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Abstract

Although mRNA vaccine efficacy against severe COVID-19 remains high, variant emergence and
breakthrough infections have changed vaccine policy to include booster immunizations. However,
the effect of diverse and repeated antigen exposures on SARS-CoV-2 memory T cells is poorly
understood. Here, we utilize DNA-barcoded MHC-multimers combined with scRNAseq and
scTCRseq to capture the ex vivo profile of SARS-CoV-2-responsive T cells within a cohort of
individuals with one, two, or three antigen exposures, including vaccination, primary infection,
and breakthrough infection. We found that the order of exposure determined the relative
distribution between spike- and non-spike-specific responses, with vaccination after infection
leading to further expansion of spike-specific T cells and differentiation to a CCR7-CD45RA+
effector phenotype. In contrast, individuals experiencing a breakthrough infection mount vigorous
non-spike-specific responses. In-depth analysis of over 4,000 epitope-specific T cell receptor
sequences demonstrates that all types of exposures elicit diverse repertoires characterized by
shared, dominant TCR motifs, with no evidence for repertoire narrowing from repeated exposure.
Our findings suggest that breakthrough infections diversify the T cell memory repertoire and that
current vaccination protocols continue to expand and differentiate spike-specific memory

responsces.
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The continued evolution of SARS-CoV-2 into diverse lineages has led to reduced efficacy of
neutralizing antibody responses raised against ancestral strains, including those used in all
approved vaccine formulations. Individuals receiving two doses of mRNA vaccine BNT162b2
experienced a dramatic loss in neutralization titers against the Omicron variant'. While current
protection studies have focused on antibody responses as the key effector mechanism that limits
infection, CD8 T cells are likely to play critical roles in the prevention of severe disease?. Indeed,
there are case reports of patients with impaired humoral immunity where efficient T cell responses

appear sufficient for viral clearance’?®,

In response to the changing landscape of viral evolution and spread, vaccine recommendations
have been continually updated to include a booster dose, representing a third immunization at least
six months after the initial dose of the Pfizer/BioNTech or Moderna mRNA vaccines. Despite
these measures, significant numbers of so-called “breakthrough” COVID-19 cases are being
recorded, with individuals becoming infected after two or three vaccine doses or even after prior
infection. In all of these settings, adaptive immunity is repeatedly exposed to SARS-CoV-2
antigens, and the effects of this recurrent boosting on the functional profile, magnitude, and
specificity distribution of responding T cells remain poorly understood®!'?. In particular, it is
largely unknown if repeated exposure to the same SARS-CoV-2 antigens boosts pre-existing T
cell memory and, further, if an exposure to a novel antigen (e.g, infection after vaccination or
infection with a new viral variant) induces de novo memory and diversifies the TCR repertoire, or

instead preferentially expands previously primed responses.

CD8 T cells recognize antigen presented on the cell surface by the Class I Major
Histocompatibility Complex (MHC), which is encoded by the most polymorphic genes in the
human population (Human Leukocyte Antigen, HLA genes)''. Variability of peptide-MHC across
and within donors makes measuring epitope-specific T cell responses challenging, and as a result,
studies often rely on bulk response assays (e.g., peptide stimulation). Although peptide stimulation
assays in principle can provide an estimate of the total magnitude of the CDS8 response, they
underestimate the frequency of epitope-specific T cells!? Further, because these assays require
cellular activation to detect a response, they prevent the direct assessment of cell phenotypes ex

vivo. Staining with MHC-multimers loaded with individual peptides is an alternative approach,
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81  which requires pre-selection of immunogenic peptides. Several SARS-CoV-2 epitopes presented

82 by common HLA alleles were discovered in the past two years, permitting the tracking of epitope-

83  specific T cell responses in infected'32¢ and vaccinated individuals®'? using MHC-multimers.

84

85  Here we utilized DNA-barcoded MHC-dextramers with subsequent scRNAseq and scTCRseq to

86 investigate the effects of repeated antigen exposures (SARS-CoV-2 infections and vaccinations

87  with Pfizer/Biontech BNT162b2) on the key features of the CD8 T cell response, including

88 response magnitude, functional gene expression profiles (assessed directly ex vivo), and the

89  constituent T cell receptor repertoire. In other contexts, persistent exposure to antigen has been

90  shown to drive various forms of T cell dysfunction, including exhaustion?’. Further, the focused

91  priming on SARS-CoV-2 spike antigens, the only component of all approved vaccines, may bias

92  subsequent responses during a breakthrough infection towards recall to spike. Thus, it is crucial to

93  understand how pre-existing T cell memory impacts the immune response and memory formation

94  to novel SARS-CoV-2 antigens after repeated exposures.

95

96 Results

97  Antibody responses to SARS-CoV-2 infection and vaccination

98 To investigate the effect of repeated SARS-CoV-2 antigen exposure on pre-existing memory T

99  cells, we selected a cohort of 55 individuals from SJITRC, a prospective, longitudinal study of St.
100  Jude Children’s Research Hospital adult (>18 years old) employees (Fig. 1a). Sixteen of these
101  participants remained negative for SARS-CoV-2 during weekly PCR testing (naive, N1-N16),
102  whereas 30 of the subjects were diagnosed as SARS-CoV-2 positive with a PCR test and recovered
103  from mild disease (recovered, R1-R30) during the study period. Both the naive and recovered
104  groups received two doses of the Pfizer-BioNTech BNT162b2 mRNA vaccine, and plasma and
105 PBMC samples were collected for all subjects after the second dose of vaccine and at various
106  earlier time points. This produced four subgroups with distinct antigen exposure combinations:
107  infection only (inf, R1-R16), vaccinated only (vax2, N1-N16), infected followed by one dose of
108  vaccine (inf-vax1, R17-R26), and infected followed by two doses of vaccine (inf-vax2, R1-R26).
109  All inf and inf-vax1 subjects were also sampled after their second dose of vaccine, and therefore
110  have matched samples in the inf-vax2 group (Fig. 1b). Additionally, we collected samples from 9
111 donors who tested positive for SARS-CoV-2 after receiving both doses of BNT162b2 and
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112  experienced symptomatic breakthrough infection (vax2-inf, or “breakthrough” group, B1-B9). As
113  expected, the only group negative for N-protein specific antibodies was the vax2 group that was
114 not infected with SARS-CoV-2 (Extended data Fig. 1a). In concordance with previous reports?®-
115 3% we observed anti-RBD (Fig. 1c, Extended data Fig. 1b) and anti-spike protein IgG (Extended
116  data Fig. 1c) boost after vaccination of recovered individuals. Also in line with other studies?®=3,
117  most of the antibody boost in SARS-CoV-2 recovered individuals is caused by the first rather than
118  the second vaccine dose, as only two donors (R20, R26) showed a boost in anti-RBD antibody
119  levels after the second vaccine dose, while antibody levels in other donors remained stable
120  (Extended data Fig. 1b). Overall, anti-RBD (Fig. 1¢) and anti-spike IgG levels (Extended data Fig.
121 1Ic) were similar between vax2 and inf-vax groups. However, breakthrough cases exhibited
122 significantly, but not dramatically, lower anti-RBD and anti-spike antibody levels after infection
123  compared to both vax2 and inf-vax2 individuals (Fig. 1¢).

124

125  Magnitude of epitope-specific CD8" T cell response to mRNA infection and vaccination

126  To evaluate epitope-specific CD8" T cell responses to SARS-CoV-2 antigen exposure, we
127  investigated previously published data for spike-derived epitopes with a resolved HLA-restriction
128  confirmed in multiple publications. This search resulted in the selection of six spike protein
129  epitopes presented on the HLA alleles A*01:01, A*02:01, A*24:02, B*15:01, and
130  B*44:02!315.17.20.24-26,3436 'We then added 12 previously described non-spike epitopes presented
131 on the same HLA molecules, resulting in a total panel of 18 SARS-CoV-2 epitopes (Fig. 1d,
132  Extended data Table 1). In addition, four of the selected epitopes (A24 VYI, BI15 NQK,
133 B44 AEV and B44 VEN) were highly similar to orthologs from common cold coronaviruses
134 (CCCoV), and the CCCoV variant pMHC-dextramers were also included to test the cross-reactive
135  potential of these epitopes®’.

136

137  PBMCs from each donor were stained with a panel of DNA-barcoded, fluorescently labeled
138  dextramers (Fig. 1a, Extended data Table 1) that matched the donor’s HLA alleles (Extended data
139  Table 2). For vax2 donors, these panels only included spike-derived dextramers. Epitope-specific
140 T cells (CD3"CD8 dextramer” cells) were isolated using FACS (Extended data Fig. 2) and then
141 assayed with scRNAseq, scTCRseq, and CITEseq using the 10x Chromium platform. We observed
142  a detectable (>0.01%) dextramer-positive CD8" T cell response in 15/16 vaccinated donors that
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143  were not previously infected and in 37/39 SARS-CoV-2-infected donors. Although the overall
144  frequency of dextramer-specific cells was low (0.41+0.17% SEM of CD8" T cells; range: 0.01-
145  14.1% of CD8" T cells), it was comparable to the epitope-specific memory cell frequencies
146  observed months after challenge in other studies of SARS-CoV-2 infection!*!7-202! even though
147  these studies frequently used peptide stimulation covering an entire protein or multiple proteins.
148  Furthermore, the absolute magnitude of the epitope-specific T cell responses was similar across
149  all groups (Fig. 1e) despite varying sources (vaccine/infection) of antigen exposure (p>0.05 for all
150 pairwise comparisons, Mann-Whitney U test with Benjamini-Hochberg multiple testing
151  correction).

