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SUMMARY

T cell responses precede antibody and may provide early control of infection. We
analyzed the clonal basis of this rapid response following SARS-COV-2 infection.
We applied T cell receptor (TCR) sequencing to define the trajectories of individ-
ual T cell clones immediately. In SARS-COV-2 PCR+ individuals, a wave of TCRs
strongly but transiently expand, frequently peaking the same week as the first
positive PCR test. These expanding TCR CDR3s were enriched for sequences
functionally annotated as SARS-COV-2 specific. Epitopes recognized by the ex-
panding TCRs were highly conserved between SARS-COV-2 strains but not with
circulating human coronaviruses. Many expanding CDR3s were present at high
frequency in pre-pandemic repertoires. Early response TCRs specific for lympho-
cytic choriomeningitis virus epitopes were also found at high frequency in the
preinfection naive repertoire. High-frequency naive precursors may allow the
T cell response to respond rapidly during the crucial early phases of acute viral
infection.

INTRODUCTION

T cell responses to vaccination1 and acute infection2 are often fast, with the magnitude of the response

peaking within one to two weeks of exposure and substantially preceding maximum antibody responses.

T cells may therefore combine with innate immunity to control microbial growth early in infection, before

humoral immunity is fully developed. The mechanisms which underly this early clonal expansion remain

poorly defined. In this study, we exploit a granular longitudinal sampling of peripheral blood cells which

were collected during, and in some cases preceding, acute infection with SARS-COV-2, during the first

few weeks of the pandemic.3 The dynamic changes in the T cell receptor repertoire which are observed dur-

ing this period reveal mechanisms that allow the speed of the T cell adaptive response to compete with that

of innate immunity and viral replication during the crucial early phases of this acute viral infection.

There is an increasing interest in the role of T cells in providing protection against SARS-COV-2 infection

and disease.4 HLA-peptide binding and in vitro peptide-driven expansion have provided a comprehensive

catalog of T cell epitopes,5,6 which span most of the viral open reading frames (ORFs). Single cell protein

and transcriptomic analyses have provided complementary information on memory and effector T cell

function.7,8 There have also been many attempts to link T cell responses to clinical outcome, although dis-

tinguishing cause and effect in these observational studies is challenging, especially because SARS-COV-2

disease is often associated with lymphopoenia. Nevertheless, there is some evidence that T cell responses

may be associated with better clinical outcomes9–11 and this has fuelled the development of more T cell

centric vaccines, especially in individuals with impaired humoral immunity.12

Despite the wealth of published studies on SARS-COV-2, however, dynamic analysis of immune re-

sponses in the early phases of infection are still rare.13 Indeed, detailed dynamics of the earliest
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responses are rare in any human infection. Experimental infection studies (e.g., to influenza) have pro-

vided some important data in this regard, but prior exposure is often a confounder in this setting.14

We have previously reported on the COVIDSortium,15 a longitudinal study of London-based health

care workers, established very early in the first wave of the COVID pandemic, which provides a detailed

granular view of the peripheral blood compartment during the first few weeks of infection.3 We have

used this sample set to demonstrate a remarkably fast CD4 and CD8 T cell response following SARS-

COV-2 infection, which parallels the innate interferon response, and substantially precedes humoral im-

munity.15 The appearance of high-frequency (>100 TCR alpha/beta per million) T cells in the blood at the

time of the first positive SARS-COV-2 PCR, or in some cases even before PCR+, needs to be considered

in the context of the T cell precursor frequency prior to infection, and the known dynamics of T cell pro-

liferation. The length of time between initial exposure and detectable SARS-COV-2 viremia (incubation

period) has been estimated to be between 4 and 6 days.16–19 There is a lag between exposure and the

arrival of antigen in the draining lymph node, and a further lag between TCR binding and the first cycle of

T cell proliferation. Finally the time taken for a human T cell to complete the cell cycle is in the order of

12–14 h (Phil Hodgkin, personal communication). There is therefore time for no more than a maximum

of 10 T cell divisions which, without taking into account cell death, allows each cell to proliferate 210

(approximately 1,000-fold increase). The median frequency of the expanded TCR alpha and beta recep-

tors prior to expansion must therefore be at least in the order of 1 in 107. In a total pool of 1011 naive

T cells, this corresponds to a large (10,000) precursor T cell clone size.

In the present study, we investigate in more detail clonal expansions which contribute to this early T cell

response, using robust quantitative T cell repertoire sequencing to chart the evolution of the anti-viral

response at the level of the clonotype.

Global TCRseq provides an unbiased survey of the T cell response, which is complementary to more anti-

gen-specific methodologies which depend on predefined targets such as peptides or HLA multimers. We

identify a wave of early T cells, which are enriched for sequences independently annotated as SARS-CoV-2-

specific. Many of the CDR3 sequences are found in the pre-pandemic repertoires of healthy individuals,

and we leverage this information to develop a statistical framework to infer that they are present at high

clonal frequency in pre-pandemic repertoires. Remarkably, we extend these observations to similar early

expanding epitope-specific T cell receptors (TCRs) in LCMV infection, and demonstrate that many of these

sequences can be found at high abundance in naive repertoires prior to and independently of exposure to

lymphocytic choriomeningitis virus (LCMV). The ability to rapidly recruit high abundance TCRs commonly

found in the naive TCR repertoire may be a common strategy to cope with the response to novel microbial

pathogens.

RESULTS

An early transient wave of TCR expansion associated with infection with Sars-Cov-2

We sequenced the T cell repertoire of whole blood RNA samples collected at different time points (see

below) from 41 health care workers (HCW) who tested PCR+ for SARS-COV-2 infection, and 6 HCW who

remained PCR and seronegative throughout the study (sample collection summarized in Figure S1). The

samples were collected at weeks 0–4 (acute) and week 12–14 (convalescent). The median number of sam-

ples collected for each individual was 4, ranging from 1 to 6. The majority of infections registered a PCR+

test at the first sample, but in 12 individuals, samples predating the first PCR+ sample were obtained. The

first 3–4 weeks of sample collection coincided with the first wave of the SARS-COV-2 pandemic in London,

and no additional cases of PCR+ confirmed infection or seroconversion were observed in the subsequent

2–3 months of collection. We sequenced a total of 14.6 million TCR alpha and TCR beta genes, with a me-

dian 73,000 TCR alpha and 94,000 TCR beta sequences per sample (Figure S2A). The number of alpha and

beta sequences per sample were highly correlated (Spearman correlation = 0.93, Figure S2B), providing

additional confidence in the quantitative robustness of the pipeline.

