for publication. 

Reviewer #2 (Remarks to the Author): 

The authors have adequately addressed my concerns. 

Reviewer #3 (Remarks to the Author): 

Thanks. All my concerns about this manuscript have been well addressed.
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