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STAR Methods 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to lead contact 

lawrence.stern@umassmed.edu. 

 

Materials availability 

This study did not generate new unique reagents. 

 

Data and code availability 

Any additional information required to reanalyze the data reported in this paper is available from the lead 

contact upon request. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Blood, PBMCs and HLA typing: 

Whole blood from COVID-19 convalescent donors, healthy donors, or vaccine recipients was collected under 

protocol approved by the UMass Chan Medical School Institutional Review Board of the University of 

Massachusetts and informed consent was obtained from all subjects. Leukopaks were obtained from New 

York Biologics, Inc. (Southampton, NY). Peripheral blood mononuclear cells (PBMCs) were isolated using 

Ficoll-Paque (Cytiva, Marlborough, MA) density gradient centrifugation and used fresh or frozen until use. 

The HLA class II haplotype of pre-pandemic donors was determined using the Protrans HLA typing kits 

(Protrans Medizinische Diagnostische Produkte GmbH, Hockenheim, Germany) or The Sequencing Center 

(Fort Collins, CO); for other donors, HLA typing was performed using a Nanopore protocol (Stockton et al., 

2020) or by the Histocompatibility Laboratory at UMass Memorial Medical Center (Worcester, MA). 

 

METHOD DETAILS 

Generation of peptide-expanded T cells:  

Peptide-pool or individual peptide expanded T cell lines were generated for each donor by a single in-vitro 

expansion of freshly isolated or frozen PBMCs (2 x106 cells in 1 mL in a 24 well plate) with a final concentration 

of 1 µg/mL of peptide. As antigens were used individual peptides; peptides covering the entire SARS-CoV-2 

spike protein in a single pool or pools of 10 peptides; peptides pools covering the entire spike proteins of 

OC43, HKU1, NL63, and 229E. Cells were maintained in complete RPMI (CRPMI, RPMI 1640 supplemented 

with 10% AB+ human serum (GeminiBio, West Sacramento, CA), 50 µM beta-mercaptoethanol, 1 mM non-

essential amino acids, 1 mM sodium pyruvate and 100 U/mL penicillin and 100 mg/mL streptomycin (all 

Gibco, Grand Island, NY)). After 3 days, cultures were supplemented with recombinant human IL-2 

(Proleukine, Prometheus, San Diego, CA) at a final concentration of 100 U/mL. During the following 2-15 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 22, 2022. ; https://doi.org/10.1101/2022.01.20.477107doi: bioRxiv preprint 

mailto:lawrence.stern@umassmed.edu
https://doi.org/10.1101/2022.01.20.477107
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

days, one-half of the medium was replaced with fresh CRPMI supplemented with 100 U/mL IL-2 every 3 days. 

When cultures reached confluence, cells were resuspended and one-half of the culture transfer to another 

well and fresh CRPMI+100 U/mL IL-2 added to replenish the original volume.  

ELISpot assay:  

IFN-γ ELISpot were performed using Human IFN gamma ELISpot KIT (Invitrogen, San Diego, CA) and 

MultiScreen Immobilon-P 96 well filtration plates (EMD Millipore, Burlington, MA), following manufacturer’s 

instructions. Assays were performed in CSTTM OpTmizerTM T cell medium (Gibco, Grand Island, NY). 

Peptides or peptides pools were used at a final concentration of 1 µg/mL per peptide; as negative controls 

were used DMSO (DMSO, Fisher Scientific, Hampton, NH) and a pool of human self-peptides (Self-1, 

(Becerra-Artiles et al., 2019)), and PHA-M (Gibco, Grand Island, NY) was used as positive control. For ex-

vivo assays, PBMCs (~2-5x105 per well) were incubated with peptides or controls for ~24-48 hours. For 

assays with cells expanded in-vitro, 2-5x104 cells per well were incubated with an equal number of autologous 

irradiated PBMCs in the presence of peptides or controls for ~18 hours. Two to four wells of each peptide, 

pool of peptides, or PHA-M, and at least 6 wells for DMSO were usually tested. Secreted IFN-γ was detected 

following manufacturer’s protocol. Plates were analyzed using the CTL ImmunoSpot Image Analyzer 

(ImmunoSpot, Cleveland, OH) and ImmunoSpot 7 software.  