We first measured the richness (defined as number of distinct sequences, divided by total number of se-

quences in sample) and Shannon diversity (which incorporates a measure of the frequency distribution

of the sequences) of the repertoires at different time points in both PCR+ and PCR-individuals. For

PCR+ individuals we plotted the values relative to the week at which the individual first became PCR+ (Fig-

ure S3). However, there were no detectable effects of infection on the global parameters of the TCR

repertoire.
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We therefore focused on identifying individual TCRs which changed significantly in abundance within the

first 5 weeks of the study (see STARMethods and15 for further details). In some pairwise comparisons a clear

population of expanded TCRs was observed (Figure 1A). In others, especially where the first sample avail-

able was already PCR+, a population of contracting TCRs was observed (Figure S4A). In these cases, we

made the assumption that we had missed the expansion phase but observed the contraction phase of

the initial T cell response. We therefore combined all up and downregulated TCRs, which we refer to as

expanded TCRs, and removed MAIT cells (defined as TRAV1-2 paired with TRAJ12, TRAJ20, or TRAJ33)

Figure 1. An early transient wave of TCR expansion associated with infection with SARS-COV-2

(A) An example of a pairwise comparison between two time points, showing TCRs expanding between baseline and follow-up week 4 (FUP4) repertoires. The

individual (ID 123) became PCR+ at follow-up week 1 (FUP1). Each point is an individual TCR sequence, plotting its abundance at FUP4 versus its abundance

at Baseline. All abundances are normalized to number of TCRs per million. The dashed blue line indicates the significance threshold calculated as described

in M&M. All TCRs which fall above and to the left of the dashed line are considered as expanded while all those which fall below and to the right are

contracted.

(B) The richness and Shannon diversity of the set of expanded or contracted TCRs at each time point, subsampled to similar dataset size. For PCR+

individuals, the x axis is rescaled relative to the week at which they first became PCR+ (this is week 0). For PCR-individuals the weeks correspond to baseline

and subsequent follow-ups at weeks 1–4. The boxplots show median, interquartile (box) and 95% (whiskers) range. *p value <0.05, Wilcox test compared to

week �1.

(C) The sum of the expanded TCRs at each time point, for each infected individual. The timepoints have been recalibrated relative to the week of the first

PCR+ test (this is defined as week 0). The boxplots show median, interquartile (box) and 95% (whiskers) range.

(D) As for C, but for controls who did not become PCR+.

(E) The dynamics of individual TCRs (TCRalpha in red, TCRbeta in blue) in one individual (ID 101).

(F) As for E but for a PCR- (ID 17). The dynamics for each individual HCW are shown in supplementary data.
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and iNKT cells (identified as TRAV10 paired with TRAJ18) from further analysis, leaving 4,075 expanded TCR

alpha sequences and 5,458 expanded TCR beta sequences. In control uninfected individuals there were

few expanding or contracting TCRs (Figure S4B). The richness and diversity of the set of expanded TCRs

increased at the time of first PCR+ in infected individuals (p value <0.05 for all time points compared to

pre-infection,Wilcoxon signed-rank test) but showed no consistent dynamics in uninfected individuals (Fig-

ure 1B). Note that the time axis was rescaled relative to the week at which that individual became PCR+

(renamed as week 0).

We plotted the combined abundances of all expanded TCRs for each individual (an estimate of total clonal

expansion) as a function of time (Figure 1C). The magnitude of the response varied considerably between

individuals but showed a common dynamic. The response was already strong at week 0 and fell by week 14.

In some individuals responses could be detected even in the week prior to becoming PCR+. The magni-

tude of the response of the ‘‘expanded’’ TCRs in the PCR-seronegative controls showed no evidence of

any common dynamic pattern (Figure 1D). For comparison we show the dynamics of the anti-spike (Fig-

ure S5A) and anti-nuclear protein (Figure S5B) antibody titers, which rose more gradually and slowly

over the first 14 weeks, as described in detail previously.20

An example of the time course of an individual HCW, for whom we had samples pre- as well as post-infec-

tion, shows more clearly the rapid expansion of individual TCR alpha and TCR beta sequences, which were

mostly not detected pre-infection, because of sampling only a very small proportion of the repertoire but

maximal at either week 0 (week first PCR+) or week 1 (Figure 1E). Although the magnitude of the T cell

response returns toward baseline by week 14, the expanded TCRs in this individual remain significantly

above their starting abundance (Figure S6). For comparison, the timecourse of TCRs in an individual

who did not become PCR+ show no clear pattern over the weeks of sampling (Figure 1F). The individual

time courses for TCRs for all HCW are shown in Figure S7.

In summary, analysis of the dynamics of the TCR repertoire over the first 4 weeks identified a set of TCRs

whose abundance increased rapidly and transitorily around or shortly after the time of SARS-COV-2

detection.

Functional annotation for SARS-COV-2 and sequence similarity characterize the early wave of

expanded TCRs in PCR+ individuals

We collected a set of 7,694 (7,632 unique across all sets, Figure 2A) functionally annotated TCRs,

combining from a public TCR database VDJDb,21 a published study22 and a set of TCRs we identified

by tetramer sorting or in vitro peptide expansions.23 The functional affinity of the TCRs varied over a

broad range but included several high affinity clones (Figure S8). 239 (141 unique) CDR3s from the

expanded TCR set matched with CDR3 sequences in the annotated TCR sequences (3.1%, Figure 2B).

The majority of matches were with alpha chains. Same size random sets of non-expanded TCRs from

the HCW repertoires matched an average of 4.2 (0.06%) annotated TCRs, significantly (more than

10-fold) less than the number of annotated sequences in the expanded set (p < 0.0001, Fisher’s exact

test). There were only 7 matches of SARS-COV-2 annotated CDR3 with the set of expanded TCRs from

the control (PCR-) repertoires.

We examined whether the expanded sets were also enriched for CMV annotated or EBV annotated TCR,

since these viruses are prevalent in the general population (Figure 2C). The enrichment for SARS-COV-2

annotated TCRs was significantly higher than for CMV or EBV. As a comparison, we looked for matches

with HIV annotated TCRs, since this virus is not likely to be prevalent in the general population. The pro-

portion of matches with the HIV set was smaller than CMV or EBV, but the lack of annotated HIV-specific

TCRalpha sequences in the database complicates interpretation.

