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The T cell receptor is generated by a process of random and imprecise somatic recombination. The number of possible T cell receptors which this process can produce is enormous, greatly exceeding the number of T cells in an individual. Thus, the likelihood of identical TCRs being observed in multiple individuals (public TCRs) might be expected to be very low. Nevertheless such public TCRs have often been reported. In this study we explore the extent of TCR publicity in the context of acute resolving Lymphocytic choriomeningitis virus (LCMV) infection in mice. We show that the repertoire of effector T cells following LCMV infection contains a population of highly shared TCR sequences. This subset of TCRs has a distribution of naive precursor frequencies, generation probabilities, and physico-chemical CDR3 properties which lie between those of classic public TCRs, which are observed in uninfected repertoires, and the dominant private TCR repertoire. We have named this set of sequences “hidden public” TCRs, since they are only revealed following infection. A similar repertoire of hidden public TCRs can be observed in humans after a first exposure to SARS-COV-2. The presence of hidden public TCRs which rapidly expand following viral infection may therefore be a general feature of adaptive immunity, identifying an additional level of inter-individual sharing in the TCR repertoire which may form an important component of the effector and memory response.




Keywords: TCR - T cell receptor, LCMV (lymphocytic choriomeningitis virus), epitope-specific T cell, effector T cells, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 




1 Introduction

T cell receptor (TCR) antigen recognition is a key step in cellular immunity. The ability to recognize a wide range of different pathogens depends on the huge αβ TCR repertoire diversity generated by the stochastic and imprecise recombination of variable, diversity and joining (VDJ) genes (1). The estimated number of possible TCRs which could be generated has been estimated as greater than 1014 (2), exceeding by many orders of magnitude the number of T cells in the human body. Nevertheless, TCR sequences shared between many individuals, often referred to as public TCRs, have been reported in both human (3, 4); and mouse (5, 6). Although some public sequences have been annotated as specific to viral or bacterial antigens (7, 8), most studies have focused on repertoires from healthy individuals, and less is known about the balance between public and private TCRs in the context of acute infection.

Lymphocytic choriomeningitis virus (LCMV) offers an excellent and well-described model in which to study the TCR repertoire associated with acute infection. The Armstrong strain of LCMV is cleared by eight days post-infection, which corresponds to a strong expansion of CD4+ and CD8+ virus-specific T cells (9, 10). This is followed by a contraction phase, giving rise to a subset of long-lived memory T cells maintained by antigen-independent homeostatic proliferation (11). CD4+ memory T cells subsequently decline slowly, while the CD8+ memory population remains relatively stable (12). The magnitude of the CD8+ response is greater than the CD4+ response throughout the response (13). However, CD4+ T cells are essential for an optimum CD8+ memory response. For example, the TCR signal strength of anti-viral CD4+ LCMV specific T cells has been shown to be critical to memory differentiation during the primary response (14, 15).

In C57BL/6 mice infected with LCMV, both CD4+ and CD8+ T cell epitopes have been identified. These epitopes are derived from the viral glycoprotein (GP) or nucleoprotein (NP). Some regions of the viral antigens can stimulate both CD4+ and CD8+ T cells. For example, the GP 66-77 region is dually restricted by both MHC class I and II molecules (16). The immunodominance hierarchy of the epitopes has been characterized in some detail. At the peak of infection, the CD8+ T cell response is dominated by cells that recognize NP396-404, a peptide that binds with high affinity with both H-2Db and H-2Kb (17, 18), followed by the intermediate epitopes NP205-212 and GP92-101 (19).

In this study, we combine antigen-specific tetramer sorting with bulk TCR sequencing of different phenotypic populations of T cells to characterize the T cell receptor (TCR) repertoire at different phases of the LCMV response. We demonstrate that LCMV infection drives a convergent CD8+ effector response across mice, resulting in the detection of emerging shared (public) TCR CDR3 sequences whose publicity cannot be observed in the unimmunized repertoire. A similar phenomenon of emerging public CDR3s was observed in humans infected with SARS-COV-2. These “hidden” public TCRs reveal an under-appreciated level of constraint on the naive TCR repertoire, with important consequences for our understanding of the interaction between the T cell repertoire and viral infection.




2 Materials and methods



2.1 Animals

Female C57BL/6 mice at five weeks old (Envigo) were injected intravenously with 2X105 PFU of the Armstrong LCMV strain (20). Mice were collected after 8 or 40 days of infection. Healthy control mice were injected with PBS and collected eight days post-treatment. All animals were handled according to regulations formulated by The Weizmann Institute’s Animal Care and Use Committee and maintained in a pathogen-free environment.




2.2 SARS-COV-2 consortium and study design

We undertook a case control study nested within our COVID consortium healthcare worker cohort. Participant screening, study design, sample collection, and sample processing have been described in detail previously (21). Briefly, healthcare workers were recruited (between 23rd and 31st March 2020) and underwent weekly evaluation using a questionnaire and biological sample collection 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. A subset of consecutively recruited participants without evidence of SARS-COV-2 infection on nasopharyngeal swabs and who remained seronegative by both Euroimmun anti S1 spike protein and Roche anti-nucleocapsid protein throughout follow-up were included as uninfected controls.




2.3 Sample preparation and T cell isolation

Spleens were dissociated with a syringe plunger, and single-cell suspensions were treated with ammonium-chloride potassium lysis buffer to remove erythrocytes.

Bone marrow cells were extracted from mice femur and tibia bones and were purified with CD3+ T isolated kit (CD3ϵ MicroBead Kit, mouse, 130-094-973, Miltenyi Biotec). Splenic CD4+ and CD8+ cells were purified in two steps: (1) Selection of CD4+ cells (CD4+ T Cell Isolation Kit, mouse, 130-104-454, Miltenyi) (2) Unbound cells were purified for CD8+ cells (CD8a+ T Cell Isolation Kit, mouse, 130-104-07, Miltenyi Biotec). For the tetramers binding reaction, we pooled splenocytes from previously vaccinated mice (5 mice after 8 days post infection) and purified their T cells using the untouched isolation kit (Pan T Cell Isolation Kit II, mouse, 130-095-130, Miltenyi Biotec).




2.4 Flow cytometry analysis and cell sorting

The following fluorochrome-labeled mouse antibodies were used according to the manufacturers’ protocols: PB or Percp/cy5.5 anti -CD4, PB or PreCP/cy5.5 anti- CD8, PE or PE/cy7 anti- CD3, APC anti-CD62L, Fitc or PE/cy7 anti- CD44 (Biolegend). Cells were sorted on a SORP-FACS-AriaII and analyzed using FACSDiva (BD Biosciences) and FlowJo (Tree Star) software. Sorted cells were centrifuged (450g for 10 minutes) before RNA extraction.




2.5 LCMV -tetramers staining and Flow cytometry sorting

Four monomers (NIH Tetramer Core Facility) with different LCMV epitopes were used: MHCII -GP66–77(H-2Bb), MHCI- NP396-404(H-2Db), MHCI- NP205-212(H-2Kb), MHCI- GP92-101 (H-2Db). Tetramers were constructed via binding Biotinylated monomers to PE/APC – conjugated- streptavidin (according to the NIH protocol). Purified T cells were stained with FITC anti-CD4+ and PB anti-CD8+ and followed by tetramers staining (two tetramers together), for 30 min at room temperature (0.6ug/ml). CD4+ and CD8+ epitope-specific cells were sorted from single-positive gates for one type of tetramer. Using two tetramers together for staining provided a control for nonspecific binding, in addition to using cells collected from the unbinding population (SI Figure 1B).