Intracellular cytokine staining (ICS) 

ICS was performed using in-vitro expanded T cells as previously described (Becerra-Artiles et al., 2019) with 

minor modifications. Briefly, autologous irradiated PBMCs were resuspended in CRPMI (w/o phenol red) 

+10% fetal bovine serum (FBS, R&D Systems) containing 1 µg/mL of each peptide and incubated overnight. 

The day of the assay, T cell lines were collected, washed and resuspended in the same medium and added 

to the pulsed PBMCs (1:1 ratio, usually 0.3x106 cells each); at this time, anti-CD107a-CF594 (H4A3) was 

added, along with brefelding A and monesin at the suggested concentrations (Golgi plug / Golgi stop, BD 

Biosciences, San Jose, CA). After 6 hours incubation, cells were collected, washed, and stained using a 

standard protocol, which included: staining for dead cells with Live/Dead Fixable Aqua Dead Cell Stain KitTM 

(Life Technologies, Thermo Fisher Scientific, Waltham, MA); blocking of Fc receptors with human Ig (Sigma-

Aldrich, St. Louis, MO); surface staining with mouse anti-human CD3-APC-H7 (SK7), CD4-PerCPCy5.5 

(RPA-T4), CD8-APC-R700 (RPA-T8), CD14-BV510 (MϕP9), CD19-BV510 (SJ25C1), CD56-BV510 

(NCAM16.2); fixation and permeabilization using BD Cytofix/CytopermTM; and intracellular staining with 

mouse anti-human IFN-γ-V450 (B27), TNF-α-PE-Cy7 (MAb11), IL-2-BV650 (5344.111), (all from BD 

Biosciences, San Jose, CA). Data were acquired using a BD LRSII flow cytometer equipped with BD 

FACSDiva software (BD Biosciences, San Jose, CA) and analyzed using FlowJo v.10.7 (FlowJo, LLC, 

Ashland, OR). Gating strategy consisted in selecting lymphocytes and single cells, followed by discarding 

cells in the dump channel (dead, CD14+, CD19+ and CD56+ cells), and selecting CD3+ cells in the resulting 

population. Polyfunctional analysis was performed in FlowJo, defining Boolean combinatorial gates for all the 

markers in the CD3+/CD4+/CD8- population. These results were visualized in SPICE software v6.0 (Roederer 

et al., 2011). t-SNE analysis was done in concatenated samples (control, SARS-CoV-2, peptide 163 and 

peptide 164) from 3 donors using the available plugin in FlowJo. 

Partially-match HLA cell lines:  

EBV-transformed LG2 cell line (10984, IPD-IMGT/HLA), 9068 cell line (BM9, IHWG), and mouse DP4-

transfected MN605 cell line (M12C3-DPA1*0103/DPB1*0401; (Williams et al., 2018); kindly provided by Dr. 

S. Kent, UMMS), were maintained in RPMI 1640 medium supplemented with L-glutamine (2 mM), penicillin 

(100 U/mL), streptomycin (100 µg/mL) and 10% FBS at 37°C/5% CO2. 
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Isolation of T cell clones:  

T cell clones were isolated by limiting dilution (~1 cell per well) using as feeder cells a pool of irradiated 

heterologous PBMCs in CRPMI medium supplemented with PHA-P (Gibco, Grand Island, NY) at 1:500 and 

100 U/mL IL-2. After 12-14 days incubation wells with cell growth were screened for responses to peptides 

163/164, 190/191 and 198/199 by IFN-γ ELISA assay. (Invitrogen, San Diego, CA) and following 

manufacturer’s protocol. Absorbance at 450 nm was acquired in a BMG plate POLARstar Optima plate reader 

(Offenburg, Germany). Positive responses were assessed using a cutoff value of 2-times over background + 

3-times the standard deviation of background. Sixty-seven T cell clones with the highest specific signal were 

selected for further analysis.  

