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Abstract  29 

While the protective role of neutralising antibodies against COVID-19 is well-established, 30 

questions remain about the relative importance of cellular immunity. Using 6 pMHC-multimers in 31 

a cohort with early and frequent sampling we define the phenotype and kinetics of recalled and 32 

primary T cell responses following Delta or Omicron breakthrough infection. Recall of spike-33 

specific CD4+ T cells was rapid, with cellular proliferation and extensive activation evident as early 34 

as 1 day post-symptom onset. Similarly, spike-specific CD8+ T cells were rapidly activated but 35 

showed variable levels of expansion. Strikingly, high levels of SARS-CoV-2-specific CD8+ T cell 36 

activation at baseline and peak were strongly correlated with reduced peak SARS-CoV-2 RNA 37 

levels in nasal swabs and accelerated clearance of virus. Our study demonstrates rapid and 38 

extensive recall of memory T cell populations occurs early after breakthrough infection and 39 

suggests that CD8+ T cells contribute to the control of viral replication in breakthrough SARS-40 

CoV-2 infections.   41 
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 3 

Introduction 42 

COVID-19 vaccines provide a degree of protection against acquisition of infection but 43 

robustly protect against severe disease in the event of vaccine breakthrough infection 44 

(BTI)(Lauring et al., 2022), even in the face of antibody-evasive viral variants such as BA.1 and 45 

BA.2(Buchan et al., 2022; Kirsebom et al., 2022). Neutralising antibody titres in blood are well 46 

established as a correlate of protection from both SARS-CoV-2 infection and severe COVID-19 47 

disease(Cromer et al., 2022; Khoury et al., 2021), with evidence for a mechanistic protective role 48 

supported by the clinical utility of monoclonal antibody treatments(Stadler et al., 2022). 49 

Nonetheless, studies in humans and animal models suggest that multiple immunological effectors 50 

likely contribute to viral control and clearance(Liu et al., 2022; Zhuang et al., 2021). In particular, 51 

it has been proposed that CD4+ and CD8+ T cell memory are important mediators of vaccine-52 

associated protection from severe outcomes (Bertoletti et al., 2022b; Scurr et al., 2022; Wherry 53 

and Barouch, 2022). Interestingly, although unvaccinated and vaccinated cohorts show similar 54 

peak viral load after infection, vaccinated individuals exhibit accelerated viral clearance in the 55 

upper respiratory tract (URT) beginning four to six days after symptom onset(Chia et al., 2022; 56 

Garcia-Knight et al., 2022; Puhach et al., 2022; Singanayagam et al., 2022). While the 57 

mechanisms of vaccine-associated viral decline are yet to be defined, a role is plausible for both 58 

CD8+ T cells, which may induce cytolysis or produce antiviral cytokines (Rha et al., 2021; Sekine 59 

et al., 2020) as well as CD4+ T cells, which may support the recall of humoral immunity or 60 

potentially exert cytotoxic activity (Kaneko et al., 2022; Meckiff et al., 2020). There is, however, a 61 

paucity of data directly linking CD8+ and/or CD4+ T cell recall to viral clearance in human SARS-62 

CoV-2 infections.  63 

Previous studies of BTI have demonstrated the recall of spike (S)-specific memory T cells 64 

established by prior immunisation, as well as the induction of primary T cell responses against 65 

non-vaccine encoded viral antigens such as nucleocapsid (Collier et al., 2022; Kared et al., 2022; 66 

Lim et al., 2022; Minervina et al., 2022). To have a meaningful impact on either the rate of viral 67 

clearance or the likelihood of progressing to severe disease, memory T cell responses must be 68 

efficiently activated, likely within the first few days, following BTI(Bertoletti et al., 2022a). While 69 

cross-sectional studies of BTI cohorts have provided evidence for variable activation or expansion 70 

of S-specific T cells(Collier et al., 2022; Kared et al., 2022), early longitudinal sampling in cohorts 71 

with well-defined exposure history is rare(Kedzierska and Thomas, 2022; Koutsakos et al., 2022; 72 

Reinscheid et al., 2022). Additional work is therefore required to understand how quickly T cell 73 

activation, proliferation and effector function can occur relative to viral clearance. 74 
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In addition to the paucity of immunological studies that are temporally aligned with viral 75 

kinetics, determination of T cell activation and ex vivo phenotype requires direct detection of 76 

antigen-specific T cells without in vitro restimulation. The use of fluorescently conjugated pMHC-77 

multimers can allow for sensitive detection of antigen-specific T cells and their ex-vivo phenotypic 78 

characterisation in cohorts with known HLA alleles(Altman et al., 1996). Indeed, the analyses of 79 

antigen-specific CD4+ and CD8+ T cells using pMHC multimers have provided novel insights into 80 

the biogenesis and maintenance of T cell responses following SARS-CoV-2 vaccination and 81 

primary infection(Jung et al., 2022; Mudd et al., 2022; Oberhardt et al., 2021; Wragg et al., 2022). 82 

Here, we use 6 pMHC-I and pMHC-II multimers presenting known immunodominant SARS-COV-83 

2 viral epitopes(Habel et al., 2020; Minervina et al., 2022; Mudd et al., 2022; Nguyen et al., 2021; 84 

Peng et al., 2022; Rowntree et al., 2021; Wragg et al., 2022) to precisely define the frequency 85 

and phenotypes of SARS-CoV-2 specific CD8+ and CD4+ T cells during both the earliest events 86 

post-BTI and over extended timelines of periodic antigen re-exposure. Further, we compare the 87 

kinetics of CD8+ T cell recall to the induction of a primary CD8+ T cell response to SARS-CoV-2 88 

nucleocapsid, a non-vaccine encoded viral antigen. These data define the relationship between 89 

viral replication in the upper respiratory tract and T cell activation, proliferation, and initiation of 90 

effector programs, shedding light on the dynamics of human adaptive immunity to respiratory 91 

virus infection in a highly vaccinated population.   92 

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

The copyright holder for this preprintthis version posted December 20, 2022. ; https://doi.org/10.1101/2022.12.19.521129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.19.521129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

Results 93 

Kinetics of viral clearance and antibody recall following SARS-CoV-2 breakthrough 94 

infections. 95 

To understand the kinetics of T cell recall in relation to viral clearance and humoral 96 

immunity, we recruited a cohort of 23 individuals with PCR-confirmed SARS-CoV-2 breakthrough 97 

infection (BTI) with Delta (n= 6), Omicron BA.1 (n= 7) or Omicron BA.2 (n= 10) strains (Figure 1A, 98 

Table S1). Frequent longitudinal nasal swabs and peripheral blood samples were obtained 0-14 99 

days post-symptom onset (PSO) with additional follow-up blood samples obtained up to day 44 100 

PSO. Each individual provided on average 9 (range 4-13) samples with a total of 150 nasal swabs 101 

and 138 blood samples analysed. All BTIs were mild in severity and occurred on average 100 102 

days from last vaccination (for the 21/23 participants with exact date of vaccination available). 103 

Viral load was determined in nasal swabs by qPCR of nucleocapsid (N) gene (Figure 1B). 104 