Sharing of an identical CDR3 sequence between SARS-COV-2 annotated TCRs and the expanded set of

TCRs identified in this study does not necessarily guarantee that the antigen target of the CDR3s is the

same. However, we observed that the expanded CDR3 in our data was associated with the same TCR V

gene as reported in the annotated set (Figure 2D, left). In addition, the HLA of the individuals in whom

we observed expanded matched CDR3s was associated with the HLA restriction reported for the epitope

reported for each annotated TCR (Figure 2D, right). The sharing of CDR3 sequence, V gene and HLA re-

striction are together suggestive of shared epitope recognition.
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The distribution of annotated expanded TCRs among the PCR+ HCW cohort, and the associated metadata

available for each epitope are shown in Figure 2E. Almost every PCR+ individual contained at least one an-

notated expanded TCR, and many contained several. The annotated matched TCRs included both CD4+

and CD8+ cells, were restricted by a variety of HLA alleles and recognized epitopes from a variety of

structural and non-structural viral proteins. The time course of the annotated TCRs broadly matched

that of the total set of expanded TCRs, with the majority of TCRs peaking the week of the first PCR+ test

(Figure S9).

Figure 2. Functional annotation for SARS-COV-2 and sequence similarity characterize the early wave of expanded TCRs in PCR+ individuals

(A) We collected a set of TCR sequences which had been functionally annotated for recognition of SARS-COV-2 epitopes. The set was compiled from three

datasets.21–23 The set combines paired alpha/beta sequences and unpaired sequences. The Table shows the number of alpha and beta sequences in each

set.

(B) The intersection between the expanded TCRs as defined in Figure 1 (green), and the SARS-COV-2 annotated TCRs as in panel A (blue).

(C) The proportion of annotated TCRs for each of four viruses which are observed in the expanded set of TCRs defined in Figure 1. SARS-COV-2 annotated

TCRs are found significantly more often than those for CMV, EBV and HIV (***p < 0.0001, **p < 0.001, Fisher’s exact test).

(D) Left panel. Blue shading the number of expanded TCRCDR3s which share the same V gene as the respective identical annotated TCRCDR3. Empty bars –

the number of matches after random shuffling of the expanded set with respect to their V gene. Right panel. Blue shading – the number of annotated TCRs

whose restricting HLA gene matches at least one allele of the individual in whom the identical expanded CDR3 is detected. Empty bars – the number of

matched TCRs after random shuffling of the annotated TCRs with respect to their HLA restriction (***p < 0.0001, Fisher’s exact test).

(E) A circus plot showing distribution of the annotated expanded TCRs in the cohort, and the metadata associated with each TCR. Each segment is a unique

CDR3. Each circle is a different individual. Dark green segments correspond to an annotated expanded TCR. The inner circles show which CDR3 are alpha or

beta; which CDR3 are derived from CD4 or CD8 T cells; the restricting HLA allele for each CDR3; the target antigen recognized by the annotated TCR; and

the source of the CDR3.

(F) A graph representation of the TCR alpha and beta sequence similarity. Each node is a CDR3 sequence, and edges connect all nodes with a string kernel

similarity index of greater than 0.76 For TCRalpha and 0.72 TCRbeta. Each individual is shown in a different color. Only clusters of three or more connected

nodes are shown.
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A number of expanded TCRs (including some expanded annotated TCRs, Figure 2D) were found in more

than one individual. Since TCRs with similar CDR3 sequence often recognize the same antigen24–26 we

looked for sharing of similar, as well as identical expanded TCRs between individuals. Similarity was

measured using a triplet kernel as described previously27 and in M&M. We observed that a substantial pro-

portion of the expanded TCRs formed inter-individual clusters of similar sequence, indicating that similar

TCRs were frequently expanded in different individuals following SARS-COV-2 infection (Figure 2F). The

proportion of control (non-expanded) TCRs forming clusters was much less (Figure S10). Some of the clus-

tered expanded TCR sequences were also functionally annotated, and where more than one annotated

TCR was found within a cluster, the target antigen was generally the same (Figure S11).

Taken together, the data presented in Figure 2 support the hypothesis that the early wave of expanding

TCRs which follow infection with SARS-COV-2 represent a set of virus specific TCRs, many of which share

similar or identical sequences in different individuals.

Expanding TCRs associated with SARS-COV-2 infection are abundant in healthy pre-

pandemic repertoires

The peak in TCR expansion observed around the time of PCR+ virus detection suggests a very rapid T cell

response. We explored the possibility that the rapid expansion of TCRs arises from sequences which are

present at higher than average frequency in the pre-infection repertoire. We developed a statistical frame-

work to address this hypothesis using a large set of published PBMC repertoires (Figure 3A).

We determined the proportion of repertoires from a cohort of 786 individuals collected and sequenced

pre-SARS-Cov-2 (referred to here as the Emerson dataset),28 which contain each of the expanded CDR3

sequences (associated with the same V gene) as those defined in our study. Since each repertoire from

the Emerson set contains only a small sample of the total repertoire in each individual (on average

1.8*105 sequences per sample), the inter-individual sharing must reflect a high abundancy of the shared

TCR in the sample. The average abundance of the TCR in the repertoire can be estimated for all those

TCRs which are seen at least twice in the Emerson dataset using the Poisson probability distribution. Spe-

cifically, the proportion of the individuals which do NOT contain a particular sequence (p(X = 0)) is given by

p ðX = 0Þ = eð�mÞ (Equation 1)

where m is the average number of times a TCR is observed in a sample. The average number of TCRs

sequenced per sample in the Emerson data is 1.8*105. Therefore the frequency of the TCR in the repertoire,

in TCRs/million can be estimated by

f =
� log

�
pðX = 0Þ� � 106

1:8�105
(Equation 2)

As shown in Figure 3B the proportion of these SARS-COV-2 naive individuals in whom we found each of the

SARS-COV-2 expanded TCR is much greater than for non-expanded TCRs from the same repertoires. 2648

(52%) of the 5139 unique TCR beta expanded sequences (the Emerson data is restricted to beta sequences)

were observed two or more times in the Emerson dataset. The estimated frequency distribution of these

expanded TCRs estimated using Equation 2 is plotted in Figure 3C, and compared to non-expanded

TCRs. The mean frequency of the expanded set is 1.8 per million, over a thousand times higher than 1 per

109, which as discussed above is the estimated frequency of individual TCR sequences in the naive repertoire.