T cell clones stimulation and blocking assays:  

T cell clones (5x104 cells per well) were incubated with equal number of irradiated partially-match HLA cell 

lines pulsed with peptides (1 µg/mL) or DMSO control in CRPMI+10% FBS; supernatants were collected after 

24 hours. Duplicated wells for antigens and 6 wells for negative controls were used. Secreted IFN-γ was 

measured using ELISA assay as described above. For blocking of antigen-stimulation assays, in-house 

produced antibodies to HLA-DR (LB3.1), HLA-DQ (SPVL-3), HLA-DP (B7/21), or HLA-ABC (w6/32), were 

added at a final concentration of 10 µg/mL.  

Peptide binding assay: 

A fluorescence polarization (FP) competition binding assay similar to published ones (Jurewicz et al., 2019; 

Yin and Stern, 2014) was used to measure spike peptide binding. Soluble DP4 (HLA-

DPA1*01:03/DPB1*04:01) with a covalently-linked Clip peptide was prepared essentially as described (Willis 

et al., 2021), as were DQ5-Clip (HLA-DQA*01:01/DQB1*05:01) (Jiang et al., 2019) and peptide-exchange 

catalyst HLA-DM (Busch et al., 1998). Human oxytocinase EKKYFAATQFEPLAARL and influenza 

nucleoprotein AAHSKAFEDLRVSSY peptides were labeled with Alexa Fluor 488 (Alexa488) tetrafluorophenyl 

ester (Invitrogen, Carlsbad, CA) and used as probe peptides for DP4 and DQ5 binding. Binding reactions 

were carried out at 37ºC in 100 mM sodium citrate, 50 mM sodium chloride, 0.1% octyl β-D-glucopyranoside, 

5 mM ethylenediaminetetraacetic acid, 0.1% sodium azide, 0.2 mM iodoacetic acid, 1 mM dithio-threitol as 

described, but with 1 U/µg thrombin added to cleave the Clip linker. Thrombin was inactivated after 3 hrs of 

reaction using 0.1 mM phenylmethanesulfonyl fluoride, and the reaction was continued for 21 hours before 

FP measurement using a Victor X5 Multilabel plate reader (PerkinElmer, Shelton, CT). DP4-Clip (500 nM) 

and DQ5-Clip (300 nM) concentrations were selected to provide 50% maxiumum binding of 25 nM probe 

peptide in the presence of 500 nM DM. Binding reactions also contained serial dilutions of test peptides with 

5-fold dilutions. IC50 values were determined as described (Yin and Stern, 2014). 

Tetramer staining: 

DP4-163/164 PE and APC tetramers were obtained from the NIH Tetramer Core Facility (Emory University, 

Atlanta, GA). Cells were collected, washed, and stained using a standard protocol which included: staining 

for dead cells with Live/Dead Fixable Aqua Dead Cell Stain KitTM (Life Technologies, Thermo Fisher Scientific, 

Waltham, MA); blocking of Fc receptors with human Ig (Sigma-Aldrich, St. Louis, MO); staining with the mix 

of DP4-PE and APC tetramers (final concentration of 2-4 µg/mL each) at 37ºC for 2 hours; surface staining 

antibodies CD3-APC-H7, CD4-PerCP-Cy5.5, CD8-APC-R700, CD14-BV510, CD19-BV510, CD56-BV510 

were added for the last 20 minutes of incubation, followed by washes and resuspension in buffer for data 

acquisition. Data was acquired using a BD LRSII flow cytometer equipped with BD FACSDiva software (BD 

Biosciences, San Jose, CA) and analyzed using FlowJo v. 10.7 (FlowJo, LLC, Ashland, OR). Gating strategy 

consisted in selecting lymphocytes and single cells, followed by discarding cells in the dump channel (dead, 
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CD14+, CD19+ and CD56+ cells), CD3+/CD4+ cells and assessing the double-staining PE/APC in this 

population.  