Viral load peaked early after symptom onset (median day 3 PSO but often at the earliest sample 105 

collected), with no significant difference in peak viral load across the three VOCs. Analysis of the 106 

rate of viral clearance determined by linear regression showed significantly faster viral decay 107 

among Delta breakthroughs compared to Omicron (Supp Table 2).  108 

The recall of neutralising antibodies was analysed using a live virus neutralisation assay 109 

(Figure 1C). The kinetics of immune recall following BTI were estimated using piecewise linear 110 

regression to estimate: (1) duration of time between symptom onset and earliest change in 111 

neutralising antibody titre (2) time of peak response relative to symptom onset, and (3) rates of 112 

growth and decay. Antibody titres against the infecting VOC (or an antigenically similar strain) 113 

increased from day 4.3 PSO (95% CI = 2.2 – 8.4) (Supp Table 2), and peaked around day 14.6 114 

(95% CI = 12.2 – 17.4) (similar to previous reports(Koutsakos et al., 2022)). There were no 115 

significant differences in neutralising antibody kinetics between subjects infected with the Delta, 116 

BA.1 or BA.2 VOCs when assessed by piecewise linear regression modelling (Supp Table 2).  117 

 118 

Characterisation of antigen-specific T cell responses using pMHC multimers 119 

To conduct a detailed characterisation of CD4+ and CD8+ T cell recall, we selected four 120 

CD8+ and two CD4+ T cell epitopes from SARS-CoV-2 that are restricted by HLA-alleles found at 121 

high frequency in our cohort. Three immunoprominent MHC class I restricted S derived epitopes 122 

(HLA-A*02:01-S269-277, HLA-A*03:01-S378-386, HLA-A*24:02-S1208-1216) and one N derived epitope 123 

(HLA-B*07:02-N105-113) were assessed for CD8+ T cells, while two MHC class II restricted S 124 

derived epitopes (HLA-DRB1*15:01-S751-767, HLA-DPB1*04:01-S167-180) were assessed for CD4+ 125 

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

The copyright holder for this preprintthis version posted December 20, 2022. ; https://doi.org/10.1101/2022.12.19.521129doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.19.521129
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

T cells. All multimers have been previously verified for specificity(Mudd et al., 2022; Nguyen et 126 

al., 2021; Oberhardt et al., 2021; Rowntree et al., 2021; Wragg et al., 2022), with epitope-specific 127 

cells readily detected ex vivo in samples from infected individuals (Figure 1D, gating in Supp Fig 128 

1). All peptides are well conserved across the relevant infecting VOCs in this study, with only one 129 

mutation (N764K) found for the DR15-restricted S751 peptide in BA.1 and BA.2 sequences (Figure 130 

1E), which is not predicted to alter MHC binding (predicted affinity 97.06nM vs 80.03nM, 131 

NetMHCIIPan-3.2(Jensen et al., 2018)).  132 

 133 

Robust expansion and activation of S-specific CD4+ T cells after breakthrough infection. 134 

S-specific memory CD4+ T cells were detected using the DR15-S751- and DP04-S167 pMHC 135 

multimers in all participants carrying the relevant HLA alleles (Figure 2A). Longitudinal tracking 136 

showed a clear expansion of the number of S-specific CD4+ T cells following BTI. Analysis of T 137 

cell kinetics with piecewise linear model estimated that frequencies of S-specific CD4+ T cells rise 138 

at 2.5 days PSO (95% CI = 1.9-3.4), peaking on day 5.4 (95% CI =4.8-6.1), and slowly contracting 139 

thereafter (Figure 2B-C, Supp Table 3). Strikingly, the appearance of activated (CD38+ICOS+) 140 

Tet+ cells in the circulation occurred in a synchronised manner across the cohort (Figure 2A-C) 141 

with evidence of activation estimated to be initiated around 1.1 days PSO (95% CI =0.7-1.8) and 142 

peaking by day 3.6 (95% CI =3.2-4.01). Over this period the proportion of activated pMHC-II+ 143 

CD4+ T cells rose from 2.44% (95% CI =1.1-5.4) at initial sampling to a peak of 74.5% (95% CI = 144 

68 – 81%)(Supp Table 3). Other markers of activation including CD71 and PD-1 were similarly 145 

upregulated following BTI (Figure 2D), with maximal expression between 1.6 and 4.0 days PSO 146 

(Supp Table 4). The kinetics of expansion and activation were broadly comparable between the 147 

two MHC-II epitopes, with only minor differences in the decay kinetics of some markers Supp 148 

Table 4). 149 

 Previous studies of DR15-S751 and DP04-S167 responses demonstrated recruitment into 150 

both conventional CD4+ memory T cell pools and circulating T follicular helper (cTFH) cell pools 151 

following primary vaccination or infection(Mudd et al., 2022; Wragg et al., 2022). Surprisingly, we 152 

found minimal evidence of recalled T cells exhibiting a cTFH phenotype during BTI (Supp Figure 153 

2A-B), even among individuals where CXCR5+ S-specific cells were clearly detected after primary 154 

vaccination. Accordingly, we found no correlation between the peak or growth rate of neutralising 155 

antibody titres and the kinetics of S-specific CD4+ T cell recall/memory across the cohort (Supp 156 

Figure 2C). 157 

Phenotypically, both DR15-S751- and DP04-S167-specific cells exhibited a mixture of TCM-158 

like (CD45RA-CCR7+) and TEM-like (CD45RA-CCR7-) profiles, with a transient increase in the 159 
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relative proportion of CCR7+ cells occurring around the peak of T cell proliferation (Supp Figure 160 

3A). Previously, nasopharyngeal swabs collected during mild/moderate COVID-19 revealed the 161 

upregulation of multiple inflammatory mediators, including the CXCR3 ligand 162 

CXCL10(Rajagopala et al., 2022), which may facilitate trafficking of activated T cells to the lung 163 

or nasal mucosa. S-specific CD4+ T cells showed upregulation of both CXCR3 and CCR5 during 164 

BTI, suggesting the potential for these cells to migrate to inflamed tissues (Figure 2D, Supp Figure 165 

3B-C). We further observed a modest increase in granzyme B (GzmB) expression among S-166 

specific CD4+ T cells by day 2 PSO (Supp Figure 3D), in line with previous reports of GZMB 167 

upregulation following in vitro culture of S-specific CD4+ T cells(Dong et al., 2022). Overall, we 168 

find rapid activation and expansion of S-specific CD4+ T cells following BTI, characterised by 169 

transient upregulation of tissue/lymphatic-homing markers. 170 

 171 

Variable expansion but universal activation of S-specific CD8+ T cells after breakthrough 172 

infection. 173 

S-specific CD8+ T cells, regardless of epitope specificity, expanded during BTI from day 174 

4.4 PSO (95% CI = 3.4-5.7), peaking on day 5.8 (95% CI =4.9-6.9) and maintaining relatively 175 

stable frequencies thereafter (Figure 3A, Supp Figure 4A, Supp Table 5). We note, however, the 176 

variability in recall between individuals, with a subset of participants (12/18) showing considerable 177 

expansion in the number of S-specific CD8+ T cells (median 3.6-fold peak expansion relative to 178 

earliest timepoint available). The remaining six participants had comparatively stable frequencies 179 

of spike-specific cells over the course of follow-up (median 1.1-fold peak expansion relative to 180 

earliest timepoint available; Supp Figure 4B). Participants with limited CD8+ T cell expansion were 181 

significantly more likely to have received 3 vaccines compared to the rest of the cohort (p=0.038, 182 