2.6 Library preparation for TCR-sequencing

All libraries in this work were prepared according to the published method (22), with minor adaptations for mice and an in-house pipeline for pre-processing of the data. The pipeline introduces unique molecular identifiers attached to individual cDNA molecules, which allows correction for sequencing error PCR bias, and provides a quantitative and reproducible method of library preparation. Full details pre-processing pipeline are published (23).

We used sequences that were fully annotated (both V and J segments assigned), in-frame (i.e., they encode for a functional peptide without stop codons), and with copy number greater than one.




2.7 Analysis

All statistical analysis was performed using R Statistical Software (version 4.0.0). The Cosine similarity was computed with the package “coop” (version 0.6-3) (24). With the Olga tool (25) we computed the generation probability for each CDR3βAA sequence.

T cell repertoires were sub-sampled for equal size (n=1000 CDR3AAβ clones in spleen). CDR nucleotide sequences were replicated according to the UMI count number, and then randomly sampled. The average Renyi scores for each k (k = 0, 0.25, 0.5, 1, 2, 4) were calculated from 30 repeats of this random sampling.

The package “vegan” (version 2.5-7) (26) was used to project the Nonmetric Multidimensional Scaling (27) Epitope-specific TCRs were filtered based on: 1) top 1,000 sequences, and 2) absence in the unbinding-tetramer populations and across multiple epitope-specific types. Only the filtered TCRs were annotated to the to the bulk samples (SI Table 2).

The five amino acid motifs were computed for each CDR3AA by locating the center base and driving from it two additional amino acids from each direction. The amino acids motif sequences logo and charge were calculated with the packages “ggseqlogo” (28) and “Peptides” (29), respectively.

The probability of generation (pGen) for each CDR3AA β chain was commuted using the Olga package (25). The convergent recombination was inferred by counting the number of CDR nucleotide sequences matched V and J segments for each CDR3AA sequence.

SARS-COV-2 expanded TCRs were defined as any TCR which changed significantly between any two time points. The significance boundaries were defined as the maximum TCR abundance 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 the total number of TCRs sequenced in each sample and expressed as counts/million. From these maximal values at any time point, we calculated the expanded TCRβ frequency.




2.8 Data availability

All DNA sequences from young and adult mice have been submitted to the Sequence Read Archive under the identifier PRJNA954849. https://www.ncbi.nlm.nih.gov/sra/PRJNA954849.





3 Results



3.1 LCMV infection promotes clonal expansion within the CD8+ and CD4 + effector and CD8+ central memory repertoire

We sequenced the TCR repertoire of naive, central memory and effector memory CD4+ and CD8+ T cells from the spleen and bone marrow of three to four C57BL/6 mice at 8 - and 40-days post LCMV infection (summarized in Figure 1A). The library preparation incorporates molecular identifiers (UMI) for each cDNA molecule, which allows subsequent correction for PCR bias and sequencing error, allowing a robust and quantitative annotation of each sequence in terms of CDR3 sequence and frequency (22, 23, 30); About ~1.89 x106 annotated CDR3 nucleotide beta chains were obtained, including a varied number of sequences between compartments, tissues, and infection status (SI Table 1), which positively correlates with the number of sorted cells (SI Figure 1C). Our analysis focuses mainly on the amino acid sequence of the TCR beta complementarity determining region 3 (CDR3βAA), which is the most diverse region of the TCR molecule and is associated with antigen epitope recognition (1).




Figure 1 | LCMV infection promotes organized TCRβ clonal structure of T cell states, mainly in the expanded CD4+ and CD8+ compartments. (A) The experimental design: immunizations, T cell isolation, and TCR repertoire sequencing and analysis pipeline. (B) T cell effector repertoires increased clonal similarity during LCMV Infection. Cosine similarity between CDR3AAβ across tissues and mice in each T cell state (effector, central memory and naive) and condition (healthy vs. mice after 8- or 40-days post infection). Horizontal black lines show the mean. Significant differences between mice and tissues are denoted in asterisks (p-values: * < 0.01, ****<0.0001 Kruskal-Wallis test, fdr corrections). (C) Non-metric multidimensional scaling (NMDS) representation of similarity between repertoires of different compartments. Each dot represents a T cell state (effector, central memory, and naive in black, orange, and blue, respectively), class (CD4+ in circle, CD8+ in triangle) from a single healthy or LCMV-infected mouse. CDR3AAβs distances between mice, tissues, and compartments were calculated using the cosine similarity index and projected on a plane using NDMS. The grey ellipses on the NDMS panel were computed using the normal confidence ellipses.



The abundance distribution profile of the repertoires showed the presence of highly expanded TCRs in the spleen of both CD8+ and CD4+ effector, and in CD8+ central memory T cells 8 days following infection (9, 10). After 40 days of infection, clonal expansion could still be observed in the CD4+ effector, but not the CD8 central memory populations (SI Figure 1D). Clonal expansion following infection can also be captured more quantitatively by the set of Renyi diversities, which are shown in Supplementary Figure 1E.

Overall, the changes in TCR repertoire in memory and effector populations reflect the known rapid proliferative expansion of memory and effector T cells following infection, providing confidence in the quantitative output of the TCR sequencing pipeline.




3.2 Increased CDR3βAA sharing following LCMV infection

We were interested in the impact of infection on driving convergence (increased sharing) versus divergence (decreased TCR sharing) between repertoires. In order to quantify repertoire overlap, while incorporating TCR abundance, we used the pairwise cosine distance between the abundance vectors for each repertoire (see M&M in (23)) to create a matrix of similarities between all pairs of repertoires. We have previously shown that this measure is highly correlated to the Morisita overlap index. LCMV infection drives increased similarity (i.e. increased overlap) within CD4+ and CD8+ effector repertoires 8 days post-infection (peak response), which decreases towards baseline by day 40 (Figure 1B -right). No such effect was observed in naive or memory populations (Figure 1B -left). An alternative way to visualize the overall pairwise similarity matrix between all the repertoires is to display the matrix in two-dimensional space using multi-dimensional scaling (Figure 1C). While the PBS immunized mice show a disordered pattern, dominated by highly divergent effector distributions (perhaps reflecting the heterogeneous previous immunological history of each mouse), infection drove a strong pattern of repertoire convergence, with tight segregation between CD4+ and CD8+ repertoires, tightly clustered effector populations furthest away from naive populations and memory populations in between naive and effectors. This overall pattern was maintained at 40 days post-infection, reflecting long-term stable changes to the repertoire organization following infection.

To further validate whether these long-term repertoire organizational changes are driven by common TCRs, we used the same measurements described in Figures 1B, C to evaluate the clonal overlap in mice at different immune states (healthy vs. infected mice at day 8 vs. infected mice at day 40). Indeed, the clonal overlap was increased only in CD4+ and CD8+ effector T cells between day 8 and 40 post-infection and not in the other T cell states and between PBS and infected mice (Figures 2A, B). Thus, the repertoire organizational changes are driven at least in part by shared effectors TCRs detected upon infection.