152

153  HLA-B*15:01 presents a spike-derived epitope cross-reactive to CCCoV

154  Use of the DNA-barcoded dextramers allowed us to deconvolve the overall T cell response to 18
155  distinct epitope-specific responses. For each cell, we calculated the number of unique molecular
156  identifiers (UMIs) per dextramer, and considered a cell as dextramer-specific if more than 30% of
157  the dextramer-derived UMIs corresponded to that dextramer’s specific barcode. Cells that did not
158  match the criteria (i.e., exhibited ambiguous binding or fewer than 4 UMIs per most abundant
159  dextramer) were considered unspecific binders and were excluded from the dataset. This resulted
160 in non-overlapping dextramer-positive and -negative groups of cells for each dextramer (Fig. 2a,
161  Extended data Fig. 3). To further assess this threshold, we considered the dextramer assignment
162  of individual cells among the 43 most abundant T cell clones (i.e., clonotypes with > 20 cells) as
163  defined by scTCRseq. Of these clonotypes, 72% (31/43) matched a single epitope across all cells
164  (Fig. 2b), with only six of the most abundant clonotypes assigned to several non-orthologous
165  epitopes. However, for all these clonotypes, there was a clear dominant epitope assigned to the
166  majority of cells, demonstrating the general robustness of the dextramer specificity thresholds.
167 Interestingly, five of the most abundant TCR clonotypes were assigned to both BI5-NQK Q
168 SARS-CoV-2and B15-NQK A CCCoV (HKU1/0C43) orthologs of the spike epitope, supporting
169  our initial hypothesis for potential SARS-CoV-2/CCCoV epitope cross-reactivity. Indeed, the
170  UMI counts for the dextramers with SARS-CoV-2 and CCCoV variants of the epitope were
171 strongly correlated (Fig. 2c), suggesting that the exact same cells can bind both versions of the
172 epitope.

173
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174  To further validate that a single TCR could recognize both variants of B15-NQK, we made a Jurkat
175  cell line expressing one of the potentially cross-reactive af TCRs. This T cell line recognized both
176  CCCoV and SARS-CoV-2 variants of the peptide, as demonstrated by HLA-B*15:01-multimer
177  staining (Fig. 2d) and peptide stimulation assays (Extended data Fig. 4). Interestingly, the presence
178  of T cells specific to this epitope coincided with higher IgG levels against the spike protein of
179  common cold betacoronaviruses HKU1 and OC43 prior to infection or vaccination (Extended data
180  Fig. 5). These data indicate that SARS-CoV-2 may reactivate cross-reactive memory CD8" T cells
181  established during previous OC43/HKUT infections.

182

183  Spike vs. non-spike response distribution varies with antigen exposures

184  Because barcoded dextramers allow us to simultaneously measure the response to multiple
185  epitopes in the same sample at single-cell resolution, we also utilized these data to compare the
186  magnitude of the response to different epitopes. Among all the tested epitopes, A0l TTD,
187 AO01 LTD, A02 YLQ, and B15 NQK elicited the strongest overall response (Fig. 2¢) and were
188  also found in the majority of HLA-matched samples. Although we observed responses to all other

189  epitopes, they occurred at lower frequencies and only in a subset of HLA-matched donors.

190
191  Donors with distinct HLA alleles present different subsets of epitopes. Thus, to robustly compare

192  the magnitude of spike and non-spike responses, we characterized the contribution of each of the
193  six A*01:01 restricted epitopes in HLA-A*01:01-positive SARS-CoV-2 convalescent individuals
194  (n=13). Interestingly, the proportion of the spike-derived epitope AO1 LTD response significantly
195 increased in inf-vax2 individuals compared to infected individuals prior to vaccination (0.8%
196 A0l LTD-specific cells of total AO1-restricted response for inf-only group, vs 48% A0l _LTD-
197  specific cells of total AOI-restricted response for inf-vax2, p<0.0001 Fisher exact test; Fig. 2f).
198  Similar but less striking effects were also observed within HLA-A*02:01-positive individuals
199  (n=19) for three A*02:01 restricted epitopes (33% of A02_YLQ-specific cells for inf-only, vs 82%
200 of A02 YLQ-specific cells for inf-vax2, p<0.0001 Fisher exact test; Extended data Fig. 6). These
201  patterns suggest that the distribution of T cell specificities was shifted towards spike-derived
202  epitopes following vaccination of these previously infected donors (Fig. 2g, Extended data Fig. 7).
203  Indeed, among all donors regardless of HLA type, we observed a significant increase in the fraction

204  of the spike-specific T cell response after vaccination, indicating the recall of epitope-specific
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205 memory T cells among previously infected individuals as a result of vaccination (Fig. 2H, p=0.025,
206  one-sided Wilcoxon signed-rank test). Similar to the antibody response, most of this expansion
207  was likely due to the first rather than second dose of the vaccine, as we did not observe a T cell
208  boost between the first and second doses of vaccine in 7/10 subjects (Extended data Fig. 8). In
209  sum, vaccination is able to potently and selectively expand spike-specific responses.

210

211 Given the potent induction and expansion of spike-specific responses by vaccination, even in
212  individuals who were previously infected, we predicted that infection of previously vaccinated
213  individuals (breakthrough, vax2-inf) would maintain a spike-specific bias. Surprisingly, we
214 observed a large non-spike-specific T cell response in the majority of the breakthrough 6/7 (vax2-
215  inf) cohort (Fig. 2h), indicating that a robust primary response to non-spike SARS-CoV-2 antigens
216  during the breakthrough infection is not impaired by the presence of spike-specific immune
217  memory elicited by vaccination. The ratio between spike- and non-spike-specific T cells in
218  breakthrough cases (vax2-inf) was no different from that of donors who were only infected (inf;
219  p=0.97, Mann-Whitney U test), indicating that the T cell response to the non-spike antigens is of
220 comparable magnitude among those who were only infected and and those who experienced
221  breakthrough infection after vaccination (vax2-inf). Thus, while the magnitude of the epitope-
222  specific responses is similar across all exposure types, the composition of epitope-specific
223  responses is clearly skewed by both the number and order of exposures.

224

225  Phenotypes of epitope-specific CD8" T cells following SARS-CoV-2 infection and vaccination
226  Tounderstand if different types of antigen exposures could also drive divergent phenotypes among
227  epitope-specific T cells, we leveraged the single-cell gene expression (scGEX) data corresponding
228 to our TCR and dextramer data. Unsupervised clustering identified 11 distinct transcriptional
229  subsets of epitope-specific cells (Fig. 3a). These clusters were manually annotated using the
230  surface abundance of conventional memory markers (CCR7 and CD45RA) measured by CITEseq
231 (Fig. 3b) and other well-studied expression markers (Fig 3¢, Extended data Table 3, Table 4),
232 allowing us to identify the following populations: Transitional Memory (Effector
233  memory(EM)/EM with re-expression of CD45RA(EMRA)), EMRA-like, Central Memory
234 (CM)/T stem cell-like memory (Tscm), Differentiated effectors, naive/Tscm, EM, Resting
235  effectors, EM with exhaustion markers, Resting memory, CM with GATA3, and Cycling. Though
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236  the proportions of these T cell populations varied substantially across antigen exposure contexts,
237  each gene expression cluster contained cells from all five exposure groups (Fig. 3d, Extended data
238  Fig. 9, 10, 11). Natural infection, breakthrough cases, and vaccination led to the formation of
239  potent T cell memory, including highly cytotoxic populations (clusters 0,1,3,5) and populations
240  with expression of common markers of durable cellular memory (clusters 2,4,8,9), e.g. TCF7,
241 IL7R, and CCRY7 (Fig. 3c¢).

242

243  Repeated exposures cause a shift of T cell memory phenotypes towards EMRA

244  To determine if a vaccine-induced recall response affects the phenotypes of T cells, we compared
245  the GEX cluster distribution between inf-only and inf-vax2 donors. We observed a significant
246  post-vaccination shift towards a more highly differentiated effector phenotype (EMRA, cluster 1)
247  of spike-specific cells (Fig. 3e, S10, p<0.0001, Fisher exact test). Interestingly, there was no such
248 change for non-spike-specific cells, suggesting that vaccination specifically increased the
249  proportion of cells in cluster 1 (EMRA-like) among SARS-CoV-2 recovered donors via a recall of
250  spike-specific memory T cells (Fig. 3f). Indeed, inf-vax1 and inf-vax2 groups were characterized
251 by spike-specific T cells with higher GZMB, GZMH, GNLY, and NKG7 expression and lower
252 TCF7, IL7R, SELL, and LTB expression than those in other groups, consistent with the EMRA
253  phenotype (Fig. 3g). Interestingly, the spike-specific T cells in breakthrough infections (vax2-inf)
254  exhibited expression profiles more similar to groups with a single type of antigen exposure (vax2
255  or inf) than to those of inf-vax1,2 subjects.