Supp Figure 4C), and exhibited significantly higher frequencies of S-specific CD8+ T cells at the 183 

earliest timepoint available (p=0.017, Supp Figure 4D). There was not, however, any difference 184 

in the time interval from last vaccination to BTI between the two groups (median 74 vs 84 days, 185 

p>0.05, Supp Figure 4E).  186 

Despite the variable changes in T cell frequency among individuals, we observed universal 187 

upregulation of CD38 on S-specific CD8+ T cells, estimated to occur soon after the onset of 188 

symptoms (0.24 days PSO) and peaking at 7.1 days (Figure 3B, C). All six individuals with limited 189 

T cell expansion exhibited activation of S-specific cells, with 3 of those participants showing 190 

relatively high frequencies of CD38+ cells at their initial sample that declined during follow-up 191 

(Supp Figure 4F). It is therefore possible that the onset of CD8+ T cell activation and proliferation 192 
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occurred prior to the first available sample in these individuals (i.e. before day 2 PSO), either due 193 

to a lag between infection and symptom onset, or rapid T cell recall.  194 

In addition to CD38, we observed similar upregulation of activation marker PD-1 and 195 

proliferation marker CD71, which peaked on day 3.3 (95% CI =2.1-5.1) and day 5.4 (95% CI =4.3-196 

6.8) PSO, respectively (Figure 3D, Supp Table 6). Consistent with our observations of S-specific 197 

CD4+ T cells, BTI drove upregulation of CCR5 and CXCR3 on CD8+ T cells (Figure 3D, Supp 198 

Figure 5A-B). During the course of infection, S-specific CD8+ T cells transiently changed from a 199 

CCR7-CD45RA+ to a CCR7-/+CD45RA- phenotype (Supp Figure 5C). The expression of granzyme 200 

B was dynamic, with clearly detectible GzmB+ populations at the earliest timepoints post-BTI and 201 

considerable upregulation observed in some donors (Figure 3D, Supp Figure 5A).  We did not 202 

note any major differences in relative immunodominance, recall kinetics or phenotype between 203 

the three S-derived pMHC-I epitopes, although the current study is not powered for a formal 204 

comparative analysis. Overall, despite variability between donors in the expansion in the number 205 

of S-specific CD8+ T cells, these cells consistently show high levels of activation at early 206 

timepoints after BTI. 207 

 208 

Concomitant expansion of primary N-specific CD8+ T cells and recall of S-specific CD8+ T 209 

cells after breakthrough infection. 210 

All individuals in the BTI cohort were previously immunised with SARS-CoV-2 vaccines 211 

encoding only the S antigen (BNT162b2, ChAdOx-nCoV19 or mRNA-1273). Consequently, recall 212 

of vaccine-induced immunological memory targeting S could be compared to the primary immune 213 

response generated against other viral antigens. Among the 23 individuals in the BTI cohort, 9 214 

carried both an S peptide- (A2-S269-277, A3-S378, or A24-S1208) and N peptide- (B7-N105) restricting 215 

HLA allele. Furthermore, longitudinal PBMC samples were available from four of these individuals 216 

over the course of primary vaccination, allowing us to characterise the nature of S- and N-specific 217 

CD8+ T cell populations prior to their BTI.  218 

Analysis of pre-BTI samples validated previous observations of low baseline frequencies 219 

of naïve (CD45RA+CCR7+CD95-) S-specific CD8+ T cells, which increase in frequency and 220 

acquire a CD45RA-CCR7+/-CD95+ phenotype following vaccination (Figure 4A). At baseline, B7-221 

N105-specific CD8+ T cells similarly presented with a naïve-like phenotype (CD45RA+CCR7+) 222 

which lacked expression of the stem-cell memory marker CD95. The frequency and naïve 223 

phenotype of these cells was stable throughout vaccination (Figure 4A), consistent with the lack 224 

of N antigen in the vaccine formulations received by these individuals. These data align with 225 

previous observations that in SARS-CoV-2 naïve donors the majority of B7-N105-specific CD8+ T 226 
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cells detected ex vivo are antigen-inexperienced, with no evidence of priming by cross-reactive 227 

human coronavirus epitopes(Lineburg et al., 2021; Nguyen et al., 2021).   228 

N-specific cells were also found at low frequency and with a naïve phenotype at early 229 

timepoints post-BTI among the wider cohort. Memory S-specific CD8+ T cells were ~8 times 230 

greater in frequency than naïve N-specific CD8+ T cells at the first available timepoint, despite the 231 

high precursor frequency of naïve B7-N105 T cells observed in this and other studies(Lineburg et 232 

al., 2021; Nguyen et al., 2021) (Figure 4A). Over the course of BTI, we observed the progressive 233 

differentiation of B7-N105-specific T cells as they proliferated, downregulated CD45RA and 234 

acquired expression of CD95 (Figure 4A). Initiation of an effector program among N-specific CD8+ 235 

T cells was characterised by the concurrent upregulation of CD38, CCR5, CXCR3, GzmB and 236 

CD71 (Figure 4B). Surprisingly, however, despite the prior exposure to S-antigen and the 237 

difference in overall frequency of S- and N-specific cells, the activation kinetics of S- and N-238 

specific CD8+ T cells were largely similar, with both populations exhibiting similar delay, growth 239 

rate and peak time of CD38, CD71, CXCR3, CCR5 and GzmB expression (Supp Table 7-8). 240 

Nonetheless, at early timepoints, S-specific cells expressed significantly higher levels of GzmB 241 

and CCR5 than naïve N-specific cells (Supp Table 8), providing them with the immediate effector 242 

and trafficking potential classically ascribed to memory T cells. Despite the similar kinetics, 243 

vaccine-primed S-specific CD8+ T cells were present at a higher frequency than N-specific CD8+ 244 

T cells throughout BTI. This was in contrast to a primary SARS-CoV-2 infection, where B7-N105-245 

specific CD8+ T cells were shown to be numerically dominant population over the S-specific 246 

populations included in our analysis (Supp Fig 5E). Overall, we find both recall and primary CD8+ 247 

T cell responses occur at early timepoints after symptom-onset, confirming that de novo T cell 248 

responses to infection are not impaired in vaccinated individuals(Minervina et al., 2022). 249 