Figure 2 | LCMV infection induces common long-lasting T cell effector clones. (A) Clonal similarity evaluation between infected and uninfected mice in each T cell compartment. Pairwise cosine similarity scores were projected on the NMDS plane for each T cells compartment (sub-plots), tissue (shape), and a single mouse in different conditions (colored dots). Healthy-PBS injected mice are marked in grey dots (PBS), mice 8 days post-infection in red dots (LCMV8), and 40 days post-infection in blue dots (LCMV40). The grey ellipses on the NDMS panel of the CD4+ and CD8+ effector subplots are computed using the normal confidence ellipses. (B) CD4+ and CD8+ effector CDR3AAβs are highly shared between mice at day 8 and day 40 post LCMV infection. Cosine similarity was computed between effector CDR3AAβ across tissues and mice in different conditions; day 8- and 40-days post-infection (red dots), 40 days post-infection, and PBS control (blue dots), 8 days post-infection and PBS control (grey dots). All the effector sequences are in the left panel, and the effector epitope-specific clones are in the right panel. The mean is shown in black lines (n=number of paired mice cross treatments and tissues). Significant differences between mice and tissues are denoted in asterisks (p-value ****<0.0001 Kruskal-Wallis test).






3.3 Expansion and increased sharing in LCMV– specific TCRs

The increased sharing following infection observed in the data (Figures 1, 2) did not distinguish between antigen-specific or potential bystander T cells activated by the infection. We, therefore, identified a set of antigen-specific TCRs, using tetramer purification and subsequent stringent bioinformatic filtering (see methods section), resulting in good reproducibility and high sequence overlap between biological replicates (SI Figure 1F). We used this pipeline to sort and sequence TCRs specific for 3 CD8+ and 1 CD4+ LCMV epitopes from mice at day 8 post-infection (Figure 1A).

A summary of the selected annotated epitope-specific TCRs is presented in Supplemental Table 2. A set of Herpes simplex virus CD8 specific TCRs (31) served as a control for these analyses.

We then looked for this set of antigen specific TCRs in the bulk repertories from the different subpopulations of T cells (Figure 3A). Out of the set of epitope-specific CDR3AAβs, a high fraction was found in at least one repertoire from LCMV-infected mice (SI Table 2, out of filtered TCRs: GP66- 43%, GP92- 65%, NP205- 92%, NP396- 64%). As expected, the maximum enrichment of the antigen-specific TCR sequences was seen in the day 8 effector and memory population. At the peak of the infection, day 8, splenic CD8+ effector and memory repertoires contained a higher fraction of NP396 and GP92 specific clones (1-2%) than NP205 clones (~0.5-0.6%), reflecting the known immunodominance hierarchy (19). We did not observe significant enrichment of CD4+ GP66 epitope-specific T cells in the CD4+ effector population. Similarly, we did not observe any significant enrichment of Herpes simplex virus type 1 (HSV1)-specific TCRs in either the effector or memory compartments. We focused on the splenic effector cells, which contained the highest fraction of epitope-specific clones and plotted the abundance profile of the annotated TCRs (Figure 3B). Clonal expansion, as evidenced by the presence of TCRs present at high abundance compared to unimmunized mice was observed for all epitopes and was especially pronounced at the peak of infection. No expansion of HSV1 annotated TCR sequences was observed.




Figure 3 | Epitope-specific CDR3AAs are mainly found in the effector state of mice after eight days of LCMV infection. The epitope-specific CDR3AAβs are annotated to healthy-PBS injected mice (grey dots and bars), mice at 8 (red dots and bars), or 40 days post LCMV infection (blue dots and bars). Each epitope-specific group is labeled above or on the X-axis. The control epitope-specific sequences are labeled “Control -HSV1”. (A) The mean fraction of epitope specific CDR3AAβs in each compartment, tissue, and mice condition. Error bars are SEM (n=mice number). Significant differences between mice after 8 days of infection and healthy control mice are denoted by asterisks (p-values: * <0.05, Kruskal-Wallis test). (B) The cumulative frequency of the effector - epitope-specific sequence. The plots show the cumulative proportion of the repertoire (y-axis) made up of TCR sequences observed once, twice, etc. (x-axis). Significant differences were obtained between 8 days post infection and PBS treated mice, in effector epitope-specific CD8+ NP396, CD8+ GP92,CD8+ NP205, and CD4+ GP66 cells (p-value=5.4e-9, p-value=6.3e-5, p-value= 1.3e-3, p-value=4.9e-6, respectively, Kolmogorov-Smirnov test). Significant differences were obtained between 40 days post infection and PBS treated mice, in effector - epitope-specific CD8+ NP205 and CD4+ GP66 cells (p-value= 5.0e-4,p-value=4.9e-6, respectively, Kolmogorov-Smirnov test). (C) Effector – epitope-specific sequences are highly shared across LCMV infected mice. Cosine similarity scores were calculated for each type of epitope-specific repertoire between mice and tissues. The mean is shown in black lines (n= number of paired mice and tissues). Significant differences between mice and tissues are denoted in asterisks (p-values: * <0.05, **** <0.0001 Kruskal-Wallis test).



We next examined sharing between the epitope specific TCR repertoires, as described in Figure 1B for the bulk repertoires. We observed a similar increase in repertoire similarity at day 8 post infection (Figure 3C) within the effector T cells for all four epitopes, although the CD4+ changes in the peak of infection were smaller and did not reach statistical significance (Figure 3C). Infection did not alter sharing in the control HSV1-annotated TCR set. Overall, we confirmed that infection induced a concurrent expansion and convergence of TCR sequences in effector cells, including the epitope specific repertoire.




3.4 Acute LCMV infection reveals patterns of CDR3 sequence sharing, mainly among the effector T cells of infected mice

We identified 1149 “public” CDR3 sequences which were shared between most T effector repertoires from LCMV infected mice (4-9 mice, Figure 4A). We hypothesized that if these TCR sequences were classical public sequences (6, 32) they would be frequently observed in repertoires of unimmunized mice. We therefore searched for these common TCRs in a repertoire database of 28 uninfected “control” mice investigated previously (6). 1093 CDR3 sequences were detected in the reference cohort and showed very variable degrees of sharing. 481 TCR sequences were shared between 22-28 mice in the reference cohort and defined as classical public TCRs. As expected, these CDR3s were enriched in the uninfected control mice in our experiment (grey bars in Figure 4B).




Figure 4 | Defining properties of LCMV driven- hidden- public clones. (A) The number of CD4+ and CD8+ effector CDR3AAβ sequences that overlapped with most mice after 8 (LCMV8) and 40 (LCMV40) days of infection (4-9 mice, 1149,” LCMV- long-lasing TCRs”). (B) The sharing distribution of LCMV- long-TCRs, across the 28 mice reference cohort. The frequencies of the CD4+ or CD8+ LCMV- long-lasting CDR3βAA (1149) and the epitope-specific sequences among them (lower panel) that were undetected (0) or found in a 1-28 mice reference data set (6). Healthy-PBS injected mice are marked in grey bars (PBS), and mice 8 or 40 days post-infection are marked in red and blue bars, respectively. The frequency was calculated by normalizing the CDR3AA UMI count from each class (CD4+/CD8+) and immune state (PBS/LCMV8/LCMV40) by the total counts in all mice and tissues. Presented in the mean frequency in each sharing group (0-6,7-13,14-21,22-25). Error bars are SEM (n=sequences number). (C). LCMV- long-lasing TCRs (n=1149, A) are divided into two groups according to the sharing hierarchy found in the reference data set: 1) public TCRs shared by 22-28 mice, 2) hidden public TCRs undetected (0) or found shared by 1-21 mice. CD4+ and CD8+ effector TCRs that are termed private are sequences that appeared in one mouse from the current dataset and not in the reference cohort. The total (“All”) and the epitope specific TCRs (“ES”) number and fraction are marked in white text and red color. (D) The probability generation (pGen) scores and CDR3AAβ for each CD4+ and CD8+ TCRs population. (E) CD4+ and CD8+ naïve precursor frequency and convergent recombination (CR) mean number across public, hidden, and private TCRs population. Error bars are SEM (n=sequences number). (F) Clonal evolution from the naïve state to 8 up to 40 days post-infection. For each TCRs population (out of 1093 TCRs) in the different immune states, points represent the mean frequency. The connected lines describe the clone time-based trajectory. Private CDR3AA in each immune state were subsampled (500) to avoid the size variation between the TCRs populations. The dashed lines represent the private population’s unique CDR3AA sequences in each immune state trajectory. (G) Chemical properties of the five amino acid motifs from the public, hidden public, and private (indicated by the frame colors). Significant differences were obtained between pGen distribution of hidden public TCRs and public TCRs and between hidden public TCRs and private TCRs (p-value < 2.2e-16, Kolmogorov-Smirnov test). (H) Each point represents a basic (H + K + R) amino acid mole percentage in each 5AA motif of the public, hidden public or private TCRs populations. The mean is shown in (n=number CDR3AAs in each group). Significant differences between public, hidden public and private TCRs are denoted in asterisks (p-values: ** < 0.01, *** <0.001, **** <0.0001 Kruskal-Wallis test).