256

257  Repeated SARS-CoV-2 antigen exposure does not lead to an exhausted T cell phenotype

258  Repeated or chronic antigen exposure leads to T cell exhaustion in multiple experimental models?’.
259  Several publications have linked T cell exhaustion to an impaired SARS-CoV-2 cellular
260  response*

261  classical exhaustion markers (cluster 7, EM-Ex, Fig. 3c¢), including CTLA-4, PD-1, TOX, and

. While our epitope-specific data similarly included a cluster with high expression of

262  TIGIT, this cluster was present in multiple donors (26/51) across all groups, including vax2-only
263  (Extended data Fig. S9, S10). In concordance with previous reports?>#?, this “exhausted cluster”
264  was extremely clonal in composition (Extended data Fig. 12), with more than 70% of the cluster
265 repertoire occupied by just 10 clones (Fig. 3h). We also observed that the number of cells in the

266  “exhausted cluster” within a patient strongly correlated with the number of cells in the cluster of
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267  cycling cells (Fig. 31). Thus, the presence of the exhausted cluster is connected to both clonal
268  expansion and cell proliferation, suggesting that donors who have such cells are still in the active
269  rather than memory state of the CD8 T cell response. To test this, we looked at the distribution of
270  cells among clusters at two available time points after infection (Fig. 1b, donors R1-R30, average
271  time between timepoints was 75.5 days, range 40-126). The number of cells in cluster 7 declined
272  with time (Extended data Fig. 13), indicating that this “exhausted” subset is both common among
273  mild infections yet transient and, importantly, that the presence of these cells is not sufficient to
274  cause notable pathology. Rather, the exhaustion phenotype appears primarily correlated with time
275  since antigen exposure.

276

277  Convergent and diverse TCR repertoire of epitope-specific CD8" cells

278  Our data thus far indicate that vaccination after infection boosts pre-existing T cell memory to
279  spike antigens and leads to significant alterations in the cellular phenotypes. We next asked
280  whether this recall response affects the diversity of the underlying recruited T cell receptor
281  repertoires, potentially narrowing repertoire diversity after each exposure. To compare the TCR
282  repertoires of epitope-specific cells elicited in response to different exposure contexts, we assessed
283  the overall TCRJ repertoire diversity (represented by normalised Shannon entropy). The diversity
284  of both spike- (Fig. 3j) and non-spike-specific repertoires (Fig. 3k) was comparable among all
285  groups (p=0.63 for spike, p=0.17 for non-spike, Kruskal-Wallis H test), suggesting that a diverse
286  repertoire of T cells persists in the memory compartment regardless of antigenic history and is not
287  narrowed by the recall response. This is especially notable among the breakthrough infections, as
288 it indicates that these individuals mount de novo diverse non-spike-specific T cell memory in
289  response to the infection.

290

291  We and others have previously shown that T cells recognizing the same epitopes frequently have
292  highly similar T cell receptor sequences*4%. We therefore constructed a similarity network of
293  paired, unique ap TCR sequences from our data (Extended data, Table 5), using a threshold on the
294  TCRdist* similarity measure to identify highly similar clonotypes (Fig. 4a). The clusters of similar
295  sequences almost exclusively consisted of TCRs with the same epitope specificity and feature
296  biases in V-segment usage (Extended data Fig. 14, 15, 16), as well as striking positional

297  enrichment of certain amino acid residues within the CDR3 region (Fig. 4b). We next individually

10
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298 cloned 12 of these TCRs from the 7 largest similarity clusters into a TCR-null Jurkat cell line
299  (Extended data, Table 6). The resulting cell lines exhibited the expected specificity based on
300  dextramer barcodes both in peptide stimulation assays (Extended data Fig. 17) and dextramer
301  staining (Extended data Fig. 18), validating both the bioinformatics approach and the reagents. We
302 next asked if the same motifs were recruited into the response across antigen exposure histories.
303  Importantly, many of the confirmed CDR3 motifs from spike-specific TCRs were shared among
304  donors who recovered from natural infection, including breakthrough infections, and among
305 immunologically naive donors after vaccination (Fig. 4c). This suggests that epitope recognition
306 1is achieved by the same TCR-pMHC molecular interactions regardless of the method of antigen
307  exposure, and thus one could expect similar specificity to potential epitope variants for memory T
308 cells elicited by vaccination or natural infection.

309

310  TCR motifs recognize most mutated epitopes in SARS-CoV-2 variants

311 Our TCR analyses established that regardless of antigen history, the same dominant TCR motifs
312  were utilized by subjects responding to a number of important SARS-CoV-2 epitopes. Thus, these
313  TCRs can be used to probe how memory responses from these exposures will detect epitopes in
314 variant SARS-CoV-2 strains. To investigate the potential impact of SARS-CoV-2 variants on T
315  cell recognition, we searched the GISAID for mutations in the selected CD8 epitopes. Mutations
316  in both current and previous viral lineages were included in the analysis if they appeared in at least
317  10% of a Pango lineage and in at least ten thousand isolates. Notably, no mutations in the studied
318  epitopes were observed in the Omicron variant. However, we identified 10 mutations among the
319 200 Pango lineages, including Delta and Gamma WHO variants of concern. Models predicting
320  peptide-MHC binding (NetMHCpan4.1b*") suggest that these mutations do not impact the binding
321  of the epitope to the restricting HLA allele, as both mutated and wild-type epitope variants are
322  predicted to be strong binders (Extended data Table 7). Thus, we decided to test whether our
323  transgenic TCR lines were capable of recognizing these mutated epitopes. All three mutated
324  epitopes of AO1_TTD could be recognized by at least one of our AO1_TTD-specific T cell lines.
325 (Extended data, Fig. 19). Interestingly, one of the mutated AO1 TTD epitopes (TTNPSFLGRY)
326  was recognized by one of the two generated TCR lines, highlighting the importance of TCR
327  diversity in the cross-reactivity to novel variants. Neither A02 YLQ-specific TCR line was
328 activated by the mutant S:P272L epitope YLQPRTFLL (Extended data, Fig. 19), confirming the
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329  data from Dolton et al. This mutation was speculated to play a role in a second Europe COVID-19
330 wave in summer-autumn of 2020*, However, none of the currently abundant SARS-CoV-2
331  variants bear this or any other variant of the A02 YLQ epitope at large frequency. Of the four
332  mutations observed in the A24 NYN epitope, two escaped recognition by both cloned TCR lines
333  (Extended data, Fig. 19). The mutation L452R affecting A24 NYN is of particular interest as it is
334  present in over 95% of all Delta variant sequences in GISAID. Whether individuals infected by
335  the Delta variant could utilize other TCR motifs to recognise this mutated epitope requires further
336  investigation. Together, our data suggest that the T cell memory repertoire established by SARS-
337  CoV-2infection or vaccination has great cross-reactivity potential against novel viral variants, and
338  further shows that not all of the viral mutations affecting T cell epitopes result in the T cell immune
339  escape, even from the most public TCR clones.

340

341  Discussion

342

343  Understanding the effects of multiple antigen exposures, in various contexts, on the development
344  of effective CD8" T cell memory against SARS-CoV-2 is important for determining susceptibility
345  to subsequent infections and the potential for booster vaccination to improve outcomes. To address
346  this, we analyzed multiple parameters of the CD8" T cell response across five types of antigen
347  exposure history and found that repeated antigen exposures (up to three) continued to induce
348  expansion to the included antigens and drive further functional maturation. Despite this, the
349  underlying TCR repertoire structure within epitope specific responses maintained diversity, which
350 is a promising indication of continued vaccine efficacy. Narrowing of TCR diversity has been
351  shown in a number of contexts to correlate with poor immunological control. As fourth boosters
352  and increased rates of breakthrough infections are providing additional exposures, these data are a
353  useful benchmark for determining how these relatively rapid repeat exposures will continue to
354  mature the response. Close monitoring of these important parameters—magnitude, functional
355  profile, and repertoire diversity—should be continued in longitudinal cohorts with diverse antigen
356  exposures.

357

358  Breakthrough infections of vaccinated individuals have a much lower risk of causing severe

359  disease but are a concern for maintaining transmission and exposing vulnerable populations.
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360  Furthermore, breakthrough infections have increased with greater serological drift in emerging
361  variants of concern, including Delta and Omicron. We found that functional profiles among
362  breakthrough infections (vax2-inf) were distinct from other forms of antigen exposure but
363  consistent with effector T cell differentiation and, in fact, demonstrated an arguably earlier
364  differentiation state than inf-vax2 individuals. In addition, we show that these individuals form
365 non-spike specific T cell memory at robust levels, indicating that there is not an intrinsic defect
366  among these individuals in mounting robust anti-SARS-CoV-2 responses and diversifying the T
367  cell memory pool to SARS-CoV-2 internal proteins. The proportion of breakthrough subject
368  response targeting spike epitopes was in fact smaller than that of the inf-vax2 subjects, indicating
369 that individuals with breakthrough infection were not preferentially biased towards spike
370 responses. This is especially important given the continued emergence of SARS-CoV-2
371  variants'®*! and the current uprise in breakthrough infection rate.