 250 

S-specific CD8+ T cell activation correlates with viral clearance. 251 

Studies of SARS-CoV-2 dynamics in the URT have demonstrated that while peak viral 252 

load is similar between vaccinated and unvaccinated individuals, prior vaccination is associated 253 

with accelerated viral clearance starting between days 4-6 PSO(Chia et al., 2022; Garcia-Knight 254 

et al., 2022; Puhach et al., 2022; Singanayagam et al., 2022). To understand the relationship 255 

between viral decline and the onset of humoral and cellular recall, we compared the kinetics of 256 

nasal viral load, CD4+ and CD8+ T cell activation, and neutralising antibody titres. Our kinetic 257 

analysis clearly indicated that activation of SARS-CoV-2 specific T cells occurs concurrently to 258 

viral clearance, and considerably earlier than recall of neutralising antibodies (Figure 5A). To 259 

further define the potential role of T cell recall in viral clearance, we performed an exploratory 260 
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analysis to understand whether T cell recall kinetics correlate with levels and rate of viral 261 

clearance in the URT.  262 

We investigated the relationship between viral dynamics (peak viral load and rate of viral 263 

clearance) with either the total frequency of antigen-specific CD4+ and CD8+ T cells or the 264 

activation of antigen-specific populations. The frequency of S-specific CD8+ T cells did not 265 

correlate with viral load or viral clearance rate (Supp Figure 6A). Notably, however, we identified 266 

a relationship between of S-specific CD8+ T cell activation and viral clearance. Specifically, the 267 

frequency of CD38+ S-specific cells at the time of symptom onset and at peak response both 268 

positively correlated with the rate of viral clearance (p=0.019 and 0.009, respectively, Figure 5B). 269 

Conversely, both measures of S-specific T cell activation were inversely associated with peak 270 

viral load (p=0.001 and 0.002 for initial and peak CD8+ T cell activation, respectively; Figure 5B). 271 

Neither the frequency nor activation of the primary N-specific CD8+ T cell response was 272 

significantly associated with viral peak or clearance (Supp Figure 6B-C), although this analysis is 273 

limited due to a small sample size. Additionally, we did not observe a correlation between the 274 

frequency or activation of S-specific CD4+ T cells and viral peak or clearance (Supp Figure 6D-275 

E). 276 

The association between S-specific CD8+ T cell activation and viral kinetics is intriguing, 277 

suggesting that a greater magnitude of S-specific T cell recall may be associated with a more 278 

rapid clearance of virus in the URT. However, studies of monoclonal antibody administration 279 

indicate that antibody titres may also accelerate viral clearance(Weinreich et al., 2021). Therefore, 280 

we explored whether neutralising antibody levels (to the infecting or antigenically similar strain) 281 

was also associated with viral kinetics in this cohort. We found no significant association between 282 

initial or peak neutralising antibody levels and viral peak or clearance rate in this cohort (Supp 283 

Figure 6F). Overall, the association between activation of recalled S-specific CD8+ T cells in blood 284 

and viral kinetics suggest that T cell activation may be an informative correlate of viral clearance 285 

following BTI. 286 

 287 

Long-term stability of T cell responses following multiple antigen exposures. 288 

As the SARS-CoV-2 pandemic progresses, the lived experience of many individuals will 289 

include recurrent exposure to the viral S protein through a combination of vaccination and 290 

infection. Seven individuals in our BTI cohort were longitudinally sampled for up to 875 days over 291 

the course of the pandemic, providing a novel insight into the long-term maintenance and recall 292 
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of S-specific T cell immunity (Figure 6). This included two individuals infected with ancestral (Hu-293 

1) virus, subsequently immunised twice with S-encoding vaccines and then acquiring an Omicron 294 

BTI (Figure 6A), and five individuals who received three doses of S-encoding vaccines and 295 

subsequently infected with Omicron (Figure 6B). While each exposure had a variable impact on 296 

the frequency of S-specific T cells, the cumulative impact of multiple vaccinations/infections was 297 

the durable maintenance of memory T cell populations substantially above pre-vaccination levels 298 

(Figure 6B). At the end of follow-up, S-specific CD8+ T cell frequencies were 3 to 240-fold higher 299 

compared to pre-vaccination baseline samples, with S-specific CD4+ T cells 22 to 83-fold higher. 300 

Notably, two participants with high S-specific T cell frequencies and limited CD8+ T cell expansion 301 

following BTI (COR039 and COR281) exhibited particularly high frequencies of S-specific CD8+ 302 

T cell following the 3rd vaccine dose, comprising 0.6-1.3% of the CD8+ T cell compartment at peak 303 

(Figure 6B). Across the cohort, each exposure to S also resulted in striking but transient activation 304 

of both CD4+ (ICOS+CD38+) and CD8+ (CD38+) S-specific T cells. Although the sample size limits 305 

formal comparisons, breakthrough infection with BA.1 or BA.2 virus did not appear to boost 306 

circulating S-specific T cell frequencies, or their activation phenotype to a as great an extent as 307 

observed after the 3rd vaccine dose (Figure 6A-B). Taken together, our longitudinal follow-up over 308 

an extended period of time demonstrates the durability and long-term maintenance of circulating 309 

vaccine-induced S-specific CD4+ and CD8+ T memory cells.   310 
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Discussion 311 

As SARS-CoV-2 variants increasingly escape neutralizing antibody responses, T cell 312 

responses that target conserved epitopes are likely to be of increasing immunological 313 

importance(Wherry and Barouch, 2022). Here, we characterised multiple epitope-specific CD4+ 314 

and CD8+ T cells in a longitudinal cohort of finely sampled individuals early after BTI. Our kinetic 315 

analyses clearly demonstrate rapid activation of both CD4+ and CD8+ T cells that precedes 316 

serological increases in neutralizing antibodies. Further, we find an association between high 317 

levels of S-specific CD8+ T cell activation and more rapid viral decline in SARS-CoV-2 RNA levels 318 

in the URT.  319 

While mechanistic roles have been established for neutralizing antibodies in protection 320 

from acquisition of infection and progression to severe disease(Khoury et al., 2021; Stadler et al., 321 

2022), questions have persisted over the contributions of CD4+ or CD8+ T cells (Kent et al., 2022). 322 

Identification of immune correlates that predict avoidance of severe outcomes following BTI is 323 

challenging due to the relatively low frequency of severe infections. For this reason, studies of the 324 

correlation between T cell responses and viral kinetics have been proposed(Kent et al., 2022) . It 325 

is pertinent to note that in mild/moderate BTI, vaccination has no apparent impact on peak viral 326 

load(Chia et al., 2022; Garcia-Knight et al., 2022; Singanayagam et al., 2022), with SARS-CoV-2 327 

viral replication being curtailed at or prior to the onset of symptoms in most individuals(Koutsakos 328 

et al., 2022). Nonetheless, the significantly faster decline of viral load in the upper respiratory tract 329 

among vaccinated individuals in the first week post-onset(Chia et al., 2022; Garcia-Knight et al., 330 

2022; Puhach et al., 2022; Singanayagam et al., 2022) suggests that vaccine-induced immune 331 

memory contributes to viral clearance. Our study therefore places the activation of S-specific 332 

CD4+ and CD8+ memory T cells in an immunologically relevant window following BTI.  333 

Further support for a protective role for T cells comes from our observation that higher 334 