We further investigated whether the expanding TCRs could be sub-divided further based on whether they

peaked at week 0/1 or week 4 (see Figure S13A). However, there was no clear cut distinction between these

two sets of TCRs (Figures 3Band4C), perhapsbecauseof the small numberof TCRs in the 4weeks set.Wenote

that we did notmatchCDR3s in our data and those in Emerson for HLA type, sincewedid not know the correct

HLA restrictionof each TCR,which adds further noise to the analysis. Individual CDR3s canbe characterizedby

their probability of generation29 by somatic recombination. We calculated the probability of generation of

each expanded TCR using the OLGA algorithm.30 As predicted by their increased frequency in the Emerson

data, the expanded TCRs had higher probabilities of generation than a random set of TCRs (Figure S12).

Expanded TCRs in infected hosts cannot be explained by cross-reactivity to other

coronaviruses

We have previously demonstrated that human TCR repertoire has a very broad range of TCR frequencies.31

High-frequency precursor T cells could therefore arise either because they arise from naive T cells with a

ll
OPEN ACCESS

6 iScience 26, 106937, June 16, 2023

iScience
Article



higher than average frequency or due to cross-reaction.9,32 The samples were collected during the first

wave of SARS-COV-2 in the UK, and the response could not therefore be attributed to pre-existingmemory

responses against SARS-COV-2. We therefore explored the hypothesis that the early wave of TCRs repre-

sented a restimulation of cross-reactive memory cells present as a result of exposure to common circulating

human coronaviruses (hCoVs). In order to test this hypothesis, we analyzed the 65 peptide epitopes which

were recognized by the 141 TCRs which were functionally annotated as SARS-COV-2 specific and were also

identified as early expanders in our dataset (as detailed in Figure 2). The similarity between these peptide

epitopes and the homologous sequences from the major strains of circulating hCoVs is shown in Figure 4A.

In general, with the exception of one NSP12 (polymerase) epitope, the SARS-COV-2 sequences in the

hCoVs showed substantial differences from their homologous sequences in SARS-COV-2, making it un-

likely that the TCRs specific for these sequences would recognize the equivalent peptide from the circu-

lating hCoVs. We cannot, however, exclude the possibility of cross-reactivity with some other unrelated

and unidentified pathogen.9,32 In contrast, the epitopes recognized by these early annotated TCRs showed

extremely high homology between the different variants of SARS-COV-2 (Figure 4B). Within spike protein,

for example, the early T cell epitopes were distinct from the mutations which are known to affect antibody

recognition (Figure S13).33 This analysis does not in any way preclude the existence of T cells which cross-

react between SARS-COV-2 and circulating hCoVs as suggested in other studies.9,34 Rather, the analysis

argues that the observed rapid expansion of SARS-COV-2-specific TCRs can occur even in the absence

of any such cross-reaction.

Figure 3. Expanding TCRs associated with SARS-COV-2 infection are abundant in healthy pre-pandemic

repertoires

(A) Schematic of statistical inference of TCR frequencies from abundance data in pre-pandemic repertoires. m is themean

number of times a particular TCR is present in a given sample, given that that TCR is NOT detected in a proportion P of the

786 pre-pandemic repertoires examined. The estimated frequency is given by m/N, where N is the average number of

TCRs sequenced in each sample.

(B) Sharing of expanded TCRbeta or non-expanded control TCRs across the 786 repertoires of the Emerson dataset,

collected and sequenced several years before the SARS-CoV-2 pandemic. The x axis shows the number of individuals

each TCR is observed in. The y axis shows the proportion of the expanded TCRs with a given sharing level. The expanded

set is shown both as a whole, as well as split into early and late, as defined in Figure S13.

(C) The estimated frequency distribution of the 2648 expanded TCR beta sequences, and a same size set of non-

expanded TCRs which are found in 2 or more individuals of the Emerson dataset. The frequency of each expanded TCR

was estimated using Equation 2, as discussed in the text. TCR which were found once or zero times in the Emerson data

were assigned a frequency of <10�6and are represented by the column closest to the y axis.
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High-frequency LCMV specific TCRs in the naive repertoire

The number of viable cells collected at early timepoints of the COVIDSortium study limited the types of anal-

ysis we could carry out, and hence the ability to fully investigate the alternative hypothesis that the expanding

TCRs we identified were derived from large pre-existing T cell clones in the naive repertoire. However, we

reasoned that the phenomenon we observed for SARS-COV-2 might be common to other viral infections,

andmight reflect fundamental features of the naive T cell repertoire.We therefore examined the abundances

of TCRs fromC57BL/6miceexposed to LCMV.Thismodel hasbeen studiedextensively, and several dominant

and sub-dominant epitopes have been described.35–37 We harvested spleens from mice at day 8 and day 40

post-infectionwith salineor LCMV. In contrast to the SARS-COV-2 data, wedid not have to rely ondynamics to

identify virus specific T cells. Instead we directly isolated antigen-specific T cells by sorting with fluorescent

MHC tetramers bound to four well-described LCMV epitopes: GP66, GP92, NP205, and NP396. An aliquot

of spleen cells from each animal was separately fractionated into naive (CD62L+, CD44�), central memory

(CD62+, CD44�) and effector (CD62�, CD44+) phenotype as described in STAR Methods. We sequenced

the TCR repertoire of each antigen-specific and non-specific sample, and then searched for antigen-specific

TCR (tetramer-bound) sequences in the repertoire of the bulk naive and effector populations (Figure 5A).

There was a strong enhancement in the abundance of epitope-specific TCRs in the effector compartment

of LCMV infected mice, especially at day 8 postinfection, compared to saline injected mice (Figure 5B). In

contrast, althoughmany epitope-specific TCRs were detected in the naive repertories, their abundance did

not change between infected and PBS treated mice. Thus detection of epitope-specific TCRs in the naive

repertories is unlikely to arise from contamination during the fractionation step.

We then examined the frequency distribution of the epitope-specific TCRs in the naive repertoires (Fig-

ure 5C). To evaluate the difference between TCRs that expand early (which might have higher precursor fre-

quency) and TCRs which expand later, we classified the TCRs as day 8 (already detected in the bulk

sequencing at day 8) or day 40 (not yet detected in bulk sequencing at day 8, but detected at day 40, Fig-

ure S14A). As shown in Figure 5C, in 3 out of 4 epitopes the early rising antigen-specific TCRs were enriched

Figure 4. Expanded TCRs in infected hosts cannot be explained by cross-reactivity to other coronaviruses

(A) Circulating coronaviruses.