372

373  In the midst of characterizing T cell responses against SARS-CoV-2-specific epitopes, we also
374  discovered T cells that are cross-reactive for SARS-CoV-2 and common cold coronavirus variants
375  of an HLA-B*15-restricted immunodominant epitope. The possibility of this cross-reactivity was
376  hypothesized previously?, where the clonotypes with this TCR motif were the most expanded in
377 an HLA-B*15 positive donor. An epitope from N-protein HLA-B*07 SPR has also been shown
378  to be cross-reactive with HKU1 and OC43 common cold coronaviruses'*>?, although other studies
379  of T cells specific to these epitopes concluded they were not cross-reactive®!®. The extent of
380  protection in HLA-B*15+ and HLA-B*07+ donors recently infected with common cold
381  coronaviruses is yet to be determined, but a high frequency of cross-reactive CD8 T cells may
382  correlate with protection.

383

384  The most striking differences we observed based on antigenic history were in the phenotype of
385 elicited cells. In particular, we found an increase in the fraction of EMRA spike-specific T cells
386  following vaccination in previously infected subjects (inf-vax2). It remains unclear whether the
387 EMRA phenotype is associated with more or less durable and efficient protection, and longer
388  follow-up studies of the durability of memory in vax2-only, inf-only, and inf-vax2 groups should

389  closely monitor the phenotype of antigen-specific T cell responses and their persistence. This is
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390 particularly relevant given the current routine practice of third, and soon possibly fourth, vaccine
391  doses.

392

393  Precise measurement of epitope-specific T cell and B cell responses is crucial for defining the
394  correlates of SARS-CoV-2 protection, which will inform vaccination strategies to prevent
395 pandemic recurrence as additional SARS-CoV-2 variants emerge. The striking similarity between
396 the magnitude and constituent repertoires of epitope-specific CD8 T cell responses following
397 infection, vaccination, or infection followed by vaccination, indicate that mRNA vaccines are
398 capable of inducing nearly equivalent memory as an infection episode and further expanding
399  previously established responses. These data further suggest that booster shots, if needed to address
400 antibody-escape to Omicron and other variants, will not substantially alter the repertoires of
401  established anti-spike T cell memory.

402

403  Our data have also provided a useful confirmation of the specific sequence features of several
404  SARS-CoV-2 epitope-specific responses. The generation of monoclonal T cell lines that can be
405  used to rapidly survey variant peptides provides an analogous tool as a monoclonal antibody for
406  characterizing antibody escape mutations. Here, we were able to show subtle variations in the loss
407  of recognition by multiple TCR lines recognizing the same epitope. These tools can be used to
408  screen emerging variants of concern and also predict mutations that might lead to relevant epitope
409  escape.

410

411 Our study has several limitations that should be considered. First, we focus on comparisons
412  between T cells specific for a pre-selected set of CD8" epitopes previously identified in large
413  epitope discovery studies>*. This set of epitopes, although considerable in size given the nature of
414  our experiments, does not necessarily cover all immunodominant responses, and may also exclude
415  novel epitopes induced only by vaccination (though to date none have been reported). Furthermore,
416  the epitopes chosen are presented on a limited subset of HLA-alleles that, while abundant in
417  populations of European ancestry, are less representative of other populations. Additional epitope
418  discovery studies of SARS-CoV-2 and other clinically relevant pathogens covering more HLA
419  alleles from cohorts of diverse ancestry are important to overcome current biases in the literature

420 and integral for fully elucidating the complex interactions between genotype, phenotype, and
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421  environment on the immune response. Secondly, we were only able to analyze a relatively small
422  number of breakthrough infection cases. Our data suggest that, going forward, it will be important
423 to more exhaustively profile the epitope-specific responses of individuals who experience
424  breakthrough infections, particularly by obtaining prospective samples after vaccination but prior
425  to infection.

426 In addition, we only had access to PBMC samples, which do not allow study of the distinct
427  features of the cellular response at the site of infection. Particularly in breakthrough infections, if
428  differential trafficking of memory cells to the airways occurred, it may bias our interpretation of
429  the observed response. Lastly, the variation in our sampling times across all subgroups may
430 introduce additional noise due to active T cell response dynamics. More regular and frequent
431  sampling in a larger cohort of fully vaccinated individuals will facilitate a more exhaustive
432  understanding of the correlates of protection from SARS-CoV-2 infection and the mechanisms
433  underlying breakthrough infection.

434
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435 Online methods
436

437  Human cohort

438 The St. Jude Tracking of Viral and Host Factors Associated with COVID-19 study (SJTRC,
439 NCT04362995) is a prospective, longitudinal cohort study of St. Jude Children’s Research
440  Hospital adult (>18 years old) employees. The St. Jude Institutional Review Board approved the
441  study. Participants provided written informed consent prior to enrollment and completed regular
442  questionnaires about demographics, medical history, treatment, and symptoms if positively
443  diagnosed with SARS-CoV-2 by PCR. Study data are collected and managed using REDCap
444  electronic data capture tools hosted at St. Jude’>¢. Participants were screened for SARS-CoV-2
445  infection by PCR weekly when on the St. Jude campus. For this study, we selected a cohort of 55
446  individuals, 16 of which had never tested positive for SARS-CoV-2 (N1-N16), and 39 of which
447  were diagnosed as SARS-CoV-2 positive with a PCR test and recovered from mild disease (R1-
448  R30, breakthrough B1-B9) during the study period. All individuals in this study received two doses
449  of the Pfizer-BioNTech BNT162b2 mRNA vaccine. Vaccination data, including vaccine type and
450 date administered, were obtained from the institutional database which required direct
451  confirmation of vaccine administration records before data entry. Previously infected and naive
452  vaccinated individuals (inf-vax2 and vax2) were sampled at similar time points after their vaccine
453  regimen was complete (R1-R30: 45.5+2.8 SEM, range 25-81 days; N1-N16: 40.7+2.7 SEM, range
454  23-60 days). Finally, the individuals chosen for each group were of similar ages (R1-R30: 44.2+2.5
455  SEM, range 23-68 years; N1-N16: 44.1+3 SEM, range 29-73 years; B1-B9: 40.1+4.2 SEM, range
456  24-60 years). For this study, we utilized the convalescent blood draw for SARS-CoV-2 infected
457  individuals (3-8 weeks post-diagnosis) and the post-vaccination samples (3-8 weeks after
458  completion of the vaccine series). For breakthrough infections, we used the convalescent blood
459  draw. An infection was considered a “breakthrough” if an individual tested positive for SARS-
460 CoV-2 infection by PCR after receiving two doses of the Pfizer-BioNTech BNT162b2 vaccine.
461  Blood samples were collected in 8 mL CPT tubes and separated within 24 hours of collection into
462  cellular and plasma components then aliquoted and frozen for future analysis. Human cohort
463 metadata can be found in Extended data Table 2.

464

465
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466 HLA typing

467  High quality DNA was extracted from whole blood aliquots from each participant using the Zymo
468  Quick-DNA 96 Plus Kit (Qiagen). DNA was quantified on the Nanodrop (Thermo Scientific).
469 HLA typing of each participant was performed using the AllType NGS 11-Loci Amplification Kit
470 (One Lambda; Lot 013) according to manufacturer’s instructions. Briefly, 50 ng DNA was
471  amplified using AllType NGS 11-Loci amplification primers. The amplified product was then
472  cleaned and quantified on the Qubit 4.0 (Invitrogen). Library preparation of purified amplicons
473  was carried out as described in the protocol, and the AllType NGS Index Flex Kit (Lot 011) was
474  used for barcoding and secondary amplification. Purified, barcoded libraries were quantified using
475  the Qubit DNA HS kit (Invitrogen) and pooled according to the One Lambda Library Pooling
476  table. Pools of up to 48 libraries were then purified and quantified on the TapeStation D5000
477  (Agilent) before sequencing on a full MiSeq lane at 150x150bp following manufacturer’s
478  sequencing specifications. HLA types were called using the TypeStream Visual Software from
479  One Lambda. HLA typing results can be found in Extended data Table 2.