Out of the shared TCRs (1149) that were not classical public, 668 were defined as “hidden public TCRs”. Interestingly, CDR3s detected in less than 14 reference repertoires were significantly enriched in both 8- and 40-days post-infection mice (Figure 4B). A similar pattern was observed in the subset of the 1149 public CDR3s which were also identified as LCMV-specific by tetramer staining, although the number of such CDRs was much smaller (Figure 4B, lower panel). The proportion of the shared LCMV CDR3s which bound HLA-tetramer is shown in Figure 4C. Thus, we conclude that there is a substantial proportion of CDR3s which is highly public when comparing the effector repertoires of LCMV-infected mice but have intermediate levels of sharing in unimmunized repertoires. We refer to these as hidden public CDR3s.

The degree of sharing between repertoires in different individuals is determined in part by the probability of generating a particular TCR during somatic recombination (pGen), which can be inferred from the CDR3 sequence (25). This repertoire bias results in highly frequent naive populations encoded by many different CDR nucleotide sequences (convergent recombination degree - CR). Public CDR3s have been shown to have a much higher pGen, CR and frequencies distribution and shorter lengths than private CDR3s, explaining in part how they can be observed in many independent repertoires. We calculated these measurements for all the CDR3s shared between all LCMV-infected repertoires and stratified them according to their publicity within the control uninfected repertoires (Figures 4D, E). The hidden public CDR3s had pGen and length distributions which lay between that of private and public CDR3s (Figure 4D; SI Figure 2B). Hidden public CDR3s were also detected with intermediate levels of naive frequencies and CR degrees (Figure 4E), suggesting they hold unique repertoire bias properties, which can be fully revealed upon viral expansion. To better understand these dynamic changes, we focused on overlapped clones from effector cells of infected mice and naive cells from healthy mice. This allowed us to follow a clone- trajectory based on the average clonal frequency change from the healthy to day 8 and 40 post-infection (Figure 4F). While public TCRs were reduced, hidden public TCRs increased at 8 days post-infection. After 40 days of infection, the hidden public TCR changed their dynamics, CD4+ reduced, and CD8+ maintained high frequency. We note that private TCRs cannot be linked to this trajectory as they contained unique CDR3AA sequences in each mouse (Figure 4F, marked in blue dashed lines). However, private TCRs can represent a reference, which showed, on average, lower clonal frequency compared to the shared TCRs. Similar patterns were observed in both spleen and bone-marrow tissues, and by computing the repertoire fraction in each public, hidden public, and private populations (SI Figure 2A). The differences between the private, hidden public and public CDR3s were further explored via the physicochemical properties of the CDR3 amino acids.

We visualized the relative contribution of each of the central five amino acids of the CDR3, the region most likely to contact the peptide epitope (33). As shown in Figure 4G, serine is over-represented at the beginning of the sequence in the fully public CDR3s, while both private and hidden public sequences were more diverse (Figure 4G). A lower average basic amino acid was observed in the public and hidden public motifs than in the private motifs (Figure 4H).




3.5 Hidden public TCRs in the context of SARS-COV-2 infection

We hypothesized that hidden public TCRs may emerge more generally as a response to acute infection. We therefore examined the TCR repertoires of 39 individuals who tested PCR positive for SARS-COV-2 during the first wave of the pandemic in the UK (Manisty), as well as 6 individuals who remained PCR negative and seronegative throughout. As described in detail previously in (21), we identified a wave of TCRs which expanded within the first few weeks of infection in most infected individuals.

To compare the level of publicity of these expanding CDR3s between the COVID-infected individuals, and uninfected individuals we utilized a reference cohort of 786 healthy individuals (34), referred to here as the Emerson data set, Figure 5A) collected several years prior to the SARS-COV-2 pandemic. Most of the expanded SARS-COV-2 CDR3 sequences were found in the Emerson data set (59.4%, 2794). Within the expanded set of TCRs we identified a set of classical public TCRβ sequences, which are highly shared across many healthy and SARS-COV-2 infected individuals (92 TCRs shared in more than 65% of individuals in both data sets). However, we also identified a set of CDR3 sequences that are highly shared only among the SARS-COV-2 infected individuals (21 TCRs found shared in more than 65% of SARS-COV-2 infected individuals and below 5.3% of healthy individuals) (Figure 5B). This set of TCRs is analogous to the hidden public TCRs from mice, which were highly shared only among LCMV infected individuals and not in the 28 reference mice. The hidden public TCRs were present at a significantly higher abundance in the repertoires of the SARS-COV-2 infected individuals (13 per million TCR) than the classical public TCRs (4 per million TCR, p-value < 2.2e-16, Wilcoxon test).




Figure 5 | Hidden public TCRs revealed in SARS-COV-2 patients. (A) An overview of the collected data and analysis design (B) Comparison between the sharing levels of CDR3 sequences found across individuals from the Covid and the Emerson data sets. The color represents the log 10 median frequency of all CDR3AAs in each Covid sharing level (high= orange, low = black). Three TCRs populations were defined: 1) Public TCRs highly shared in both data sets (above 524 and 26 individuals in the Emerson and Covid patients, respectively, 92 CD3AAs). 2) “Hidden public” TCRs which were highly shared only among the SARS-COV-2 cohort (above 26 and below 50 individuals from the Covid and Emerson cohort, respectively, 21 CD3AAs). 3) Private TCRs exclusively detected in one patient from the Covid data set. (C) The probability generation scores, CDR3AAβ length distributions in reach of the defined population. (D, E) The chemical property of the 5 middle amino acid motifs in each of the defined populations. (D) Amino acid sequences logo. (E) Each point represents the mole percentage of basic (H + K + R) amino acid in each public, hidden public or private motifs. The mean is shown in (n=number CDR3AAs in each group). Significant differences between public, hidden public and private TCRs are denoted in asterisks (p-value *** <0.001 Kruskal-Wallis test).



We further examined the few hidden public-TCRs which were also detected in the PCR negative individuals and found them to be present at significantly lower abundance than in the PCR positive individuals (7 CDR3AA with frequency means of 17.1 vs. 1.17 PCR positive vs. negative individuals, p-value < 2.2e-16, Wilcoxon test)(SI Figure 2C). The increased abundances in the PCR positive individuals support their association with antigen-driven expansion.