CD8+ T cell activation level in peripheral blood was associated with lower peak viral load and a 335 

faster rate of viral clearance in the URT. Importantly, being based on the estimated kinetic 336 

parameters of viral load and T cell immunity this association does not simply reflect temporal 337 

relationships between an activated immune response and declining virus. Our findings are also 338 

consistent with animal studies in which CD8+ T cell depletion results in delayed viral clearance(Liu 339 

et al., 2022). While data derived from peripheral blood may not necessarily reflect T cell responses 340 

in tissues, we find that activated S-specific T cells express chemokine receptors that should 341 

facilitate trafficking to inflamed tissues, as well as effector molecules such as GzmB that can lead 342 

to clearance of infected cells. It is important to note that we were unable to assess the role of T 343 

cell activation in the context of diverse clinical outcomes, which will need to be addressed in future 344 
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studies.  A key issue that remains poorly understood is whether or how accelerated viral clearance 345 

in the URT is related to protection from severe disease among vaccinated individuals. It is possible 346 

that immune responses contributing to viral clearance in the URT also prevent spread of virus to 347 

the lower respiratory tract and thus mitigate disease progression(Wherry and Barouch, 2022); in 348 

this context, both antibodies and cytolytic T cells could contribute to the containment of viral 349 

replication. 350 

Parallel tracking of CD4+ and CD8+ T cell responses revealed the extent to which memory 351 

T cell pools can be reactivated following antigen exposure. In particular, the rapid appearance of 352 

highly activated S-specific CD4+ T cells in the periphery (often within a 24 hour sampling window) 353 

demonstrated the remarkable efficiency of CD4+ T cell recall during BTI. Furthermore, long-term 354 

tracking of S-specific T cell populations through multiple vaccinations and infections demonstrated 355 

the ability of memory cells to be established and recalled multiple times over the course of one to 356 

two years with no evidence for progressive exhaustion or anergy. There may, however, be a 357 

‘ceiling’ of epitope-specific T cell frequencies, such that repeated antigen exposure largely 358 

maintains a stable population of memory T cells rather than progressively increasing the memory 359 

pool with each restimulation.  360 

Previous characterization of nucleoprotein- (B7-N105-) specific CD8+ T cells in pre-361 

pandemic samples and uninfected individuals has indicated that the majority of these cells have 362 

a naïve phenotype(Nguyen et al., 2021; Peng et al., 2022), which is further supported by our 363 

analysis.  Thus, the analysis of Spike- and Nucleoprotein-specific CD8+ T cells in our S-vaccinated 364 

BTI cohort provides an opportunity to analyse both primary and recall CD8+ T cell responses 365 

together. Intriguingly, we did not find any major differences in the kinetics of primary and recalled 366 

responses, consistent with a previous report on recalled Yellow Fever Virus-specific CD8+ T 367 

cells(Minervina et al., 2020). We do note that the high degree of variability for S-specific CD8+ T 368 

cell recall in this cohort could mask subtle kinetic differences between primary and recall 369 

responses. Additionally, as the high naïve-precursor frequency of B7-N105 observed in our study 370 

and by others(Lineburg et al., 2021; Nguyen et al., 2021) may not apply to other pMHC-I 371 

specificities and may bias response kinetics, analysis of primary responses to other epitopes 372 

could be informative. Nevertheless, our data suggest that the protective benefit of circulating T 373 

cell memory may be more related to the maintenance of an expanded population of T cells with 374 

immediate effector function rather than accelerated activation or proliferation kinetics compared 375 

to a primary response. Given, however, that both the activation time and response peak time of 376 

primary N-specific CD8+ T cells in peripheral blood occur early after symptom onset, it is plausible 377 

that both primary and recalled responses contribute to viral clearance.   378 
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In vitro restimulation assays have typically been employed to enumerate vaccine- or 379 

infection-elicited T cells prior to BTI(Scurr et al., 2022; Tan et al., 2021a). However, the use of 380 

pMHC multimers allowed us to quantitively and qualitatively track epitope-specific T cells at 381 

markedly augmented resolution. For example, we noted a subset of individuals with no observable 382 

change in frequency of S-specific CD8+ T cells throughout BTI, but with robust evidence of 383 

activation. Restimulation-based T cell assays may be confounded during acute infection due to a 384 

combination of in vivo T cell activation and a lack of sensitivity to detect subtle changes in antigen-385 

specific T cell frequency. Furthermore, our observation of a correlation between viral clearance 386 

and T cell recall was based on the measurement of activation, rather than T cell frequency. The 387 

ability to accurately determine the phenotype of antigen-specific CD8+ T cells directly ex-vivo has 388 

therefore provided critical insights into the recall of immunological memory and viral clearance 389 

that were not captured by simply enumerating such cells. A key consideration for future research 390 

will be to define how functional attributes of CD8+ T cells, like cytokine production or cytolytic 391 

potential, compare to phenotypic activation during BTI, which may guide the selection of optimal 392 

readouts for monitoring T cell recall and correlates of protection in larger cohorts. 393 

We and others have previously described how cTFH responses serve as correlates of 394 

humoral immunity during viral infection and vaccination, including for SARS-CoV-2(Juno et al., 395 

2020; Koutsakos et al., 2019; Koutsakos et al., 2018; Wragg et al., 2022).  The low frequency of 396 

S-specific cTFH cells in our BTI cohort was therefore intriguing. It is possible that the interval 397 

between antigen exposures affects the emergence of cTFH, as second and third doses of mRNA-398 

encoded spike also result in a limited induction of CXCR5+ S-specific CD4+ T cells relative to the 399 

first dose(Wragg et al., 2022). Similarly, analyses of influenza HA-specific CD4+ T cells after 400 

vaccination indicated limited induction of a cTFH response in individuals who were vaccinated 401 

within the past 12 months compared to those who were not(Wild et al., 2021). In addition to the 402 

limited S-specific cTFH phenotype, the lack of correlation between CD4+ T cell and antibody recall 403 

among our cohort was also surprising. This may reflect an overall less stringent involvement of T 404 

cell help in recall humoral responses, consistent with animal models(Hebeis et al., 2004; Zabel et 405 

al., 2017). Given evidence of germinal center activity following SARS-CoV-2 infection(Tan et al., 406 

2022), further studies are thus needed to characterize lymphoid TFH and cTFH activity during 407 

recall following BTI with SARS-CoV-2 and its utility as a biomarker of humoral immunity in this 408 

context. 409 

We note that our analysis is limited to specific HLA allotypes that may not be 410 

representative of the global population. Further studies are needed to establish equivalent pMHC 411 

multimer reagents across different HLA allotypes and antigens, as well as to develop strategies 412 
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that may allow for their application in larger cohorts of genetically diverse populations. Although 413 

our study is focused on 26 individuals, the thorough kinetic analyses of 150 nasal swabs and 138 414 

blood samples may facilitate more targeted sampling of larger cohorts at key timepoints defined 415 

in our study. Analysis of more diverse cohorts may facilitate further dissection of factors affecting 416 

immune recall and viral clearance including previous antigen exposures, age or disease severity, 417 

which was not possible in our cohort. Nonetheless, our study provides considerable evidence that 418 

T cell activation occurs before detectable expansion in the number of cells, and is correlated with 419 

virological control during BTI with SARS-CoV-2. This emphasizes the need to further understand 420 

the role of vaccine-elicited T cell immunity both mechanistically and as a correlate of protection.   421 
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Figure legends 451 

 452 

Figure 1. Fine longitudinal sampling of SARS-CoV-2 breakthrough infection and study 453 

design.  454 

(A) Schematic of longitudinal sample collection following breakthrough infection with Delta, 455 