480

481  Dextramer generation and cell staining

482  Peptides with >95% purity were ordered from Genscript and diluted in DMSO to 1 mM. pMHC
483 monomers (500 nM) were generated with easYmer HLA class I (A*01:01, A*02:01, A*24:02,
484  B*15:01, B*44:02) kits (Immunaware) according to the manufacturer's protocol. To generate
485 DNA-barcoded MHC-dextramers we used Klickmer technology (dACODE Klickmer, Immudex).
486 16.2 uL of HLA monomer (500 nM) were mixed with 2 pL barcoded dCODE-PE-dextramer to
487  achieve an average occupancy of 15 and incubated for at least 1 hour on ice prior to use. Individual
488  dextramer cocktails were prepared immediately before staining. Each cocktail had 1.5 pL of each
489  HLA-compatible barcoded MHC-dextramer-PE and 0.15 pL 100 uM biotin per dextramer pre-
490 mixed to block free binding sites. Samples were divided into 3 batches, and timepoints from the
491  same donor were always processed simultaneously. Donor PBMCs were thawed and resuspended
492  in 50 pLL FACS buffer (PBS, 0.5% BSA, 2 mM EDTA). Cells were stained with 5 pL. Fe-block
493  (Human TruStain FcX, Biolegend 422302) and a cocktail of dextramers for 15 minutes on ice.
494  After this a cocktail of fluorescently-labeled surface antibodies (2 pL of each: Ghost Dye Violet
495 510 Viability Dye, Tonbo Biosciences 13-0870-T100; anti-human CD3 FITC-conjugated
496  (Biolegend 300406, clone UCHT1), anti-human CD8 BV711-conjugated (Biolegend, 344734,
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497  clone SK1)) and TotalSeq-C antibodies (1 puL anti-human CCR7 (Biolegend 353251), 1 uL anti-
498  human CD45RA (Biolegend 304163)) and 2 pL of TotalSeq-C anti-human Hashtag antibodies 1-
499 10 (Biolegend 394661, 394663, 394665, 394667, 394669, 394671, 394673, 394675, 394677,
500 394679) were added. Samples were incubated for 30 minutes on ice. Single, Live, CD3-positive,
501  CDS8-positive, dextramer-positive cells were sorted into RPMI (Gibco) containing 10% FBS and
502 1% penicillin/streptomycin using a Sony SY3200 cell sorter. Sorted cells were immediately loaded
503 into a 10x reaction. Chromium Next GEM Single-Cell 5’ kits version 2 (10x Genomics PN:
504 1000265, 1000286, 1000250, 1000215, 1000252 1000190, 1000080) were used to generate GEX,
505 VDJ and Cite-Seq libraries according to the manufacturer's protocol. Libraries were sequenced on
506  Illumina NovaSeq at 26x90bp read length.

507

508  Single-cell RNAseq data analysis

509 Raw data was processed with Cell Ranger version 6.0.0 (10X Genomics). Three batches were
510  subsequently combined using the aggregate function with default parameters. Resulting GEX
511  matrices were analysed with the Seurat R package version 4.0.4 °’. Following standard quality
512  control filtering, we discarded low quality cells (nFeatures <200 or >5000, MT% >5%) and
513 eliminated the effects of cell cycle heterogeneity using the CellCycleScoring and ScaleData
514  functions. Next, we identified 2,000 variable gene features. Importantly, we excluded TCR/Ig
515  genes from variable features, so that the gene expression clustering would be unaffected by T cell
516  clonotype distributions. Next, we removed all non-CD8 cells from the data as well as cells labeled
517  with antibody hashtag #1 (Biolegend 394661) in batch 3, which were used solely as carrier cells
518  for the 10X reaction. Clusters were defined with the resolution parameter set to 0.5. Differentially
519  expressed genes between clusters were identified using the Seurat FindAllMarkers function with
520  default parameters. Differentially expressed genes for 11 resulting clusters can be found in
521  Extended data Table 3. R scripts for the final Seurat object generation can be found on GitHub
522  (https://github.com/pogorely/COVID vax_ CDS).

523

524  Donor and epitope assignment using feature barcodes

525  Cells were processed in 6 batches with each batch making a separate 10X Chromium reaction. In
526  each batch, individual PBMC samples were uniquely labeled with a combination of DNA-
527  barcoded hashing antibody (TotalSeq-C anti-human Hashtag antibodies 1-10, Biolegend) and a set
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528  of DNA-barcoded MHC-multimers. We attributed a cell to a certain hashtag if more than 50% of
529  UMIs derived from hashing antibodies matched that hashtag. Cells specific to certain dextramers
530 were called similarly: we required more than 30% of dextramer-derived UMIs to contain a
531  dextramer-specific barcode, and if multiple dextramers passed this threshold the cell was
532  considered specific to both. If the most abundant dextramer barcode per cell was < 3 UMIs, we
533  did not assign any epitope specificity to it. Cells were assigned to donors using a combination of
534  hashing antibody and dextramer barcode. TCRa and TCRP sequences were assembled from
535 aggregated VDJ-enriched libraries using the CellRanger (v. 6.0.0) vdj pipeline. For each cell we
536  assigned the TCR and TCRa chain with the largest UMI count. The R script performing feature
537 barcode  deconvolution, GEX and TCR join is available on  Github
538  (https://github.com/pogorely/COVID vax CD8) as well as the resulting Extended data Table 4.
539

540 TCR repertoire analysis

541 T cell clones were defined as groups of cells from the same donor with identical nucleotide
542  sequences of both CDR3a and CDR3p (see Extended data Table 5 for unique T cell clones). To
543  correct erroneous or missing dextramer assignments for individual cells within a clone we assign
544  each T cell a specificity of the majority of cells from this clone. To measure the distance between
545 TCR o/f clonotypes and plot logos for dominant motifs we used the TCRdist algorithm
546  implementation and plotting functions from conga python package’®. Sequence similarity network
547  analysis and visualizations were performed with the igraph R package®® and gephi software®®. We
548  exclude top 1% of vertices and edges with largest betweenness centrality values (which are likely
549  to occur due to cell doublets or artifacts of scTCR sequencing) to filter out a small number of
550  spurious connections between motif clusters A TCR motif cluster is then defined as a connected
551  component on a similarity network. TCRp repertoire diversity calculation was performed using
552  normalized Shannon entropy —(Q7L; p;log,(p;))/log,(n), where n is a total number of unique
553  TCR} clonotypes, and pi is a frequency of i-th TCRp clonotype (defined as the fraction of cells
554  with this TCRP amongst all cells in a sample with defined TCR}).

555

556  Artificial antigen-presenting cells (aAPCs)

557 A gBlock gene fragment encoding full-length HLA-A*01:01, HLA-A*02:01, HLA*A24:02 and
558 HLA-B*15:01 was synthesized by Genscript and cloned into the pLVX-EFIla-IRES-Puro
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559  lentiviral expression vector (Clontech). Lentivirus was generated by transfecting HEK 293T cells
560 (American Type Culture Collection (ATCC) CRL-3216) with the pLVX lentiviral vector
561  containing the HLA insert, psPAX2 packaging plasmid (Addgene plasmid #12260), and pMD2.G
562 envelope plasmid (Addgene plasmid #12259). Viral supernatant was harvested and filtered
563  through a 0.45 um SFCA syringe filter (Thermo Fisher) 24- and 48-hours post-transfection, then
564  concentrated using Lenti-X Concentrator (Clontech). K562 cells (ATCC CCL-243) were
565 transduced, then antibiotic selected for one week using 2 pg/mL puromycin in Iscove’s Modified
566  Dulbecco’s Medium (IMDM; Gibco) containing 10% FBS and 1% penicillin/streptomycin.
567  Surface expression of HLA was confirmed via flow cytometry using antibodies against HLA-A,
568 B, C (PE-conjugated, Biolegend 311406, clone W6/32).

569

570 TCR-expressing Jurkat 76.7 cells

571  TCR chains matching both the biggest clusters of Fig 4B, as well as the B15 NQK-specific
572  prediction from>2, were selected for Jurkat cell line generation (Extended data Table 6). TCRa and
573  TCR} chains for the selected epitope-specific TCRs were modified to use murine constant regions
574  (murine TRAC*01 and murine TRBC2*01). A gBlock gene fragment was synthesized by
575  Genscript to encode the modified TCRa chain, the modified TCRp chain, and mCherry, with all
576  three genes linked together by 2A sites. This sequence was cloned into the pLVX-EF10a-IRES-
577  Puro lentiviral expression vector (Clontech). Lentivirus was generated by transfecting HEK 293T
578 cells (ATCC CRL-3216) with the pLVX lentiviral vector containing the TCR-mCherry insert,
579  psPAX2 packaging plasmid (Addgene plasmid #12260), and the pMD2.G envelope plasmid
580  (Addgene plasmid #12259). Viral supernatant was harvested and filtered through a 0.45 pum SFCA
581  syringe filter (Thermo Fisher) 24- and 48-hours post-transfection, then concentrated using Lenti-
582 X Concentrator (Clontech). Jurkat 76.7 cells (a gift from Wouter Scheper; variant of TCR-null
583  Jurkat 76.7 cells that expresses human CD8 and an NFAT-GFP reporter) were transduced, then
584  antibiotic selected for 1 week using 1 pg/mL puromycin in RPMI (Gibco) containing 10% FBS
585 and 1% penicillin/streptomycin. Transduction was confirmed by expression of mCherry, and
586  surface TCR expression was confirmed via flow cytometry using antibodies against mouse TCR[3
587  constant region (PE-conjugated, Biolegend 109208, clone H57-597) and human CD3 (Brilliant
588  Violet 785-conjugated, Biolegend 344842, clone SK7).