Sorting of DP4-163/164 cells: 

For tetramer-sorting, T cells were expanded in vitro with peptides 163/164. After 2 weeks, cells were collected, 

washed and stained using the procedure described before. Cell populations in the PE+/APC+ gate were 

sorted using a BD FACS Aria Cell Sorter at The University of Massachusetts Medical School Flow Cytometry 

Core Facility. Sorted cells were washed and frozen at -80ºC until use. 

TCR sequencing: 

RNA was prepared from HCoV S pool-expanded lines, T cell clones, or sorted cells (0.5-1x106 cells) using 

RNeasy Mini or RNeasy Micro kits from (QIAGEN, Germantown, MD), following user’s manual instructions. 

Cells were usually frozen in RLT buffer at time of collection. RNA quality and concentration were assessed 

using the Fragment Analyzer Service at The University of Massachusetts Molecular Biology Core Labs. RNA 

with RQN above 7.2 were used for sequencing. We used an in-house RACE (Rapid Amplification of cDNA 

Ends) approach with template-switch effect, adapted from Turchaninova et al. (Turchaninova et al., 2016) to 

select and amplify human TCRA and TCRB with RT-primers to the constant region of each chain, and a 

template-switch primer used introduce unique molecular identifiers (UMI), for error correction during data 

processing, as well as TrueSeq R1 sequence. Reverse transcription was performed using ~100 ng of RNA 

and 1 µM RT-primers (mix of primers recognizing the constant region of TCRA or TCRB; Integrated DNA 

Technologies, IDT, Coralville, IA), and annealed for 3 minutes at 72ºC. A reaction mix was added to a final 

concentration of 1 µM UMI/R1 oligo (IDT), 5 U/µL SMARTScribe reverse transcriptase, 0.5 mM dNTP, 2 U/µL 

RNAse inhibitor (all Takara Bio USA, Inc, Mountain View, CA), 5 mM DTT (Invitrogen), 1 M betaine 

(Affymetrix), 6 mM MgCl2 (Invitrogen, Thermo Fisher Scientific). Samples were incubated at 42ºC for 90 

minutes followed by 10 cycles of 50ºC/42ºC for 2 minutes each, with final incubation at 70ºC for 15 minutes. 

Excess oligo was removed by incubating at 37ºC for 40 minutes with 214 U/mL Uracil DNA glycosylase (New 

England Biolabs, Ipswich, MA). cDNA was purified using AMPure XP Beads (Beckman Coulter, Brea, CA) 

following manufacturer’s instructions. Four PCR reactions were performed to add TrueSeq R2, P5, and P7 

sequences, and i7 indices. All reactions were performed at a final concentration of 0.2 µM primers (IDT), 0.02 

U/µl KOD Hot Start DNA Polymerase, 0.2 mM dNTP, 1.5 mM MgSO4 (all Novagen / Millipore Sigma, 

Burlington, MA). All primers sequences shown in STAR Methods. First PCR utilizes purified cDNA, and 2nd 

strand and RT8 primers; second PCR utilizes purified product from previous PCR, and 2nd strand and nested 

primers; third PCR utilizes purified product from 2nd PCR, and 5’RACE and barcodes with i7 index primers; 

fourth PCR utilizes purified product from 3rd PCR, and P1 and P2 primers. Cycling conditions for PCR1: 95ºC 

for 2 minutes; 10 cycles of 95ºC for 20 seconds, 70ºC for 10 seconds (-1ºC per cycle), 70ºC for 30 seconds; 