(B) Different strains of SARS-COV-2. Each column is a functionally defined T cell epitope of SARS-COV-2 which is

recognized by a TCR whose sequence is found among the set of TCRs expanding following infection with the virus (as

defined in Figure 1). The degree of homology is shown by color coding.
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for high-abundance CDR3s, compared to the antigen-specific CDRs which arose at a later time point, or to a

random sample of TCRs from the non-antigen-specific repertoires (compare top four rows to bottom row).

Because we used a quantitative TCR sequencing protocol, we were able to estimate frequency by two

orthogonal methods. In the left column, we show the frequencies estimated using the Poisson sampling

approach which we developed for the SARS-COV-2 data above. In brief, we determined the proportion of

naive repertoires in which we detected each TCR, and then used Equation 2 to infer its frequency in the reper-

toire. Because we only had data from 10 mice, the granularity of this approach in this case was limited. In a

second approach (right panels), we measured the average frequency of each TCR directly (counts/total num-

ber of TCR in sample), and then averaged the frequencies overall 10 mice. TCRs not detected were assigned

a frequency less than 10�6 in both methods. Both methods of frequency estimation gave very similar results

(Figure S14B), providing additional confidence in the statistical approach used for SARS-COV-2. The early

(day 8) TCRs also showed a higher generation probability distribution30 than the late TCRs, consistent with

their detection more often in naive repertoires (Figure S14C). Overall, these results suggest that high-fre-

quency TCRs specific for LCMV exist in the naive repertoire prior to LCMV exposure.

DISCUSSION

The high prevalence and high degree of synchrony of the first wave of the SARS-COV-2 pandemic in the UK

offered a rare opportunity to study the early dynamics of the T cell receptor repertoire following exposure

to a natural novel viral infection. We identified a small number of TCRs which showed statistically significant

Figure 5. High-frequency LCMV specific TCRs in the naı̈ve repertoire

(A) A schematic of the experimental design. Mice were injected with PBS or LCMV and spleen T cells harvested at day 8

and day 40 post-infection. Epitope-specific T cells were isolated using specific tetramer sorting, and different

subpopulations of bulk T cells were fractionated by a combination of FACS sorting and magnetic bead/antibody sorting.

Both sets of T cells were processed for TCR sequencing and the overlap between the populations analyzed.

(B) Total abundance of epitope-specific TCRs in the naive (purple) or effector (green) TCR repertoires in individual mice.

The abundance of all four epitopes was larger in the effector population in the day 8 infected group, than in the PBS group

(*p < 0.001, Mann Whitney test). All other pairwise comparisons were not significant.

(C) Distribution histogram of frequency of epitope-specific and control TCRs, estimated using either the statistical

Poisson framework as in Figure 3 (left panels), or directly from TCR abundance data (right panels). Epitope-specific CDRs

are split into CDRs that come up early (day 8, orange) and CDRs that come up later (day 40, cyan). The left column includes

all epitope TCR which were not found within the bulk naive population, and were assigned a frequency of less than 10�6.
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changes in abundance within the first five weeks of our study, reasoning that viral exposure would lead to

T cell clonal expansion and subsequent contraction. The set of TCRs identified in this way created a rapid

transient wave of expansion, which peaked at or shortly after the first PCR+ SARS-COV-2 test. The number

of expanded TCRs varied between individuals within a range of 18–912, and constituted only a very small

fraction (1–2%) of the repertoire, consistent with the small proportion of activated T cells observed in blood

using epitope-specific tetramers or peptide specific T cell cytokine production.38,39

The identification of the responding TCRs was unbiased and based on dynamics alone. The wave of expan-

sion was not observed in PCR- controls, consistent with a SARS-COV-2 specific response. However, the

rapid expansion of TCRs might arise from cytokine-driven antigen non-specific as well as antigen-specific

clonal expansion. Access to a number of large sets of CDR3s annotated as SARS-COV-2 specific, as well as

similar sets annotated for CMV and EBV specificity by functional assays allowed us to interrogate the ex-

panding set for antigen specificity. The expanded set of CDR3s were enriched for SARS-COV-2 specific an-

notated TCRs, although we cannot rule out that some bystander activation of other memory cells may

occur. The annotated CDR3s observed in our dataset shared V gene usage with the V gene of the corre-

sponding annotated TCRs. Furthermore, most expanded annotated TCRs were found in individuals ex-

pressing the same HLA allele as the reported restriction element of the annotated TCR. Both these obser-

vations build confidence in the functional annotation of the expanded TCRs as specific for SARS-COV-2.

The very early detection of highly expanded T cell clonotypes suggests the T cell precursors were present at

high frequencies even before exposure to SARS-COV-2. In support of this hypothesis we were able to

detect many of the expanded CDR3 sequences of the expanded TCRs in a significant proportion of pre-

pandemic repertoires. We reasoned that TCRs which are present in many individuals (the public repertoire)

must be present at high frequency in order to be observed in the small sample of blood which is typically

sequenced. For example, in the Emerson dataset of 786 repertoires collected and sequenced several years

before the SARS-COV-2 pandemic, an average 100,000 TCR sequences are sequenced for each individual,

out of an estimated total number of 1011 -1012.40 We were therefore able to estimate the underlying fre-

quency distribution of the 2648 expanded CDR3 TCRbeta sequences which we observed in two or more

of the Emerson repertoires. As we predicted, the observed frequency distribution of these TCRs was be-

tween 10�7 and 10�5, with an average frequency of 1.8 * 10�6. At least 50% of the TCRs which expanded

therefore had high precursor frequency in pre-COVID repertoires of healthy individuals. Rapid T cell re-

sponses to live viral vaccines, which act as a good model of acute viral infection, have been reported pre-

viously41,42 and similar analysis of the TCR sequences expanded in these studies may further extend the

generality of this phenomenon.