SARS-COV-2 driven hidden public TCR were also found in an additional higher resolution independent dataset, generated from 39 individuals prior to the SARS-COV-2 pandemic (35). This dataset has an average 2.2-fold higher number of TCRβ per individual (409519), in comparison to the Emerson data set (183211). Here as well, the SARS-COV-2 associated hidden public sequences showed intermediate abundancy, levels between public and private TCRs (SI Figure 2D).

The SARS-COV-2- associated hidden public CDR3s were found to have pGen and length distributions intermediate between the public and the private CDR3s (Figure 5C), as we observed for the LCMV hidden public sequences. Lastly, we calculated the central five amino acids usage and their average percentage of basic amino acids (Figure 5D). Public CDR3s showed a more constrained amino acid usage pattern than the private and hidden public CDR3s, and the public and hidden public motifs showed lower average scores of basic amino acids than the private motifs (Figure 5E).

Taken together, these results suggest that hidden public CDR3 sequences, with distinct properties from classical public CDR3s can be observed in different acute viral infections and host species. Thus, this phenomenon may be a generalized feature of the adaptive immune system, revealing some unexpected constraints on the diversity generated by somatic recombination in T cells.





4 Discussion

The well-characterized model of acute LCMV infection allowed us to probe the reactive T cell repertoire during the peak and memory phases of the viral infection. We demonstrated that viral infection drove convergent evolution in the TCR repertoire, which could be detected in both the total and the antigen-specific effector compartment. Convergence was driven by the expansion of a set of shared CDR3 sequences, which could only be detected after the antigen-specific response. These antigen-dependent shared CDR3s were seen less often than classical “public” CDR3s in unimmunized repertoires, consistent with their lower probability of generation. These observations suggest that the degree of sharing between individuals is greater than was previously thought, but that many of the shared sequences are “hidden” by being present at low abundance in the naive repertoire, and are therefore not observed in typical sampling of unimmunized mice, which sequence only a tiny proportion of the total repertoire. Strikingly, hidden public TCRs were also identified in SARS-COV-2 infected individuals, supporting the notion that these findings represent a broader and conserved phenomenon.

We examined in greater detail a subset of shared LCMV-dependent effector T cells which persisted in the repertoire until at least day 40 post-immunization. We searched for these TCRs in an independent cohort of 28 antigen-naïve mice (6). These persistent shared CDR3s were found in zero to six of these control repertoires, defining a new intermediate level of publicity. We hypothesize that the “hidden public” TCRs originate from naive cells which are generated at a sufficiently high frequency to be present in many naive repertoires, but are present at low abundance in the naive repertoire, resulting in them not being detected in routine TCR sampling. However, following infection, T cells expressing these shared CDR3 consistently expand and differentiate into effector cells as a result of exposure to LCMV peptides. As a consequence, their abundance reaches a critical level at which they are consistently detected in the repertoire samples we analyze. Consistent with this hypothesis, we find that the “hidden public” CDR3s have higher naive precursor frequencies, more convergent recombination, and higher generation probabilities than random sets of CDR3s (which are mostly private to a single mouse and compartment). However, they have lower levels of these metrics than classical “public” CDR sequences.

The differences between the public and “hidden public” CDR3s may reflect different functional properties. Indeed, while public TCRs were shown to be more self-immunity-associated (6), the hidden public TCRs react to viral infections. Although the mechanisms remain incompletely understood, increasing levels of naive precursor T cell frequencies have been shown to drive more significant peptide MHC responding capacities (19, 31). The range of naive precursor frequencies and the phenotype heterogeneity (36) has yet to be fully determined but might explain the hidden public pre-exposure antigenic preferences.

The hidden public TCRs appear to be a broader phenomenon found also in other viral infections and species. The first SARS-COV-2 pandemic wave offered a good model for a primary viral infection in humans. We searched the expanded SARS-COV-2 TCRs (37) in a large cohort of healthy humans, and detected a set of TCRs that were highly shared across SARS-COV-2 infected individuals but showed less publicity in a cohort of pre-pandemic TCR repertoires. The detection of sharing even in the genetically heterogeneous HLA-diverse human setting is interesting, and will merit further study. Similar to the LCMV hidden public population, these TCRs had intermediate generation probabilities.

We investigated whether the “hidden public” CDR3s also showed distinct amino acid composition, which might explain their more frequent selection in the thymus (38) or their higher abundance in the naive repertoires. Since these hidden public TCRs originated from a diverse set of HLA genotype, we focused on the five amino acid middle of the CDR3AA, a region associated with binding the peptide within the MHC complex (33). The Covid and LCMV hidden public motifs showed higher amino acid diversity than the public motifs. In addition, we found that public and hidden public motifs tend to include less positively charged amino acids compared to private motifs, suggesting they hold conserved binding properties. We can speculate that the hidden public amino acid constraints might provide an evolutionary cross-reactive advantage, allowing them to react to foreign and self-antigens (39). However, further study is required to better understand the developmental process, driving the generation preference of the hidden public TCRs.

The study we present here has several limitations. The number of individuals analyzed and epitope-specific sequences were relatively small, limiting the amount of robust statistical analysis that could be carried out. Another limitation is that the analysis of the post-infection repertoires was limited to two time points. We also recognize that the effector functional state we defined was based on a rather simplistic and limited panel of cell surface markers, which could result in heterogeneous effector memory phenotypic states, especially at late post-infection time. In addition, the bulk TCRβ chain analysis cannot capture the absolute clonal identity which comprises paired α and β chains. The TCR α chain is less diverse and can be expressed twice (Dual TCRα) in virus-specific CD4+ and CD8+ T cells during acute responses (up to 60%) (40), highlighting the complexity of using the TCRα chain as a clone identifier.

This study describes a naive precursor population carrying a shared set of CDR3s capable of providing a rapid response to viral infections. We coin the term “hidden public” to describe this population. Our results suggest that the TCR repertoire may be more constrained, and hence more similar between individuals, than current dogma supposes. Deeper understanding of the processes which shape this repertoire, and determine the level of inter-individual sharing is important for understanding the antiviral response and in rational design of next-generation vaccines.
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Supplementary Figure 1 | (A) Representative sorting gates of CD4+ cells from one mouse in each condition (PBS/LCMV8/LCMV40). (B) Representative sorting gates from CD8+ T cells specific for NP205 peptide. From the CD8+ population, 2.86% are positive for the MHC class I NP205 tetramer (lower right panel) and almost all CD4+ cells are negative (0.018%, lower left panel). The CD8+ cells that are negative for the tetramer were also sorted and analyzed. (C) The number of UMIs correlates with the sorted cell number. Dots correspond to the sum of UMI count versus the sorted cell number in mice 8 days post LCMV infection. (D) Cumulative frequency distributions in CD8+ and CD4+ naive central memory and effector repertoires from spleen and bone marrow. Healthy control, and mice after 8- or 40-days of infection are marked in colored dots (gray, red and blue dots, respectively). Significant differences were obtained between day 8 post-infection and PBS treated mice, in the bone-marrow CD8+ and CD4+ effectors (p-value < 2.2e-16, p-value=3.1e-6, respectively, Kolmogorov-Smirnov test) and in the following splenic compartments: CD8+ central memory CD8+ effector, CD4+ effector (p-value < 2.2e-16, Kolmogorov-Smirnov test). Significant differences were obtained between day 40 post-infection and PBS treated mice, in splenic and bone-marrow CD4+ effector (p-value =1.3e-9 and 2.2e-11, respectively, Kolmogorov-Smirnov test) and bone-marrow CD8+ central memory and CD8+ effector (p-value =3.7e-11 and 8.9e-4, Kolmogorov-Smirnov test). (E) The Renyi diversities of order 0, 0.25, 0.5, 1, 2, 4 Renyi values were computed from sequence frequencies at equal sizes (1000 in the spleen and 100 in the bone marrow), averaging values over 100 repeated samplings. Each color represents one CD4 + or CD8+ compartment from one mouse in a single condition. See legend for symbols and color code. (F) NP396 epitope-specific clones from two biological repetitions are positively correlated in the obtained UMI counts. Each point is the UMI count of a single CDR3AAβ found in the two repetitions (Rep1/Rep2).