15 cycles of 95ºC for 20 seconds, 60ºC for 10 seconds, 70ºC for 30 seconds; final extension at 70ºC for 3.5 

minutes. PCR2-3: 95ºC for 2 minutes; 8 cycles of 95ºC for 20 seconds, 60ºC for 10 seconds, 70ºC for 30 

seconds; final extension at 70ºC for 3.5 minutes. PCR4: 95ºC for 2 minutes; 7 cycles of 95ºC for 20 seconds, 

60ºC for 10 seconds, 70ºC for 30 seconds; final extension at 70ºC for 3.5 minutes. PCR products from PCR1-

3 were purified using AMPure XP magnetics beads, and final PCR product was purified using QIAquick Gel 

Extraction kit (QIAGEN, Germantown, MD); TCRA and TCRB libraries were quantified using the Fragment 

Analyzer Service. TCR Sequencing was performed at The University of Massachusetts Deep Sequencing 

Core. Equimolar concentrations of 8-12 libraries were mixed per lane and sequenced in an Illumina MiSeq 

System, setup for 250x250 paired end reads. Data was de-multiplexed and single FASTQ files generated for 

each sample. These files were processed using MIGEC v1.2.9 pipeline: Checkout-batch for de-multiplexing 

and UMI tag extraction, Histogram for MIG (molecular identifier groups) statistics, and Assemble-batch to 

perform UMI-guided assembly (Shugay et al., 2014); followed by MiXCR v3.0.13: analyze amplicon pipeline, 

to align, assemble and export clonotypes (Bolotin et al., 2015). Further data analysis included VDJTools, for 
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gene usage and statistics (Shugay et al., 2014); TCRDist, for clustering trees and logos (Dash et al., 2017); 

and GLIPH, to find very similar TCRs or TCR with shared motifs (Glanville et al., 2017).  

Clonotype analyses: 

T cell lines expanded from donors by a single in vitro stimulation with HCoV S pools will likely contain both 

cross-reactive and HCoV-specific populations, as well as non-specific TCRs. The peptide-expanded lines 

studied here (Supplemental Tables S5 and S6) showed a skewed distribution of clonotype frequencies 

relative to a set of TCRβ repertoires defined for samples of unstimulated total PBMC or CD4 cells from non-

exposed donors, indicative of a broad expansion of many clonotypes with a range of relative abundances. 

Analysis of the frequency of CDR3 sequences in the expanded T cell lines that are also observed in DP4-

163/164-tetramer sorted cells from other donors, as compared to their frequency in the unexpanded PBMC 

and CD4 samples, reveals a 7.5-fold greater abundance (p=0.03), allowing us to estimate an approximate 

false-discovery rate in the expanded polyclonal lines of ~10-20%. The T cell clones were generated by limiting 

dilution into wells containing irradiated allogenic feeder PBMCs, and sequencing these preparations revealed 

multiple TCRα and TCRβ sequences in all samples, usually with one or more dominant TCRα and TCRβ 

clonotypes. Some of the CDR3 sequences were observed in multiple clones, and some clones shared both 

TCRα and TCRβ sequences. Using this information, we defined candidate TCRα/TCRβ pairs for DQ5 and 

DP4, paired by detection in multiple clones. In addition, candidate TCRα/TCRβ pairs for DP2 and DP4 were 

defined, in these cases with pairing assumed from abundance, but not confirmed in independent clones. 

Peptides:  

Peptides for these studies were obtained from 21st Century Biochemicals (Marlborough, MA), BEI Resources 

(Manassas, VA), and JPT (Berlin, Germany). Peptide sequences are shown in Supplemental Table S4. HLA-

peptide binding prediction was performed with NetMHCIIpan v4.0 server (Reynisson et al., 2020). 

 

QUANTIFICATION AND STATISTICAL ANALYSIS  

Statistical analyses were performed in GraphPad Prism v9.2.0. Comparison between groups were done 

using Mann-Whitney tests or paired t-tests. ELISpot statistical analysis was performed using a distribution-

free resampling (DFR) algorithm described by Moodie et al. (Moodie et al., 2012), and available as online 

resource at https://rundfr.fredhutch.org. 
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