We considered two possible hypotheses to explain the presence of high precursor frequency SARS-COV-2

specific T cells in the pre-pandemic repertoire. The first hypothesis is that these TCRs are present on cross-

reactive memory T cells specific for homologous epitopes on circulating human coronaviruses. Similar

cross-reactive T cells, especially directed at the conserved polymerase, have recently been described

and may explain ‘‘abortive’’ infections with SARS-COV-2.9 However, an analysis of the epitopes recognized

by the annotated early expanding TCRs identified in this study (which are predominantly directed at struc-

tural proteins) showed little conservation between SARS-COV-2 and the main circulating human coronavi-

ruses (Figure 4). This suggests that the early responding T cells we document in this study do not arise from

the main circulating human coronaviruses. We cannot, however, rule out the possibility that these T cells

arise from pre-existing memory T cells cross-reactive for other unknown pathogens. The epitopes recog-

nized by the early expanding T cells were highly conserved (in most cases identical) between all different

strains of SARS-COV-2. There is no evidence, therefore, that evolution has driven escape mutations within

this set of T cell epitopes, similar to that seen for antibody. An important limitation of our study, however, is

that the range of disease severity was very limited, and largely restricted to mild or asymptomatic disease.

The potential role of early expanding T cells in limiting viral growth and hence pathology43 cannot be inves-

tigated in this study, since all the infected HCW only developed mild disease.

The second hypothesis we explore is that the early SARS-COV-2-specific T cell response we observe can be

attributed to TCRs present at high precursor frequency in the naive compartment. Recent estimates sug-

gest that the naive repertoire may comprise 108- 109 different TCRs,44 but the frequency distribution is very

broad with some TCRs present as high as 1 in 104.31 Several factors may drive differential frequency of

different T cell receptors in the circulation, although the mechanisms remain incompletely understood.
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We could not measure the frequency of individual TCRs in the pre-infection naive repertoires of the HCW

from this cohort since we did not have sufficient stored PBMC to sort and sequence the naive compartment

prior to infection.

We reasoned that the phenomenon of rapidly responding high-frequency T cells in the naive repertoire

might be a more general feature of the T cell adaptive immune system. We therefore investigated one

of the classical most well studied models of virus infection, LCMV.45 We isolated epitope-specific T cells

expanding very early after infection (day 8) and searched for TCRs with identical CDR3s in the naive, as

well as effector repertoires of both immunized and unimmunized mice. The results we obtained were

very similar to those we had observed with SARS-COV-2, but in this case we were able to directly test

our principal hypothesis that T cells with high endogenous frequency are present within the naive compart-

ment, and contribute significantly to the early wave of T cell responses following infection. Moreover, we

could detect a difference in the distribution of frequency in the naive repertoire between cells that arise

early and cells that are detected later in the infection, further supporting our hypothesis that early expand-

ing cells have higher precursor frequencies in the naive compartment.

Our study raises the intriguing possibility that the human immune system contains a population of high-fre-

quency precursor T cells which can provide a very rapid response to viral infections. These rapid responses

do not require cross-reaction with circulating human coronaviruses, but are associated with pre-existing

high-frequency precursors. Further studies will be required to determine whether these are high-frequency

naive T cells, or represent random cross-reactivity of the memory pool. The ability to stimulate this rapid

response may be an important factor in designing future vaccines to limit the growth and hence pathogen-

esis of respiratory viral infections.

Limitations of the study

The design of the COVIDsortium study imposed some limitations. The protocol of the study, which was set

up as rapidly as possible to capture the first wave of the SARS-COV-2 pandemic in the UK, did not incorpo-

rate collection of sufficient number of viable cells at the early time points to carry out functional antigen-spe-

cific assays. Although we did not observe a wave of early TCR expansion/contraction in PCR-seronegative

individuals, we cannot therefore exclude that some of the expanding TCRs were bystander or cross-reactive

memory cells to other antigens. Furthermore, as discussed above, the same limitations on numbers of

stored cells did not allow us to test directly our principal hypothesis that the early expanding TCRs arose

from high frequency pre-exposure naive T cell clones.

A second limitation was that the HLA restriction of most of the expanding and contracting TCRs is unknown.

The comparison with the pre-pandemic repertoires is therefore carried out without reference to HLA, which

may limit the interpretation.

Finally the range of disease severity in this cohort was very limited, and largely restricted to mild or asymp-

tomatic disease. The potential role of early expanding T cells in limiting viral growth, and hence pathology

cannot be investigated in this study, since all the infected HCW only developed mild disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Percp/cy5.5 CD4 mouse Biolegend Cat# 100433; RRID: AB_893330

Percp/cy5.5 CD8 mouse Biolegend Cat# 100733;RRID: AB_2075239

PE CD3 mouse Biolegend Cat# 100205;RRID: AB_312662

APC CD62L mouse Biolegend Cat# 104411;RRID: AB_313098

FITC CD44 mouse Biolegend Cat# 103005;RRID: AB_312956

Bacterial and virus strains

LCMV Armstrong

Chemicals, peptides, and recombinant proteins

H-2D(b) LCMV NP 396-404 FQPQNGQFI NIH Tetramer Core Facility

H-2K(b) LCMV NP 205-212 YTVKYPNL NIH Tetramer Core Facility

H-2D(b) LCMV GP92-101 CSANNSHHYI NIH Tetramer Core Facility

H-2A(b) LCMV GP66–77 DIYKGVYQFKSV NIH Tetramer Core Facility

Critical commercial assays

Pan T Cell Isolation Kit II, mouse Miltenyi Biotec Cat #130-095-130

CD3ε MicroBead Kit, mouse Miltenyi Biotec Cat #: 130-094-973

CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat #: 130-104-454

CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat #: 130-104-07

SMARTer TCR a/b Profiling Kit, human Takara Cat. # 634478

Deposited data

COVIDsortium TCR sequencing data This paper SRA:PRJNA718557

LCMV mouse model TCR sequencing data This paper SRA:PRJNA771880, PRJNA954849

Emerson et al.28 pre-pandemic TCR beta

sequences from healthy volunteer

immuneACCESS https://doi.org/10.21417/B7001Z

Experimental models: Organisms/strains

Mouse: 5 weeks old (Envigo) C57BL6 female Jackson Laboratories Strain #:000664

Software and algorithms

Decombinator software v4.2 Oakes et al. 201746;

Uddin et al., 201947;

Peacock et at, 202148

https://github.com/innate2adaptive/Decombinator

R v4.2.2 R Core Team, 202149 https://www.R-project.org/

BLASTp v2.11.0 Sawyers et al., 202250 https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins

Other

Custom scripts to reproduce analyses described This paper https://github.com/innate2adaptive/CovidsortiumTCRExpanded/

Custom scripts to perform the homology

mapping of SARS-CoV-2 epitopes

This paper https://github.com/cednotsed/early_tcell_x-reactivity.git

Clinical Trial - COVIDsortium NCT04318314 ClinicalTrials.gov
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Prof Benny Chain (b.chain@ucl.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The COVIDsortium TCR sequencing data have been deposited at NCBI Sequence Read Archive (https://

www.ncbi.nlm.nih.gov/sra) and mouse TCR sequencing data have been deposited at Sequence Read

Archive) and are publicly available under project accession number SRA:PRJNA718557. All other data

are available in the main text or the supplemental information.

d All code for analysis and generating individual figure panels are available on GitHub, and links to the re-

positories are provided in the key resources table.

d Any additional information required to reanalyse the data reported in this paper is available from the

lead contact upon request. Requests will be responded to within 4 weeks of receipt.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

COVIDsortium healthcare study cohort

Healthcare workers were recruited at St Bartholomew’s Hospital, London, UK in the week of lockdown in

the United Kingdom (between 23rd and 31st March 2020).3 Participants underwent weekly evaluation using

a questionnaire and biological sample collection (including serological assays) for up to 16 weeks when fit

to attend work at each visit, with further follow up samples collected at 6 months. Participants with available

blood RNA samples who had PCR-confirmed SARS-CoV-2 infection (Roche cobas diagnostic test platform)

at any time point were included as ‘cases’. A subset of consecutively recruited participants without evi-

dence of SARS-CoV-2 infection on nasopharyngeal swabs and who remained seronegative by both Euro-

immun antiS1 spike protein and Roche anti-nucleocapsid protein throughout follow-up were included as

uninfected controls.

Ethical approval

The COVIDsortium study was approved by a UK Research Ethics Committee (South Central - Oxford A

Research Ethics Committee, reference 20/SC/0149). All participants provided written informed consent.

The animal studies were performed according to regulations formulated by The Weizmann Institute’s

Animal Care and Use Committee.

COVIDsortium study design

We undertook a case control study nested within our COVIDsortium health care worker cohort. Participant

screening, study design, sample collection, and sample processing have been described in detail previ-

ously3,39 and the study is registered at ClinicalTrials.gov (NCT04318314). Briefly, healthcare workers were

recruited at St Bartholomew’s Hospital, London, UK in the first week of lockdown in the United Kingdom

(between 23rd and 31st March 2020). In London, the case-doubling time in March, 2020 was approximately

3–4 days. The number of nasal swabs testing positive for SARS-CoV-2 in our study peaked at March 23rd to

31st, 2020 suggesting that infections peaked on or around March 23rd, 2020, the day of UK lockdown. We

thus observed approximately synchronous infections coincident with the peak epidemic transmission in

London at the start of the study, UK lockdown on March 23rd and therefore used this as the benchmark

starting point for our analysis in the first wave. Participants underwent weekly evaluation using a question-

naire and biological sample collection (including serological assays) for up to 16 weeks when fit to attend

work at each visit, with further follow up samples collected at 6 months.

Participants with available blood RNA samples who had PCR-confirmed SARS-CoV-2 infection (Roche

cobas� diagnostic test platform) at any time point were included as ‘cases’. Six participants without evi-

dence of SARS-CoV-2 infection on nasopharyngeal swabs and who remained seronegative by both
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Euroimmun anti-S1 spike protein and Roche anti-nucleocapsid protein throughout follow-up were

included as uninfected controls.

Further demographic details of the cohort are found in Figure S2.

LCMV mouse models

LCMV infections

Seven 5 weeks old (Envigo) C57BL/6 female mice were injected intraperitoneally with 2 x 105 units plaque

forming units of the Armstrong LCMV strain. Mice were sacrificed after 8 or 40 days of infection, and spleens

were collected. An additional 3 mice were injected with saline and sacrificed on day 8. All mice were main-

tained in specific pathogen-free conditions.

METHOD DETAILS

Genotyping

Samples were genotyped using Illumina Infinium Global Screening Array-24v1+MD.51 Quality control and

filtering was carried out in PLINK v1.90b6.1252 For each sample HLA alleles A, B, C, DQA1, DQB1, DPB1 and

DRB1 were imputed using the HLA Genotype Imputation with Attribute Bagging (HIBAG) v1.24.0 package

in R v4.0.1.53 The publicly available HLARES and HapMap Phase 2 datasets, genotyped using the same

array as the input data, were used as reference for the imputation. Imputation accuracy was increased

by inclusion of ethnicity-specific reference panels.

T cell receptor sequencing

The a and b chains of the TCR repertoire were sequenced from all time points for which RNA was available

within the first 4 weeks of the study for all participants who were PCR+ at any time point, and for six

randomly selected individuals who remained PCR and seronegative throughout the study. The pipeline in-

troduces unique molecular identifiers attached to individual cDNA molecules using single-stranded DNA

ligation The UMI allows correction for sequencing error PCR bias, and provides a quantitative and repro-

ducible method of library preparation.46–48

T cell cloning and single cell TCR sequencingTCR sequences of SARS-CoV-2 specific T cells were obtained

as previously described.23 In brief, antigen-specific CD4+ and CD8+T cells were stained with peptide-MHC

class I pentamer and peptide-MHC class II tetramer, respectively, and were then sorted by flow cytometry

for single cell RNASeq. T cell receptor sequences of each single cell were reconstructed from Smartseq2

scRNA-seq FASTQ files using MiXCR v.3.0.13,54 or extracted from 10x VDJ sequencing using cellranger

vdj (Cellranger). Deep sequencing of TCR repertories of T cell clones was carried out using a SMARTer hu-

man TCR a/b profiling Kit (Takara) following the supplier’s instructions..

In order to assess the sensitivity of the SARS-CoV-2 specific T cells, SARS-CoV-2 specific T cell clones were

generated by limiting dilution, as previously described.23 T cell clones were then co-cultured with target

cells loaded with peptide at titrated concentration. Cytokine production of each T cell clone was then as-

sessed by IFN-gamma ELISpot or intracellular cytokine staining. EC50 of the T cells were then calculated by

Prism using nonlinear regression with variable slope. T cell clones with lower EC50 are more sensitive to

antigen stimulation.