Omicron BA.1 or Omicron BA.2. Each line represents a single donor and each point represents a 456 

sample collection (blue, nasal swab; red, blood; purple, both swab and blood). (B) Kinetics of viral 457 

load measured by Ct values for SARS-CoV-2 N gene in serial nasal swabs. Green, Delta 458 

breakthrough infection; grey, BA.1; pink, BA.2. (C) Kinetics of neutralizing antibodies measured 459 

by a live virus microneutralization assay using an antigenically similar virus to the infecting VOC. 460 

For (B) and (C) n = 6 participants for Delta, n = 7 for Omicron BA.1 and n=10 for Omicron BA.2. 461 

For (C) the bold black line represents the mean estimate from the piecewise linear regression 462 

model using the estimated parameters. (D) Representative flow cytometry plots for each pMHC 463 

multimer used for the detection of antigen-specific CD8+ and CD4+ T cells. Data were collected 464 

from cryopreserved PBMC following SARS-CoV-2 infection. (E) Sequence alignment of peptides 465 

with HLA restriction used for the detection of antigen-specific CD8+ and CD4+ T cells across 466 

selected SARS-CoV-2 VOCs. 467 

 468 

Figure 2. Robust expansion and activation of spike-specific CD4+ T cells after 469 

breakthrough infection. 470 

(A) Representative flow cytometry plots and kinetics of HLA-DR*15-S751 and HLA-DP*04-S167-471 

specific CD4+ T cells from a single participant and co-expression of ICOS and CD38. (B) 472 

Representative flow cytometry plots of HLA-DR*15-S751 -specific CD4+ T cells and kinetics of 473 

phenotypic markers for both pMHC-II populations, n=19 for DP*04-S167 and n=9 for DR*15-S751.  474 

(C) Estimated kinetics of pMHC-II+ CD4+ T cell frequency and activated (CD38+ICOS+) phenotype. 475 

The lines indicate the mean estimate for measurement from the piecewise linear regression 476 

model, using pooled data from both pMHC-II populations (as no significant differences were found 477 

between the two). (D) Representative flow cytometry plots of phenotypic markers for DR*15-S751  478 

(left) and kinetics marker expression for both pMHC-II populations (right). Throughout the figure, 479 

coloured lines represent individual donors for each pMHC-II-specific population,  n=19 for DP*04-480 

S167 and n=9 for DR*15-S751.  481 

 482 

Figure 3. Early but variable recall of spike-specific CD8+ T cells after breakthrough 483 

infection. 484 
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(A) Representative flow cytometry plots for HLA-A*3-S378 and kinetics of HLA-A*02-S269, HLA-485 

A*03-S378 and HLA-A*24-S1208 -specific CD8+ T cells. (B) Representative flow cytometry plots for 486 

HLA-A*3-S378 and kinetics of activated (CD38+) cells for HLA-A*02-S269, HLA-A*03-S378 and HLA-487 

A*24-S1208 -specific CD8+ T cells. (C) Estimated kinetics of pMHC-I+ CD8+ T cell frequency and 488 

activated (CD38+) phenotype. The lines indicate the mean estimate for measurement from the 489 

piecewise linear regression model, using pooled data from all 3 pMHC populations. (D) 490 

Representative flow cytometry plots of phenotypic markers for HLA-A*3-S378and kinetics marker 491 

expression for all 3 pMHC-I populations. Throughout the figure, coloured lines represent individual 492 

donors for each pMHC-I-specific population, n=11 for A*02-S269, n=4 A*03-S378  and n=4 for A*24-493 

S1208. 494 

 495 

Figure 4. Early expansion of primary nucleocapsid-specific CD8+ T cells and recall of spike-496 

specific CD8+ T cells after breakthrough infection. 497 

(A) Representative flow cytometry plots of HLA-A*02-S269 and HLA-B*07-N105-specific CD8+ T 498 

cells and their phenotypic analysis based on CCR7, CD45RA and CD95 from baseline throughout 499 

vaccination and subsequent SARS-CoV-2 breakthrough infection. Kinetics are shown for n=9 500 

donors with paired analysis spike-specific CD8+ T cells (either A*02, A*03 and A*24) and B*07-501 

N105, for 4 of which pre-breakthrough samples were available. (B) Representative flow cytometry 502 

plots for HLA-A*3-S378 and HLA-B*07-N105-specific CD8+ T cells. Frequencies of single marker+ 503 

cells are shown in red for B7-N105 only. Kinetics of phenotypic markers for S- or N- specific CD8+ 504 

T cells following SARS-CoV-2 breakthrough infection, n=9 donors with paired spike-specific CD8+ 505 

T cells (either A*02, A*03 and A*24) and B*07-N105. Throughout the figure, coloured lines 506 

represent individual donors for each pMHC-specific population. 507 

 508 

Figure 5. S-specific CD8+ T cell activation correlates with viral clearance. (A) Summary of 509 

estimated kinetics viral clearance and of relevant immunological parameters determined in this 510 

study. (B) Correlations between the initial or peak frequency of CD38+ S-pMHC-I+ CD8+ T cells 511 

and viral clearance rate or peak Ct value (amongst available timepoints). Spearman correlation 512 

coefficient and p-values along with a linear regression line are shown for statistically significant 513 

comparisons (p<0.05), n=19. 514 

 515 

 516 

Figure 6. Long-term stability of T cell responses following multiple antigen exposures. (A) 517 

Kinetics for two participants with an initial Hu-1 infection. (B) Kinetics for 5 participants after 518 
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vaccination, with no prior exposure. The horizontal line indicates the pre-exposure levels for each 519 

epitope-specific T cell population. Throughout the figure, each plot represents longitudinal data 520 

from one donor, with the frequency of pMHC+ cells within CD4+ or CD8+ T cells (top) and the 521 

frequency of activated (CD38+ICOS+ for pMHC-II+CD4+ T cells or CD38+ for pMHC-I+CD8+ T cells) 522 

cells within pMHC+ cells (bottom). Each arrow on the top of the plot indicates an exposure to spike 523 

antigen by infection or vaccination.  524 

 525 

Supplementary Figure legends 526 

 527 

Figure S1. Gating strategy for the identification of pMHC-specific CD4+ and CD8+ T cells 528 

and their phenotypic characterisation. (A) Lymphocytes were identified by FSC-A vs SSC-A 529 

gating, followed by doublet exclusion (FSC- A vs FSC-H), a time gate and then gating on live T 530 

cells (CD3+CD19-) and subsequently CD4+CD8- cells. HLA-DR*15-S751 and HLA-DP*04-S167-531 

specific cells were identified within CD4+ T cells, and phenotyped as indicated, with the total CD4+ 532 

T cell population serving as a reference for gating of phenotypic markers. (B) CD8+ T cell were 533 

identified as CD4-CD8+ within live T cells gated as in (A). HLA-A*02-S269, HLA-A*03-S378 and HLA-534 