Supplementary Figure 2 | (A) Similar frequencies in spleen and bone marrow tissues of a single mouse, immune state (PBS/LCMV8/LCMV40), CD4+ or CD8+ class, and TCRs population. Frequencies are calculated by the sum of UMI counts per TCRs population (public/hidden public/private) divided by the total UMI count sum in each mouse, immune state, tissue, and T cell class. R2 coefficient scores are marked in each subplot. (B) CDR3AAβ length distributions in reach of the defined population. (C) The frequency of hidden public TCRs found in healthy individuals (7 CDR3AAs, PCR negative) and SARS-COV-2 infected individuals (PCR positive). Mean values are marked in black lines. Significant differences are marked in p value (Wilcoxon test). (D)SARS-COV-2 –associated hidden public TCRs detected in high resolution pre- SARS-COV-2 pandemic dataset. The three-populations identified SARS-COV-2 individuals were searched in the Britanova et al. data set (35). Each bar represents the mean frequency of SARS-COV-2 associated- public TCRs (all 92 detected, black bar), or hidden public TCRs (7 out of 21 detected, orange bar) and private TCRs (blue bars). Error bars are SEM (n=sequences number). Significant differences between public, hidden public and private TCRs are denoted in asterisks (p-values: *< 0.05, *** <0.001, Kruskal-Wallis test).

Supplementary Table 1 | Number of CDR3NT and CDR3AA sequences, and sum of UMI counts for each T cell state (“ClassState”), tissue (“Tissue”), and mouse number (“Mice”) in healthy (“PBS”) or infected conditions (8 or 40 days post- LCMV infection, LCMV8 and LCMV40, respectively).

Supplementary Table 2 | Number of CDR3AA sequences and sum of UMIs for each epitope-specific type during the filtering process. The sequences were obtained from the tetramer isolation experiment (see Methods section, “All” column). Epitope-specific TCRs were filtered based on: 1) top 1,000 sequences, and 2) absence in the unbinding-tetramer populations and across multiple epitope-specific types (“Filtered”). The number of filtered epitope-specific TCRs found in the bulk samples (LCMV40, LCMV8, PBS, and multiple T cell states) is presented in the “Found in bulk” column.




References

1. Davis, MM, and Bjorkman, PJ. T-Cell antigen receptor genes and T-cell recognition. Nature (1988) 334:395–402. doi: 10.1038/334395a0

2. Robins, HS, Campregher, PV, Srivastava, SK, Wacher, A, Turtle, CJ, Kahsai, O, et al. Comprehensive assessment of T-cell receptor beta-chain diversity in alphabeta T cells. Blood (2009) 114:4099–107. doi: 10.1182/blood-2009-04-217604

3. Iglesias, MC, Almeida, JR, Fastenackels, S, van Bockel, DJ, Venturi, V, Gostick, E, et al. Escape from highly effective public CD8 + T-cell clonotypes by HIV escape from highly effective public CD8 ƨT-cell clonotypes by HIV. Blood (2011) 118:2138–49. doi: 10.1182/blood-2011-01-328781

4. Becher, LRE, Nevala, WK, Sutor, SL, Abergel, M, Hoffmann, MM, Parks, CA, et al. Public and private human T-cell clones respond differentially to HCMV antigen when boosted by CD3 copotentiation. Blood Adv (2020) 4:3–5. doi: 10.1182/bloodadvances.2020002255

5. Gordin, M, Philip, H, Zilberberg, A, Gidoni, M, Margalit, R, Id, CC, et al. Breast cancer is marked by specific, public T-cell receptor CDR3 regions shared by mice and humans. (2021). PLoS Comput Biol 17(1):e1008486 doi: 10.1371/journal.pcbi.1008486

6. Madi, A, Shifrut, E, Reich-Zeliger, S, Gal, H, Best, K, Ndifon, W, et al. T-Cell receptor repertoires share a restricted set of public and abundant CDR3 sequences that are associated with self-related immunity. Genome Res (2014) 24:1603–12. doi: 10.1101/gr.170753.113

7. Huisman, W, Hageman, L, Leboux, DAT, Khmelevskaya, A, Efimov, GA, Roex, MCJ, et al. Public T-cell receptors (TCRs) revisited by analysis of the magnitude of identical and highly-similar TCRs in virus-specific T-cell repertoires of healthy individuals. Front Immunol (2022) 13:851868. doi: 10.3389/fimmu.2022.851868

8. Uchida, AM, Boden, EK, James, EA, Shows, DM, Konecny, AJ, and Lord, JD. Escherichia coli-specific CD4+ T cells have public T-cell receptors and low interleukin 10 production in crohn’s disease. Cell Mol Gastroenterol Hepatol (2020) 10:507–26. doi: 10.1016/j.jcmgh.2020.04.013

9. Masopust, D, Murali-Krishna, K, and Ahmed, R. Quantitating the magnitude of the lymphocytic choriomeningitis virus-specific CD8 T-cell response: it is even bigger than we thought. J Virol (2007) 81:2002–11. doi: 10.1128/JVI.01459-06

10. McDermott, DS, and Varga, SM. Quantifying antigen-specific CD4 T cells during a viral infection: CD4 T cell responses are larger than we think. J Immunol (2011) 187:5568–76. doi: 10.4049/jimmunol.1102104

11. Youngblood, B, Hale, JS, Kissick, HT, Ahn, E, Xu, X, Wieland, A, et al. Effector CD8 T cells dedifferentiate into long-lived memory cells. Nature (2017) 552:404–9. doi: 10.1038/nature25144

12. Homann, D, Teyton, L, and Oldstone, MBA. Differential regulation of antiviral T-cell immunity results in stable CD8+ but declining CD4+ T-cell memory. Nat Med (2001) 7:913–9. doi: 10.1038/90950

13. Whitmire, JK, Murali-Krishna, K, Altman, J, and Ahmed, R. Antiviral CD4 and CD8 T-cell memory: differences in the size of the response and activation requirements. Philos Trans R Soc B Biol Sci (2000) 355:373–9. doi: 10.1098/rstb.2000.0577

14. Oxenius, A, Bachmann, MF, Zinkernagel, RM, and Hengartner, H. Virus-specific MHC-class II-restricted TCR-transgenic mice: effects on humoral and cellular immune responses after viral infection. Eur J Immunol (1998) 28:390–400. doi: 10.1002/(SICI)1521-4141(199801)28:01<390::AID-IMMU390>3.0.CO;2-O

15. Brooks, DG, Teyton, L, Oldstone, MBA, and McGavern, DB. Intrinsic functional dysregulation of CD4 T cells occurs rapidly following persistent viral infection. J Virol (2005) 79:10514–27. doi: 10.1128/JVI.79.16.10514-10527.2005