589
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590 Intracellular cytokine staining functional assay

591  Jurkat 76.7 cells expressing the B15 NQK-specific TCR (2.5x10°) were co-cultured with HLA-
592  B*15:01 aAPCs (2.5x10°) pulsed with 1 uM of either NQKLIANAF peptide from HKU1/0OC43
593  common cold coronaviruses or NQKLIANQF peptide from SARS-CoV-2, 1 pg/mL each of anti-
594  human CD28 (BD Biosciences 555725) and CD49d (BD Biosciences 555501), brefeldin A
595 (GolgiPlug, 1 pL/mL; BD Biosciences 555029), and monensin (GolgiStop, 0.67 uL/mL; BD
596  Biosciences 554724). An unstimulated (CD28, CD49d, brefeldin A, monensin) and positive
597  control (brefeldin A, monensin, 1X Cell Stimulation Cocktail, PMA/ionomycin; eBioscience 00-
598  4970-93) were included in each assay. Cells were incubated for 6 hours (37 °C, 5% CO-;), washed
599  twice with FACS buffer (PBS, 2% FBS, 1 mM EDTA), then blocked using human Fc-block (BD
600 Biosciences 564220) for 10 minutes at room temperature. The blocked cells were then stained with
601 1 uL Ghost Dye Violet 510 Viability Dye (Tonbo Biosciences 13-0870-T100) and a cocktail of
602  surface antibodies 1 pL each of anti-human CDS8 (Brilliant Violet 785-conjugated, Biolegend
603 344740, clone SK1), anti-human CD3 (Brilliant Violet 421-conjugated, Biolegend 344834, clone
604 SK7), and anti-mouse TCRp chain (PE-conjugated, Biolegend 109208) or APC/Fire750-
605 conjugated, Biolegend 109246), clone H57-597) for 20 minutes at room temperature. Surface-
606  stained cells were washed twice with FACS buffer, then fixed and permeabilized using the
607  Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences) according to the
608 manufacturer’s instructions. Following fixation and permeabilization, cells were washed twice
609  with 1X Perm/Wash buffer and then stained with a cocktail of intracellular antibodies including
610  1.25 pL of anti-human IFNy (Alexa Fluor 647-conjugated, Biolegend 502516, clone 4S.B3) and 1
611  pL anti-human CD69 (PerCP-eFluor710-conjugated, eBioscience 46-0699-42, clone FN50) at 4
612  °C for 30 minutes. Cells were washed twice with 1X Perm/Wash buffer, and then were analyzed
613 by flow cytometry on a custom-configured BD Fortessa using FACSDiva software (Becton
614  Dickinson). Flow cytometry data were analyzed using FlowJo v. 10.7.1 software (TreeStar).
615  Responsiveness to peptide stimulation was determined by measuring frequency of NFAT-GFP,
616  IFNy, and CD69 expression.

617

618  Specificity validation of generated Jurkat cell lines

619  Jurkat 76.7 cells expressing the epitope-specific TCRs (1.5x10°) were co-cultured with aAPCs
620  (1.5x10°) expressing the corresponding restricting HLA allele, and pulsed with 1 uM of cognate
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621  SARS-CoV-2 peptide, 1 pg/mL each of anti-human CD28 (BD Biosciences 555725) and CD49d
622 (BD Biosciences 555501). An unstimulated (CD28, CD49d) and positive control (1X Cell
623  Stimulation Cocktail, PMA/ionomycin; eBioscience 00-4970-93) were included for each Jurkat
624  76.7 cell line. Cells were incubated for 8 hours (37 °C, 5% CO-2) then washed with FACS buffer
625 (PBS, 2% FBS, 1 mM EDTA), resuspended in 50uLL FACS buffer, and blocked using human Fc-
626  block (BD Biosciences 564220) for 10 minutes at room temperature. Cells were then stained with
627 1 uL Ghost Dye Violet 510 Viability Dye (Tonbo Biosciences 13-0870-T100) and a cocktail of
628  surface antibodies including 1 pL each of anti-human CD3 (Brilliant Violet 421-conjugated,
629 Biolegend 344834, clone SK7), 1 pL anti-human CD69 (PerCP-eFluor710-conjugated,
630 eBioscience 46-0699-42, clone FN50), and anti-mouse TCRP chain (APC/Fire750-conjugated
631  (Biolegend 109246), clone H57-597). Cells were incubated for 20 minutes at room temperature
632 and then washed with FACS buffer. Cells were analyzed by flow cytometry on a custom-
633  configured BD Fortessa using FACSDiva software (Becton Dickinson). Flow cytometry data were
634  analyzed using FlowJo software version 10.7.1 (TreeStar). Responsiveness to peptide stimulation
635  was determined by measuring frequency of NFAT-GFP and CD69 expression.

636

637  To further test the specificity of generated Jurkat T cell lines we used dextramer staining with the
638  same dextramer reagents used for staining PBMCs (above). Jurkat cells were washed with FACS
639  buffer and resuspended in 50 pL. Cells were blocked with using human Fc-block (BD Biosciences
640  564220) and then stained with 1 uL of corresponding dextramer and 1 pL Ghost Dye Violet 510
641  Viability Dye (Tonbo Biosciences 13-0870-T100). A control Jurkat Cell line with known
642 irrelevant specificity was used as a negative control and was stained with all dextramer reagents
643  tested. All cells were stained for 40 minutes on ice. After the incubation cells were washed once
644  with FACS buffer. Cells were analyzed by flow cytometry on a custom-configured BD Fortessa
645  using FACSDiva software (Becton Dickinson). Flow cytometry data were analyzed using FlowJo
646  software version 10.7.1 (TreeStar).

647

648 Tetramer generation and staining of cross-reactive Jurkat Cell line

649  Biotinylated HLA-B*15-monomers loaded with NQKLIANQF (SARS-CoV-2) and
650 NQKLIANAF (CCCoV) versions of the peptide were tetramerised using TotalSeq-C-0951-PE-
651  Streptavidin (Biolegend 405261, 0.5 mg/mL) and TotalSeq-C-0956-APC-Streptavidin (Biolegend
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652 405283, 0.5 mg/mL). 60 uL. of HLA-monomers (500 nM) were mixed with 1 pL of PE-conjugated
653 (B15 NQKLIANQF) or APC-conjugated (B15 NQKLIANAF) streptavidin reagents and
654  incubated for 1 hour in the dark on ice. Jurkat 76.7 cells expressing the potentially cross-reactive
655 TCR were stained with 1 pLL. Ghost Dye Violet 510 Viability Dye (Tonbo Biosciences 13-0870-
656 T100) and 5 pL of each MHC-tetramer for 30 minutes on ice. Flow cytometry data were analyzed
657  using FlowJo software (TreeStar). Cross-reactivity of the Jurkat 76.7 T cell line was determined
658 by co-staining of the live cells with PE and APC-labeled MHC-tetramers.

659

660 Recombinant SARS-CoV-2 proteins and ELISA

661  Expression plasmids for the nucleocapsid (N) protein, spike protein, and the spike receptor binding
662  domain (RBD) from the Wuhan-Hu-1 isolate were obtained from Florian Krammer (Icahn School
663  of Medicine at Mount Sinai). Proteins were transfected into Expi293F cells using a ExpiFectamine
664 293 transfection kit (Thermo Fisher Scientific) as previously described®!. Supernatants from
665 transfected cells were harvested and purified with a Ni-NTA column.

666  For hCoV and SARS-CoV-2 antibody detection, 384-well microtiter plates were coated overnight
667 at 4 °C, with recombinant proteins diluted in PBS. Optimal concentrations for each protein and
668 isotype were empirically determined to optimize sensitivity and specificity. SARS-CoV-2 spike
669 RBD was coated at 2 pg/mL in PBS. Full-length spike was coated at 2 pg/mL for IgG. N protein
670  was coated at 1 pg/mL. The spike proteins of hCoV-229E (Sino Biological, 40605-V08B), hCoV-
671  NL63 (Sino Biological, 40604-V08B), hCoV-HKU1 (Sino Biological, 40606-V08B), or hCoV-
672  OC43 (Sino Biological, 40607-V08B) were coated at 1 ug/mL for IgG detection. For all ELISAs,
673  plates were washed the next day three times with 0.1% PBS-T (0.1% Tween-20) and blocked with
674 3% Omniblok™ non-fat milk (AmericanBio; AB10109-01000) in PBS-T for one hour. Plates were
675  then washed and incubated with plasma samples diluted 1:50 in 1% milk in PBS-T for 90 minutes
676  at room temperature. Prior to dilution, plasma samples were incubated at 56 °C for 15 minutes.
677  ELISA plates were washed and incubated for 30 minutes at room temperature with anti-human
678  secondary antibodies diluted in 1% milk in PBS-T: anti-IgG (1:10,000; Invitrogen, A18805). The
679  plates were washed and incubated at room temperature with OPD (Sigma-Alrich, P8287) for 10
680 minutes (for hCoV ELISAs) or SIGMAFAST OPD (Sigma-Alrich; P9187) for 8 minutes (for
681  SARS-CoV-2 ELISAs). The chemiluminescence reaction was stopped by addition of 3N HCl and

682  absorbances were measured at 490 nm on a microplate reader. The OD of each sample was
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683 normalized to the OD of the same two positive control samples that were run on each plate. The
684  normalized OD is the percent ratio of the sample OD to the average OD of the positive controls
685  for the plate. For the SARS-CoV-2 ELISAs, we first screened samples from prior studies that were
686  collected before 2019 to identify the background level of the assay. Samples were considered
687  positive if the normalized OD was greater than two times the average of normalized ODs from all
688  SARS-CoV-2 negative samples in the SITRC cohort (n=912). For the hCoV ELISAs, we screened
689 samples from a prior study that included very young children to identify samples to serve as
690 negative controls. Samples with a normalized OD greater than three times the average of the
691 normalized ODs for the negative controls were considered positive for the hCoV antigens.
692  Antibody levels for each donor can be found in the Extended data Table 2.