A*24-S1208 and HLA-B*07-N105-specific CD8+ T cells were identified within CD8+ T cells and 535 

phenotyped as indicated, with the total CD8+ T cell population serving as a reference for gating 536 

of phenotypic markers.  537 

Figure S2. Limited cTFH phenotype following BTI. (A) Representative flow cytometry plots of 538 

the cTFH phenotype (CXCR5+CD45RA-) for HLA-DP*04-S167-specific CD4+ T cells. A post-539 

vaccination sample was included in acquisition and analysis, serving as a reference for the cTFH 540 

activation and cTFH activation (CD38/ICOS expression). (B) Kinetics of CXCR5+ cells for both 541 

pMHC-II populations, n=19 for DP*04-S167 and n=9 for DR*15-S751. (C) Correlations between the 542 

initial or peak frequency of S-pMHC-II+ CD4+ T cells and initial or peak frequency of ICOS+CD38+ 543 

S-pMHC-II+ CD4+ T cells with the growth rate and peak value of neutralising antibody titres. 544 

Spearman correlation coefficient and p-values along with a linear regression line are shown for 545 

statistically significant comparisons (p<0.05), n=29 datapoints, pooled for both S-pMHC-II+ CD4+ 546 

T cell populations. 547 

 548 

Figure S3. Phenotype of S-specific CD4+ T cells. (A) Representative flow cytometry plots of 549 

HLA-DR*15-S751 and HLA-DP*04-S167-specific CD4+ T cells from a single participant showing co-550 
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expression of CCR7 and CD45RA. Kinetics of TCM and TEM for both pMHC-II populations. (B) Flow 551 

cytometry plots of HLA-DP*04-S167-specific CD4+ T cells from a single participant for CCR5 and 552 

CXCR5 expression, representative of the data shown in Fig 2. (C) Estimated kinetics of CCR5 553 

and CXCR3 expression. The lines indicate the mean estimate for measurement from the 554 

piecewise linear regression model, using pooled data from both pMHC-II populations as no 555 

significant differences were found between the two. (D) Flow cytometry plots of HLA-DR*15-S751 556 

and HLA-DP*04-S167-specific CD4+ T cells from a single participant showing expression of 557 

Granzyme B, with kinetics from all participants shown both pMHC-II populations. Throughout the 558 

figure, coloured lines represent individual donors for each pMHC-specific population, n=19 for 559 

DP*04-S167 and n=9 for DR*15-S751.  560 

 561 

 562 

Figure S4. CD8+ T cell responses following BTI. (A) Representative flow cytometry plots of 563 

HLA-A*02-S269 and HLA-A*24-S1208 -specific CD8+ T cell kinetics. (B) pMHC-I+ CD8+ T cell kinetics 564 

colour coded for individuals with an observable expansion and those without. (C) Vaccination 565 

history of individuals with an observable expansion and those without. (D) pMHC-I+ CD8+ T cell 566 

frequency at earliest available timepoint for individuals with an observable expansion and those 567 

without. (E) Time from last vaccination to BTI for individuals with an observable and those without. 568 

(F) CD38+ phenotype for pMHC-I+ CD8+ T cell kinetics colour coded for individuals with an 569 

observable expansion and those without. 570 

 571 

Figure S5. Phenotype of S-specific CD8+ T cells. (A) Flow cytometry plots of HLA-A*02-S269 572 

and HLA-A*24-S1208-specific CD8+ T cells from a single participant for different phenotypic 573 

markers, representative of the data shown in Fig 3. (B) Estimated kinetics of CCR5, CXCR3, 574 

CD71 and GzmB expression. The lines indicate the mean estimate for measurement from the 575 

piecewise linear regression model, using pooled data from both pMHC-I populations as no 576 

significant differences were found between the two. (C) Representative flow cytometry plots of 577 

HLA-A*03-S378 -specific CD8+ T cells from a single participant showing co-expression of CCR7 578 

and CD45RA. Kinetics of TCM TEM and TEMRA for all 3 pMHC-I populations. Throughout the figure, 579 

coloured lines represent individual donors for each pMHC-I-specific population, n=11 for A*02-580 

S269, n=4 A*03-S378  and n=4 for A*24-S1208. (D) Frequency of spike-specific and nucleoprotein-581 

specific CD8+ T cells in convalescent samples from primary SARS-CoV-2 infection. For (C), n=6 582 
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donors with paired analysis of spike-specific CD8+ T cells (either A*02, A*03 and A*24) and B*07-583 

N105. 584 

 585 

Figure S6. Correlations between immune recall and viral clearance.  Correlations between 586 

the initial or peak frequency of (A) S-pMHC-I+ CD8+ T cells, (B) N-pMHC-I+ CD8+ T cells or (C)  587 

CD38+ N-pMHC-I+ CD8+ T cells, (D) S-pMHC-II+ CD4+ T cells,  (E) ICOS+CD38+S-pMHC-II+ CD4+ 588 

T cells, (F) neutralisation IC50 titre against infecting or antigenically similar live virus and viral 589 

clearance rate or peak Ct value (amongst available timepoints). Throughout the figure Spearman 590 

correlation coefficient and p-values along with a linear regression line are shown for statistically 591 

significant comparisons (p<0.05), n=19 for (A), n=9 for (B-C), n=29 datapoints, pooled for both S-592 

pMHC-II+ CD4+ T cell populations for (D-E), n=23 for (F). 593 

 594 

595 
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Methods 596 

Study Participants. A cohort of previously vaccinated participants with a nasal PCR-confirmed 597 

breakthrough COVID-19 were recruited through contacts with the investigators and invited to 598 

provide serial blood samples following symptom onset (Table S1), some of whom were previously 599 

described in (Koutsakos et al., 2022). For all participants, whole blood was collected with sodium 600 

heparin anticoagulant. Plasma was collected and stored at -80oC, and PBMCs were isolated via 601 

Ficoll-Paque separation, cryopreserved in 10% DMSO/FCS and stored in liquid nitrogen. For 602 

some individuals, additional PBMC samples were available from participation in previous vaccine 603 

or SARS-CoV-2 infection studies(Juno et al., 2020; Wheatley et al., 2021; Wragg et al., 2022). 604 

Study protocols were approved by the University of Melbourne Human Research Ethics 605 

Committee (2021-21198-15398-3, 2056689), and all associated procedures were carried out in 606 

accordance with approved guidelines. All participants provided written informed consent in 607 

accordance with the Declaration of Helsinki. HLA typing was performed by the Victorian 608 

Transplantation and Immunogenetics Service. 609 

pHLA Production and Staining. Pro5 MHC Class I pentamers for HLA-A*02:01 (S269-277 610 

YLQPRTFLL), HLA-A*03:01 (S378-386 KCYGVSPTK), and HLA-A*24:02 (S1205-1213 QYIKWPWYI) 611 

pre-conjugated to PE were purchased from ProImmune. ProT2 MHC Class II monomers for HLA-612 

DRB1*15:01 (S751-767 NLLLQYGSFCTQLNRAL) were purchased from ProImmune and 613 

conjugated to Streptavidin-PE (BD Biosciences) at a molar ratio of 8:1 monomer:S-PE. HLA-614 

B*07:02 (N105-113 SPRWYFYYL) and HLA-DP*04:01 (S167-180 TFEYVSQPFLMDLE) monomers 615 

were produced as described previously(Mudd et al., 2022; Nguyen et al., 2021). Monomers were 616 

conjugated to Streptavidin-APC at a molar ratio of 8:1 monomer:S-APC.  617 

Cryopreserved PBMC were thawed in RPMI-1640 with 10% fetal calf serum (FCS) and 618 

penicillin-streptomycin (RF10), and washed. 7 – 13x106 cells were washed in PBS with 2% FCS 619 

before incubation in 50nM dasatinib (Sigma) at 37oC for 30 minutes. HLA class II and HLA-620 