16. Dow, C, Oseroff, C, Peters, B, Nance-Sotelo, C, Sidney, J, Buchmeier, M, et al. Lymphocytic choriomeningitis virus infection yields overlapping CD4+ and CD8+ T-cell responses. J Virol (2008) 82:11734–41. doi: 10.1128/JVI.00435-08

17. van der Most, R. Changing immunodominance patterns in antiviral CD8 T-cell responses after loss of epitope presentation or chronic antigenic stimulation. Virology (2003) 315:93–102. doi: 10.1016/S0042-6822(03)00594-4

18. Van Der Most, RG, Murali-Krishna, K, Whitton, JL, Oseroff, C, Alexander, J, Southwood, S, et al. Identification of db- and kb-restricted subdominant cytotoxic T-cell responses in lymphocytic choriomeningitis virus-infected mice. Virology (1998) 240:158–67. doi: 10.1006/viro.1997.8934

19. Kotturi, MF, Scott, I, Wolfe, T, Peters, B, Sidney, J, Cheroutre, H, et al. Naive precursor frequencies and MHC binding rather than the degree of epitope diversity shape CD8+ T cell immunodominance. J Immunol (2008) 181:2124–33. doi: 10.4049/jimmunol.181.3.2124

20. Biram, A, Winter, E, Denton, AE, Zaretsky, I, Dassa, B, Bemark, M, et al. B cell diversification is uncoupled from SAP-mediated selection forces in chronic germinal centers within peyer’s patches. Cell Rep (2020) 30:1910–1922.e5. doi: 10.1016/j.celrep.2020.01.032

21. Chandran, A. Rapid synchronous type 1 IFN and virus-specific T cell responses characterize first wave non-severe SARS-COV-2 infections ll ll rapid synchronous type 1 IFN and virus-specific T cell responses characterize first wave non-severe SARS-COV-2 infectio. Cell Rep Medicine (2022) 3(3), 100557 doi: 10.1016/j.xcrm.2022.100557

22. Oakes, T, Heather, JM, Best, K, Byng-Maddick, R, Husovsky, C, Ismail, M, et al. Quantitative characterization of the T cell receptor repertoire of naive and memory subsets using an integrated experimental and computational pipeline which is robust, economical, and versatile. Front Immunol (2017) 8:1267. doi: 10.3389/fimmu.2017.01267

23. Mark, M, Reich-Zeliger, S, Greenstein, E, Reshef, D, Madi, A, Chain, B, et al. A hierarchy of selection pressures determines the organization of the T cell receptor repertoire. Front Immunol (2022) 13:939394. doi: 10.3389/fimmu.2022.939394

24. Schmidt, D., Package, T, and Operations, S. Co-Operation: fast correlation, covariance, and cosine similarity (2019). Available at: https://cran.r-project.org/package=coop.

25. Sethna, Z, Elhanati, Y, Callan, CG, Walczak, AM, and Mora, T. OLGA: fast computation of generation probabilities of B- and T-cell receptor amino acid sequences and motifs. (2019) Bioinformatics 35(17):2974–81. doi: 10.1093/bioinformatics/btz035

26. Dixon, P. VEGAN, a package of r functions for community ecology. J Veg Sci (2003) 14:927–30. doi: 10.1111/j.1654-1103.2003.tb02228.x

27. Faith, DP, Minchin, PR, and Belbin, L. Compositional dissimilarity as a robust measure of ecological distance. Vegetatio (1987) 69:57–68. doi: 10.1021/ja00731a055

28. Wagih, O. ggseqlogo: a versatile R package for drawing sequence logos. Bioinformatics (2017). Available at: https://doi.org/10.1093/bioinformatics/btx469.

29. Osorio, D, Rondón-Villarreal, P, and Torres, R. Peptides: a package for data mining of antimicrobial peptides. R J (2015) 7:4. doi: 10.32614/RJ-2015-001

30. Uddin, I, Woolston, A, Peacock, T, Joshi, K, Ismail, M, Ronel, T, et al. Quantitative analysis of the T cell receptor repertoire. Methods Enzymol (2019) 629:465–92. doi: 10.1016/bs.mie.2019.05.054

31. Wallace, ME, Bryden, M, Cose, SC, Coles, RM, Schumacher, TN, Brooks, A, et al. Junctional biases in the naive TCR repertoire control the CTL response to an immunodominant determinant of HSV-1. Immunity (2000) 12:547–56. doi: 10.1016/s1074-7613(00)80206-x

32. Madi, A, Poran, A, Shifrut, E, Reich-Zeliger, S, Greenstein, E, Zaretsky, I, et al. T Cell receptor repertoires of mice and humans are clustered in similarity networks around conserved public CDR3 sequences. Elife (2017) 6:1–17. doi: 10.7554/eLife.22057

33. Egorov, ES, Kasatskaya, SA, Zubov, VN, Izraelson, M, Nakonechnaya, TO, Staroverov, DB, et al. The changing landscape of naive T cell receptor repertoire with human aging. Front Immunol (2018) 9:1618. doi: 10.3389/fimmu.2018.01618

34. Emerson, RO, DeWitt, WS, Vignali, M, Gravley, J, Hu, JK, Osborne, EJ, et al. Immunosequencing identifies signatures of cytomegalovirus exposure history and HLA-mediated effects on the T cell repertoire. Nat Genet (2017) 49:659–65. doi: 10.1038/ng.3822

35. Britanova, OV, Shugay, M, Merzlyak, EM, Staroverov, DB, Putintseva, EV, Turchaninova, MA, et al. Dynamics of individual T cell repertoires: from cord blood to centenarians. J Immunol (2016) 196:5005–13. doi: 10.4049/jimmunol.1600005

36. van den Broek, T, Borghans, JAM, and van Wijk, F. The full spectrum of human naive T cells. Nat Rev Immunol (2018) 18:363–73. doi: 10.1038/s41577-018-0001-y

37. Milighetti, M, Peng, Y, Tan, C, Mark, M, Nageswaran, G, Byrne, S, et al. Large Clones of pre-existing T cells drive early immunity against SARS-COV-2 and LCMV infection. bioRxiv (2022) 2022. doi: 10.1101/2022.11.08.515436

38. Lu, J, Van Laethem, F, Bhattacharya, A, Craveiro, M, Saba, I, Chu, J, et al. Molecular constraints on CDR3 for thymic selection of MHC-restricted TCRs from a random pre-selection repertoire. Nat Commun (2019) 10:1019. doi: 10.1038/s41467-019-08906-7

39. Nelson, RW, Beisang, D, Tubo, NJ, Dileepan, T, Wiesner, DL, Nielsen, K, et al. T Cell receptor cross-reactivity between similar foreign and self peptides influences naive cell population size and autoimmunity. Immunity (2015) 42:95–107. doi: 10.1016/j.immuni.2014.12.022

40. Yang, L, Jama, B, Wang, H, Labarta-Bajo, L, Zúñiga, EI, and Morris, GP. TCRα reporter mice reveal contribution of dual TCRα expression to T cell repertoire and function. Proc Natl Acad Sci (2020) 117:32574–83. doi: 10.1073/pnas.2013188117




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Mark, Reich-Zeliger, Greenstein, Biram, Chain, Friedman and Madi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1199064-g005.jpg
Bits

10
SARS-COV-2 sharing level

03

0.2

0.1

0.0

B
SARS-COV-2 expanded TCR repertoire 786
o ® 0 o ° ° oy
Torere it g
! ‘© 600
o = a i e 2
__________________________ =
@
<
@
S 400
Public é
786 i3 ]
é < 200
£ | Private Hidden Pubiic
S 0
0
SARS-COV-2 sharing level
o o 0 e o s s s 8 o o o
trititetetit o
TCR repertoire from healthy individuals (Emerson) 15°]
> 104
@
c
]
8 os.
0.0 -
© -
b s
pGen
3
0.6
2
0.4
1 J
Légv 0.2
0 :2*3% 0.0 ggA
1 2 3 4 5 1 2 3 4
Motifs AA position