Mouse T cell isolation

Spleens were dissociated with a syringe plunger and single cell suspensions treated with ammonium-chlo-

ride potassium lysis buffer to remove erythrocytes. Bonemarrows were extracted from the femur and tibiae

of the mice and washed with PBS. Samples were loaded onMACS column (Miltenyi Biotec) and T cells were

isolated according to manufacturer’s protocol. Bone marrows cells were purified with CD3+ T isolated kit

(CD3εMicro-Bead Kit, mouse, 130-094-973, Miltenyi Biotec). Splenic CD4+ and CD8+ cells were purified in

two steps: (1) CD4+ positive selection (CD4+ T Cell Isolation Kit, mouse, 130-104-454, Miltenyi) (2) the nega-

tive cell fractions were further selected for the CD8+ positive cells (CD8a+ T Cell Isolation Kit, mouse,

130-104-07, Miltenyi Biotec). For the tetramer binding reaction, we pooled splenocytes from previously in-

fected mice (5 mice after 8 days of infection) and purified their T cells using the T cell isolation kit (Pan T Cell

Isolation Kit II, mouse, 130-095-130, Miltenyi Biotec).
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Mouse flow cytometry analysis and cell sorting

The following fluorochrome-labeled mouse antibodies were used according to the manufacturers’ proto-

cols: Percp/cy5.5 CD4 100433, PerCP/cy5.5 CD8, PE CD3, APC CD62L, FITC or PE/cy7 anti- CD44 (Bio-

legend). Cells were sorted on a SORP-FACS-AriaII and analyzed using FACSDiva (BD Biosciences) and

FlowJo (Tree Star) software.55 Sorted cells were centrifuged (450g for 10 minutes) prior to RNA extraction.

LCMV-tetramer staining and FACS sorting

Four monomers (NIH Tetramer Core Facility) with different LCMV epitopes were used: MHCI- NP396-

404(H-2Db), MHCI- NP205-212(H-2Kb), MHCI- GP92-101 (H-2Db) and MHCII-GP66–77(H-2Ab). Tetramers

were constructed by binding biotinylated monomers with PE/APC – conjugated- streptavidin (according

to the NIH protocol). Purified T cells were stained with FITC anti-CD4 and PE anti-CD8 followed by tetramer

staining (two tetramers together), for 30 min at room temperature (0.6ug/ml). CD8+ or CD8+ epitope-spe-

cific cells were sorted from single-positive gates for one type of tetramer (Figure S15).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis in the paper was carried out in R v4.2.2.56 Where relevant, exact details of statistical

tests are provided in the figure legend.

Identification of expanded TCRs

Expanded TCRs were defined as any TCR which changed significantly between any two time points. The

significance boundaries (shown as blue dotted lines in Figure 1A) were defined as the maximum TCR abun-

dance which might be observed at time 2, given its abundance at time 1, given Poisson distribution of

counts with p < 0.0001, to give a False Discovery Rate of <1 in 1000. TCR abundances are normalized for

total number of TCRs sequenced in each sample, and expressed as counts/million. MAIT TCRs were

defined as any TCR alpha containing TRAV1-2 paired with TRAJ12, TRAJ20 or TRAJ33. iNKT TCRs were

defined as TCRs containing TRAV10 paired with TRAJ18.

TCR clustering

The pairwise distance between expanded or control CDR3 sequences was measured by measuring the

number of shared triplet amino acid motifs between the two CDR3s, and normalizing by the length of

the CDR3 to give a similarity metric between 1 (identity) and zero (no sharing). The analysis was done using

the stringdot and kernelMatrix functions in the kernlab package V0.9-31. The similarity matrix was plotted

as a graph (layout format fruchterman-reingold), using the package igraph version 1.2.857 implemented in

R. Each CDR3 is represented as a node, and nodes are connected by an edge if the triplet similarity is

greater than a given threshold. The thresholds used for clustering were 0.76 for CDR3a and 0.72 for

CDR3b, to give a FDR in similar size control sets of 1 in 10,000.

Emerson data set

The Emerson dataset was downloaded from the link provided in.28 We used all 786 samples (cohort and

control), and computed for each CDR3 its sharing level in the cohort. The sharing level of an amino acid

CDR3 sequence is defined by the number of repertoires in the cohort that contain the given CDR3.

Homology mapping of SARS-COV-2 epitopes

We used blastp from BLAST+ v2.11.050 to compute the sequence homology of the 59 unique epitope

sequences against a database of protein sequences derived from all seven species of existing human-

associated coronaviruses (HCoVs). We used the same parameters as our previous study, which are opti-

mized for short query sequences.58 Briefly, -task, -qcov_hsp_perc, -num_alignments, -evalue were set to

blastp-short, 99, 109 and 2 3 109, respectively.

To construct the blastp database, we retrieved all genome records for HCoV-NL63 (taxid:277944; n = 71),

HCoV-229E (taxid:11137; n = 41), HCoV-HKU1 (taxid:290028; n = 33) and HCoV-OC43 (taxid:31631; n = 206)

on NCBI Virus. Only accessions for genomes isolated from human hosts and flagged as ‘complete’ were

retained. Protein sequences for all accessions were downloaded using the online Batch Entrez utility

(https://www.ncbi.nlm.nih.gov/sites/batchentrez). Separately, we retrieved the WIV01 reference and a

random sample of 50 genomes for each existing variant of concern (VoC): Alpha, Beta, Gamma, Delta,
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and Omicron from the 15th June Audacity release on GISAID.59,60 Protein annotations of WIV01 were ob-

tained from GenBank (accession: NC_045512.2) and used to obtain protein sequence annotations from the

SARS-CoV-2 genomes. To do so, we aligned the SARS-CoV-2 genomes against WIV01 using the Augur

v14.0.04 wrapper for MAFFT v7.490.61,62 Protein sequences were translated from the aligned SARS-

CoV-2 genomes using the trans function as part of the Ape v5.6.2 package in R.63 All public databases

were accessed on 20th June 2022.

ADDITIONAL RESOURCES

Full COVIDsortium details: https://clinicaltrials.gov/ct2/show/NCT04318314?term=NCT04318314&draw=

2&rank=1

The Decombinator software used for analysis of TCRsequencing data is freely available at: https://github.

com/innate2adaptive/Decombinator.

All scripts needed to reproduce the analysis in the paper are freely available at: https://github.com/

innate2adaptive/CovidsortiumTCRExpanded.
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