693

694  Analysis of epitope mutations in SARS-CoV-2 variants

695 We used the WHO definition of variant of concern and variant of interest updated January 10,
696  2022. A mutation was included in the analysis if it appears in at least 10% of the GISAID

697 (www.gisaid.org/hcovl9-variants/, accessed on Dec 7 2021) isolates with the same Pango lineage

698 and appears in >1000 isolates from that Pango lineage (Rambaut et al. 2020). To analyze the
699 predicted binding of variant and wild type peptides, we used NetMHCpan 4.1b*’. Results of this
700 analysis are in Extended data Table 7.

701

702  Statistical analysis

703  Statistical analysis was performed in R version 4.0.2. Wilcoxon signed-rank test was used to
704  compare paired pre-vaccination and post-vaccination samples; only donors with cells collected at
705  both timepoints were included in the test. Wilcoxon rank-sum test (Mann-Whitney U test) was
706  used to compare unpaired samples between pairs of study groups, Kruskal-Wallis H test was used
707  to test for difference between multiple study groups. Multiple testing correction was performed
708  using the Benjamini-Hochberg procedure. Ns not significant, * p<0.5, **p<0.01, ***p<0.001
709

710  Data and code availability

711 Code required to reproduce source data for figures is available on GitHub:

712  https://github.com/pogorely/COVID_vax_ CDS8. All data produced in the study is available as
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supplementary files. Raw sequencing data was deposited to Short Read Archive acc.

PRINA744851.
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Figure 1. Measuring CD8" T cell epitope-specific responses after diverse SARS-CoV-2 exposures. a.
Study design. Selected spike and non-spike SARS-CoV-2 T cell epitopes were loaded on recombinant
biotinylated MHC-monomers. Resulting peptide-MHC complexes were polymerized using fluorescently
labeled and DNA-barcoded dextran backbones. Next, we stained PBMC samples with pools of MHC-
multimers, isolated bound cells using FACS, and performed scRNAseq, scTCRseq, and CITEseq using the
10X Genomics platform. b. Time of blood sampling for each donor is shown relative to the first dose of
mRNA vaccine. ¢. Anti-RBD IgG antibody levels in previously infected individuals increase after
BNT162b2 vaccination. Anti-RBD IgG levels in the plasma were determined by ELISA. The normalized
OD is the percent ratio of the sample OD to the OD of the positive control for each plate. Plasma was
collected from previously infected donors prior (purple, inf), after 1 vaccine dose (inf-vax1, pink), and after
2 vaccine doses (inf-vax2, blue); SARS-CoV-2 naive donors after the full vaccination (vax2, green), and
donors that were infected after vaccination (breakthrough, vax2-inf, yellow). All comparisons were done
with Mann-Whitney U test, p-values are reported after Benjamini-Hochberg correction. Central line on
violin plots depicts the median. d. List of SARS-CoV-2 epitopes used in this study and summary
statistics for resulting epitope-specific response. e. Total frequency of MHC-dextramer-positive cells
is similar in all studied groups (p>0.05 for all pairwise comparisons, Mann-Whitney U test after multiple
test correction). Percentage of MHC-multimer-positive cells from all CD8" T cells measured by flow
cytometry is shown on a logjo-scale. Central line on violin plots shows the median.
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Figure 2. Magnitude, dynamics, and cross-reactivity of CD8" epitope-specific responses after diverse
SARS-CoV-2 exposures. a. Antigen specificity of each T cell inferred from dextramer-barcode UMI
counts. Representative distribution of the number of UMIs in cells called dextramer-positive (pink) and
dextramer-negative (yellow). b. T cells within a clone have largely consistent specificity assignments,
except T cells that cross-react with common cold coronavirus epitopes (B15 NQK A/B15 NQK Q
pair). Each bar shows a fraction of cells of a given clonotype attributed to different dextramers. The 43
most abundant clones (more than 20 cells) are shown. ¢. The correlation between the number of UMIs
for B15 NQK Q (SARS-CoV-2) and B15 NQK A (OC43 and HKU1) dextramers (Spearman p=0.8,
p<0.001). d. Cross-reactivity between HLA-B*15:01-NQK epitope variants confirmed in vitro. Jurkat
cell line expressing e TCR identified from scTCRseq data binds pMHC multimers loaded with both SARS-
CoV-2 and CCCoV variants of the epitope. e. The magnitude of epitope-specific CD8" T cell responses.
Each point depicts an estimated frequency of epitope-specific T cells in a sample. Estimated frequency was
calculated as a fraction of dextramer-specific T cells in sScRNAseq results multiplied by bulk frequency of
dextramer-stained CD8" cells of all CD8" cells measured by flow cytometry. Central line on boxplot shows
the median. Epitopes from spike protein are in bold font. f. Composition of HLA-A*01-restricted T cell
response in HLA-A*Q1 positive donors. Increasing proportion of spike-targeting T cells (pink) is
observed after vaccination of infected individuals. g. Boosting of spike-specific epitope fraction after
vaccination (donor R6). h. Previously infected individuals have a higher proportion of spike-specific
T cells after vaccination than before vaccination (p=0.025, one-sided Wilcoxon signed-rank test). Spike
T cell proportion (shown on a logjo-scale) was calculated as a fraction of spike-specific T cells out of all
CD8" epitope-specific T cells of a donor in scRNAseq data. Central line on the violin shows the median.
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Figure 3. Phenotypic diversity of epitope-specific CD8" T cells after diverse SARS-CoV-2 exposures.
a. UMAP (Uniform manifold approximation and projection) of all SARS-CoV-2 epitope-specific CD8
T cells based on gene expression (GEX). Color shows results of graph-based unsupervised clustering
performed with the Seurat package. b. Density plot of CCR7 and CD45RA surface expression
(measured by CITE-seq) in GEX clusters. c. Bubble plot of representative differentially expressed
genes for each cluster. Size of the circle shows percentage of cells in a cluster expressing a certain gene,
color scale shows gene expression level. d. Distribution of epitope-specific T cells in gene expression
clusters between study groups. e. Proportion of spike-specific T cells is significantly increased in
cluster 1 after vaccination of previously infected individuals, compared to the pre-vaccination
timepoint (p<0.0001, Fisher exact test). f. Proportion of spike-specific cells in EMRA (cluster 1) across
study groups for samples with more than ten spike-specific cells (Kruskal-Wallis H test p=0.028).
Central line on boxplot shows the median. g. Expression of classical cytotoxic and memory markers
across study groups and T cell specificities. Size of the circle shows percentage of cells in a cluster
expressing a certain gene, color scale shows gene expression level. h. Clone size distribution within GEX
clusters. Fractions of cells from 10 most abundant clonotypes in each cluster are shown with colors, all
other clonotypes are shown in grey. i. Number of cells in cluster 7 (Exhausted) and cluster 10 (Cycling)
in samples are strongly correlated (Spearman p=0.79, p<0.001). Shaded area shows 95% confidence
interval for linear fit. j-k. T cell repertoire diversity of spike (j) and non-spike specific repertoires
across study groups (p=0.63 for spike, p=0.17 for non-spike, Kruskal-Wallis H test). Normalized Shannon
entropy of TCRp is plotted for samples with more than 3 unique TCR clonotypes. Central line on boxplot
shows the median.
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Figure 4. Diverse polyclonal repertoires of epitope-specific T cells after diverse SARS-CoV-2
exposures a. SARS-CoV-2 epitope-specific apTCR amino acid clonotypes feature clusters of highly
similar sequences with the same epitope specificity. Each node on a similarity network is a unique paired
afTCR amino acid sequence, and an edge connects apTCRs with TCRdist less than 110. Each color
represents a certain epitope specificity. Only clusters with more than two members are shown. Spike-
derived epitopes are in bold font. b. TCR amino acid sequence motifs of a and p chains (TCRdist logos)
for the largest clusters of highly similar TCRs for each epitope (circled with dashed line on a). c.
TCRs with the same sequence motifs are found across all study groups in a matching HLA-
background. Occurrence of TCR motifs on the left is shown for all HLA matching samples (rectangles on
the plot). Grey rectangles represent samples lacking the TCR motif. The color of the rectangle that has a
TCR motif corresponds to the sample group.
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Extended data Fig. 1. Antibody levels across study groups. Plasma was tested by ELISA for IgG
antibodies specific for (a) Nucleocapsid (N), (b) the receptor-binding domain (RBD) of the spike, (¢) whole
spike protein of SARS-CoV-2. Normalized ODs are the percent ratio of the sample OD to the OD of the
positive control samples for each plate. The black horizontal line on the plots indicates the positivity
threshold, which is two times the average of the normalized ODs for all SARS-CoV-2 negative samples in
the cohort. P-values for Mann-Whitney U test after Benjamini-Hochberg multiple testing correction are
reported. Donors sampled before and after mRNA vaccination are connected with a line. P-values
(magenta) for paired samples were calculated with the Wilcoxon signed-rank test.
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845  Extended data Fig. 2. a. Gating strategy for sorting of single live CD3"CD8 dextramer” cells. b.
846  Representative flow plots for donors stained with the same dextramer pools, but showing different
847  frequencies of single live CD3"CD8"dextramer” cells.
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849  Extended data Fig. 3. Dextramer assignment with feature barcodes. Each subplot shows distribution
850  of Logio (# UMIs) for dextramers with certain feature barcodes in dextramer-negative (yellow) and
851 dextramer-positive (pink) cells. Dextramer with barcode 35 B44 VEN M did not have any specific cells.
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Extended data Fig. 4. Peptide stimulation confirms cross-reactivity of B15 NQK o TCR. From left
to right: unstimulated (negative control), NQKLIANQF (SARS-CoV-2) peptide stimulation, NQKLIANAF
(OC43 and HKU1) peptide stimulation, PMA/Ionomycin (positive control). Top row: IFN-y production by
TCR-expressing Jurkats measured by intracellular cytokine staining. Middle row: CD69+ surface