Acidic [l Basic [ll Hydrophobic [l Neutral [Jij Polar il

1e-07 4

Basic amino acid (Mole%)

100

75

50

25

Public

Frequency

2
2

1
i

== Public
== Hidden Public
== Private

Hidden Public

Private





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Viral infection reveals hidden sharing of TCR CDR3 sequences between individuals

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 SARS-COV-2 consortium and study design

          



          		

            2.3 Sample preparation and T cell isolation

          



          		

            2.4 Flow cytometry analysis and cell sorting

          



          		

            2.5 LCMV -tetramers staining and Flow cytometry sorting

          



          		

            2.6 Library preparation for TCR-sequencing

          



          		

            2.7 Analysis

          



          		

            2.8 Data availability

          



        



        



        		

          3 Results

        

          		

            3.1 LCMV infection promotes clonal expansion within the CD8+ and CD4 + effector and CD8+ central memory repertoire

          



          		

            3.2 Increased CDR3βAA sharing following LCMV infection

          



          		

            3.3 Expansion and increased sharing in LCMV– specific TCRs

          



          		

            3.4 Acute LCMV infection reveals patterns of CDR3 sequence sharing, mainly among the effector T cells of infected mice

          



          		

            3.5 Hidden public TCRs in the context of SARS-COV-2 infection

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          In memoriam

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu.2023.1199064_cover.jpg
& frontiers | Frontiers in Immunology

Viral infection reveals hidden sharing of
TCR CDR3 sequences between individuals





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1199064-g002.jpg
NMDS2

0.25

0.00

-0.25

-0.50

0.2

0.1

0.0

0.00

CDh4+ E

CD8+ E

CD4+ N CD4+CM CD4+E
A 04 A A
°
° 0.2 8 A 0.2 .A
Ad 4
© -~ A
AA A A 0wl ® ® o 00 ‘
A © 02 A A * 04 A.A
-0.2
N A 2 s
-04 ® PBS
& <] = Il o - o 3 ) 2 o ® LCMV8
S g S s ¢ ¢ 9 7 7 ® LCMV40
CD8+N CD8+CM CD8+E ® SP
A 02 A ) 04 ‘ A BM
A ® .. A. A °?] &
Y 0.1 A ‘
oo A 001
001®
A A.A. -02 1@ ° A
I y
A o3 A A
g 8 3 3 § 835 35 3 ¢ g & & 3
NMDS1
0.15
*kdk ©® Fkkk
o
5 010 o
& ° [ ] ® LCMV8LCMV40
2 ® PBSLCMV40
§ - ® PBSLCMV8





OEBPS/Images/fimmu-14-1199064-g004.jpg
Density

Frequency

LCMV40 (2-3Mice)

LCMV8 (2-3Mice)

6604

Hidden Public

CD4+ E CD8+ E
0.9
0.6+
0.3~
0.0- . v -
o ~ = o ~ =
b ? T W T %
2 2 2 2 e 2
pGen
CD4+ E CD8+ E
8e-04-|
6e-04-|
4e-04-]
2e-04-
0e+00-| ————— e — e =
© = © =
¢z = 2 =z
] 3 =3 ] g s
z 9 g z 9 38

- @ Public

- @ Hidden Public

- @ Private

Frequency

0-6 7-13 14-21 22-28

Private

CD4+E CD8+E
0.0015
0.0010
0.0005
0.0000

0-6 7-13  14-21 22-28

B PBS
B LCMV8
B LCMmv40

Epitope-specific |

0.005
0.004
0.003
0.002
0.001
0.000

410811

Frequency

Frequency

CD4+ Naive  CD8+ Naive

G 25 H
2.0
15
1.0 s
g ggg 5 80
05 { o (<]
=" =3
0.0 = ‘_é’
8
°
£
" E 40
o
i) Q
= 7]
@ 8

Motifs AA position

— k. *kkk

0-6 7-13  14-21 22-28

6
4
14
O
2
0

CD4+ Naive CD8+ Naive

Acidic [l Basic | Hydrophobic [l Neutral i Polar





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1199064-g003.jpg
0.00125.
0.00100
0.00075.
0.00050
0.00025.
0.00000

Effector TCRs cumulative counts

Control HSV1 CD4+ GP66 CD8+ GP92 CD8+ NP205 CD8+ NP396
4 005+ ]
1 0,009 0:020, * * o 0.03 * Kk Kk %
] 0.0154 1
0.006 1 0.034 0.02+
4 00104 0024
] : 0.014
1 l | . 0.0054 0014
0.000 0.000 0.00 0.00-
525253 626363 52652563 5265253 525653253
Z z 2 s W w Z z =2 s W Z z 2 s W Z z =2 s W Z z = s W
[Shs] [SHs] S 5 [SIs] O O
Effector -epitope-specific-TCRs cumulative counts
Control HSV1 CD4+ GP66 CD8+ GP92 CD8+ NP205 CD8+ NP396
9 \ LY L] X +5,
1 S
1 ” % v by
4 e
. . o . T
e e e N T e g e ee=mu
g Tg g Tg e 8 g g Tmgl "9 "2 "g g g g g 7g "2 g g g Tg g rg g
UMI count
Effector -epitope-specific-TCRs similarity across healthy or intected mice
* * *kkk
075
g s
G 050
2 [
2 b .
2 025 ([ ] Y
Q (]
o ° ° L4 L3 F— -
— #4131
o0 0 s + T L '
Control -HSV1  CD4+ GP66 ~ CD8+ GP92 ~ CD8+NP205  CD8+ NP396
B ® PBS
B e LCMV8

B e LCMV40





OEBPS/Images/fimmu-14-1199064-g001.jpg
Q0 .
\ ;. —>

Cosine score

NMDS2

Annotated epitope specific TCRs

FACS sort
®«—
\ /7 /‘1,
Bdays ° 0 40days s /oD8+ extraction %
N7
Data analysis
LCMV/PBS infection a _)
; Sequencing bulk TCRR s
8days | & preprocessing pipeline o
¥ o
1 ;_( )-:-( 2]
Epit ifi
s T " Epitope specif
SP 0= FACS sort
e B CD4+/CD8+
==
CD4+/CDB8+ extraction & S
Tetramers binding %
061 @ ® Kkkk
Fededkede * * 0.2 °
[ ]
MITe 8 ® PBS
9 [} ° ® LCMV8
[ ] ° 0.1 ® LCMV40
o Toe 8. S, . +
iyl ili i gy o T
0.0 ; :
CD8+ N CD4+N CD8+CM CD4+CM CD4+E CD8+ E
PBS LCMV8 LCMV40
® A 0.4 °, 0.4 .y
0.21 GA ‘ 1 1 A
1 02{ ¢ * 1
:. 0.2 1 A
00] s® LAl A | AN | @ CD4+ O N
Y - ! A CDg+ © CM
00 o A Al ., & AL ®FE
A A * A o @ ﬁ A
-02 o : ® T o AA
g [ ]
A : 02 @@® JI
e -0.4 ° 1 e L
1 @
P -0.4 L
8 8 8 8% 8 8§ 3 T 3 2 9
° s 3 s b5 S o e N © °

NMDS1