expression. Bottom row: NFAT-GFP reporter expression.
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Extended data Fig. 5. Antibody titers for CCCoV spike protein and number of B15 NQK cross-
reactive cells in HLA-B*15:01" donors. Plasma collected from donors prior to infection or vaccination
was tested by ELISA for IgG antibodies to the spike of a, hCoV-OC43 or b, hCoV-HKU1. The normalized
ODs are the percent ratio of the sample OD to the OD of the positive control sample for each plate. The
dashed line is the threshold for positivity, which is three times the average of the normalized OD for the
negative control samples. ¢, The number of HLA-B*15:01-restricted epitope T cells after infection or
vaccination (log-scale).
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866
867  Extended data Fig. 6. Composition of HLA-A*02-restricted T cell response in HLA-A*02 positive
868  donors. Increasing proportion of spike-targeting T cells (pink) is observed after vaccination of previously
869 infected individuals.
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871  Extended data Fig. 7. Clonal dynamics of spike- and non-spike-specific T cell response for SARS-
872  CoV-2 infected donors before and after two doses of BNT162b2. Each colored ribbon represents an
873  estimated frequency of spike- (pink) or non-spike- (blue) specific T cells.
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876  Extended data Fig. 8. SARS-CoV-2 infected individuals after the first and second BNT162b2 vaccine

877  doses (inf-vaxl and inf-vax2) have the same proportion of spike-specific T cells (p=0.9, Wilcoxon
878  signed-rank test). Spike T cell proportion was calculated as a fraction of spike-specific T cells out of all
879 CDg8" epitope-speciﬁc T cells of a donor in scRNAseq data.
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881  Extended data Fig. 9. GEX cluster distribution for each sample. Each colored bar represents a fraction
882  ofcells in a given GEX cluster.

Cluster

inf (R1-R16) ‘ ‘ inf-vax1 (R17-R26) | ‘ inf-vax2 (R27-R30) ‘ ‘ inf-vax2 (R1-R16) ‘ ‘ vax2 (N1-N16) ‘ ‘ vax2-inf (B3-B9) ‘ 00
el
02
3
NI 4
a L]
g 5
= 06
e7
o8
®9
10
NI
o © Non-spike
<§t Spike
]
883 UMAP_1

884  Extended data Fig. 10. UMAP visualization of cells clustered by similarity of GEX. Each subpanel
885  shows cells from each study group. Top: cells colored by cluster. Bottom: cells colored by spike and non-
886  spike specificity.
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889  Extended data Fig. 11. UMAP visualization of cells clustered by similarity of GEX. Each subpanel
890  shows cells specific for each of the tested epitopes.
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892  Extended data Fig. 12. “Exhausted” cluster 7 (circled) is enriched with cells from expanded clones.
893  The color of each dot shows the size of the T cell clone (Logio of number of cells) for each cell.
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894
895  Extended data Fig. 13. Number of cells in the “exhausted” cluster (cluster 7) declines over time. a.
896  UMAP visualization of cells clustered by similarity of GEX for donors sampled twice during the study
897  (shapes connected with a line on Fig. 1b). Timepoint 1 corresponds to inf (R1-R16), inf-vax (R17-R30);
898  timepoint 2 corresponds to inf-vax2 (R1-R30). b. Fraction of cells in cluster 7 out of all cells. Only donors
899  with cells in cluster 7 on timepoint 1 are shown.
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905 Extended data Fig. 15. VBJp-usage for selected epitopes. Height of each rectangle corresponds to the
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907  Ribbons show the frequency of VJ combinations.
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911  show frequencies of TRAV-TRBYV combinations.

41


https://doi.org/10.1101/2021.07.12.21260227
http://creativecommons.org/licenses/by-nc-nd/4.0/

912
913
914
915
916
917
918

medRxiv preprint doi: https://doi.org/10.1101/2021.07.12.21260227; this version posted January 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Gating Strategy

1
1 " 1 NFAT.GFP4

Peptide Stimulation

Papide
Unstimulated surkat ine 1 PMAlonomycin
NFAT-GFP+ o NFAT-GFP4+ e NFAT-GFP+
e T4 e 739
e - -
]
o " 10K 100K & ® P
2 e e
-1y | -
5 -
2 .
NFAT-GFP
Peptide
Unsimuiated Jurkat Lne 1 PUAtonomycin
o 4 NFAT-GFP+ o NFAT-GFP+ o NFAT-GFP+
j 160 208 2.1
< sk #/ ‘ 50K 5o
5 =
2
NFAT-GFP
Popii
Unstimulated surt Lne 1 Jurat Lino 2 PAATonomycin
o NFAT-GFP+ o NFAT-GFP+ o NFAT-GFP+ o NFAT-GFP+
E 181 301 777
5
g | | - wl S| o bl
5 M ‘ sox s i s - }:,
2
NFAT-GFP
Pepid
Unstmuiatea surat Lne 1 Jurat Line 2 PMAfonomycin
oy NFATGRP | NFATGFPs | NFATGFPs | NFAT-GFP+
g 19 33 209 54
= |~ e o -
S | - .
=< i &
< - -
5 =4
2 1 B o
NFAT-GFP >
Pepiide
Unsimulated Jurat ine 1 JuratLine 2 PMATonomycin
o NFAT-GFP+ o NFAT-GFP+ o NFAT-GFP+ b NFAT-GFP+
> Ve T s o
5 - -
g 4
= o # 1o oo o & aéﬁﬁ
< - - w] F a
2
NFAT-GFP
Pepi
Unstimuated surt Lne 1 Jurat Lne 2 PMAfonomycin
e NFAT-GFP+ o NFAT-GFP+ e NFAT-GFP+ o NFAT-GFP+
z T o 20 e
- - - -
1
§ - - o - &
B ¥
£ - - -
g
4
NFAT-GFP
Popic
Unsimulated Jurat Line 1 Jurkat Lina 2 PMALonomycin
NFAT-GFP+ o NFAT-GFP+ o NFAT-GFP+ B NFAT-GFP+
§ 225 103 0.1 90
= -] - .
o ﬂ e ;} i
o NFAT-GFP+ o NFAT-GFP+
y od s
; -
& e
5 -
g
4 .
NFAT-GFP >

Extended data Fig. 17. Peptide stimulation confirms specificity of ap TCR motifs. Top: example of the
gating strategy (B15_specific Jurkat line 1, same as Fig. S4). Left column: unstimulated control. Each row
shows stimulation with a single peptide (middle columns), B15 specific TCRs were stimulated with both
NQKLIANQF (SARS-CoV-2) peptide and NQKLIANAF (OC43 and HKU1) peptide; Right column:
PMA/Ionomycin (positive control). Responsiveness of the Jurkat cell lines was determined using an
endogenous NFAT-GFP reporter.
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920 Extended data Fig. 18. MHC-dextramer staining confirms specificity of apTCR motifs. Top: example
921  of the gating strategy (B15_specific Jurkat line 1, same as Fig. S4). Left column: control Jurkat cell line
922  with other known specificity. Each row shows staining with a single MHC-dextramer.
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923
924  Extended data Fig. 19. Recognition of SARS-CoV-2 mutated epitopes by apTCR motifs. Left column:

925  unstimulated control. Each row shows stimulation with a single peptide (middle columns). Responsiveness
926  of the Jurkat cell lines was determined using an endogenous NFAT-GFP reporter.
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