B*07:02 tetramers were added directly to the tubes and stained at a final concentration of 2ug/mL 621 

for 60 minutes at 37oC. Class I pentamers were then added (final concentration 2ug/mL) and 622 

incubated for 15 minutes at room temperature in the dark. Cells were washed in PBS, stained 623 

with Live/Dead green (Life Technologies), and incubated for 30 minutes at 4oC with an antibody 624 

cocktail including: CD20 FITC (2H7), CD3 BUV805 (SK7), CD8 BUV496 (RPA-T8), CD71 625 

BUV395 (M-A712), CD38 BUV737 (HB7, all from BD Biosciences), ICOS PerCP-Cy5.5 626 

(C398.4A), CD4 APC-Cy7 (RPA-T4), CCR5 BV421 (J418F1), CXCR3 Pe-Dazzle (G02H57), PD-627 

1 BV605 (EH12.2H7), CD45RA AlexaFluor700 (HI100, all from Biolegend), and CXCR5 PeCy7 628 
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(MU5UBEE; ThermoFisher). Cells were washed in PBS+2% FCS and permeabilised for 10 629 

minutes in 70ul of Cytofix/Cytoperm (BD Biosciences). After washing in 2mL of PermWash, cells 630 

were incubated with anti-GzmB BV510 (GB11, BD Biosciences) for 30 minutes at 4oC. Cells were 631 

washed, resuspended in PBS+2% FCS, and acquired on a BD Fortessa using BD FACS Diva 632 

software.  633 

 634 

SARS-CoV-2 virus propagation and titration 635 

Ancestral SARS-CoV-2 (VIC01) isolate was grown in Vero cells in serum-free DMEM with 1µg/ml 636 

TPCK trypsin while Omicron BA.1 and BA.2 strains were grown in Calu3 cells in DMEM with 2% 637 

FCS. Cell culture supernatants containing infectious virus were harvested on Day 3 for VIC01 and 638 

Day 4 for Omicron strains, clarified via centrifugation, filtered through a 0.45µM cellulose acetate 639 

filter and stored at -80ºC. Infectivity of VIC01 stocks was determined by titration on Vero cells via 640 

cytopathic effect observation and calculated using the Reed-Muench method, as previously 641 

described(Juno et al., 2020). Infectivity of Omicron stocks was determined by titration on HAT-24 642 

cells (a clone of transduced HEK293T cells stably expressing human ACE2 and TMPRSS2(Tea 643 

et al., 2021)). In a 96-well flat bottom plate, virus stocks were serially diluted five-fold (1:5-644 

1:78,125) in DMEM with 5% FCS, added with 30,000 freshly trypsinised HAT-24 cells per well 645 

and incubated at 37ºC. After 46 hours, 10µl of alamarBlue™ Cell Viability Reagent 646 

(ThermoFisher) was added into each well and incubated at 37ºC for 1 hour. The reaction was 647 

then stopped with 1% SDS and read on a FLUOstar Omega plate reader (excitation wavelength 648 

560nm, emission wavelength 590nm). The relative fluorescent units (RFU) measured were used 649 

to calculate %viability (‘sample’ ÷ ’no virus control’ × 100), which was then plotted as a sigmoidal 650 

dose response curve on Graphpad Prism to obtain the virus dilution that induces 50% cell death 651 

(50% lethal infectious dose; LD50). Each virus was titrated in quintuplicate in three independent 652 

experiments to obtain mean LD50 values.  653 

 654 

SARSCoV-2 microneutralization assay with ELISA-based readout 655 

For Delta breakthrough infections, plasma neutralization activity against ancestral SARS-CoV-2 656 

(CoV/Australia/VIC/01/2020 strain) was measured using a microneutralization assay as 657 

previously described(Koutsakos et al., 2022). 96-well flat bottom plates were seeded with Vero 658 

cells (20,000 cells per well in 100µl). The next day, Vero cells were washed once with 200 µl 659 

serum-free DMEM and added with 150µl of infection media (serum-free DMEM with 1.33 µg/ml 660 

TPCK trypsin). 2.5-fold serial dilutions of heat-inactivated plasma (1:20-1:12207) were incubated 661 
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with SARS-CoV-2 virus at 2000 TCID50/ml at 37ºC for 1 hour. Next, plasma-virus mixtures (50µl) 662 

were added to Vero cells in duplicate and incubated at 37ºC for 48 hours. ‘Cells only’ and 663 

‘virus+cells’ controls were included to represent 0% and 100% infectivity respectively. After 48 664 

hours, all cell culture media were carefully removed from wells and 200 µl of 4% formaldehyde 665 

was added to fix the cells for 30 mins at room temperature. The plates were then dunked in a 1% 666 

formaldehyde bath for 30 minutes to inactivate any residual virus prior to removal from the BSL3 667 

facility. Cells were washed once in PBS and then permeabilized with 150µl of 0.1% Triton-X for 668 

15 minutes. Following one wash in PBS, wells were blocked with 200µl of blocking solution (4% 669 

BSA with 0.1% Tween-20) for 1 hour. After three washes in PBST (PBS with 0.05% Tween-20), 670 

wells were incubated with 100µl of rabbit polyclonal anti-SARS-CoV N antibody (Rockland, #200-671 

401-A50) at a 1:8000 dilution in dilution buffer (PBS with 0.2% Tween-20, 0.1% BSA and 0.5% 672 

NP-40) for 1 hour. Plates were then washed six times in PBST and added with 100µl of goat anti-673 

rabbit IgG (Abcam, #ab6721) at a 1:8000 dilution for 1 hour. After six washes in PBST, plates 674 

were developed with TMB and stopped with 0.15M H2SO4. OD values read at 450nm were then 675 

used to calculate %neutralization with the following formula: (‘Virus + cells’ – ‘sample’) ÷ (‘Virus + 676 

cells’ – ‘Cells only’) × 100. IC50 values were determined using four-parameter nonlinear regression 677 

in GraphPad Prism with curve fits constrained to have a minimum of 0% and maximum of 100% 678 

neutralization. 679 

 680 

SARS-CoV-2 microneutralisation assay with viability dye readout 681 

For Omicron breakthrough infections, plasma neutralization activity against Omicron BA.1 and 682 

BA.2 was measured in HAT-24 cells using a viability dye readout. In 96-well flat bottom plates, 683 

heat-inactivated plasma samples were diluted 2.5-fold (1:20-1:12,207) in duplicate and incubated 684 

with SARS-CoV-2 virus at a final concentration of 2× LD50 at 37ºC for 1 hour. Next, 30,000 freshly 685 

trypsinised HAT-24 cells in DMEM with 5% FCS were added and incubated at 37ºC. ‘Cells only’ 686 

and ‘Virus+Cells’ controls were included to represent 0% and 100% infectivity respectively. After 687 

46 hours, 10µl of alamarBlue™ Cell Viability Reagent (ThermoFisher) was added into each well 688 

and incubated at 37ºC for 1 hour. The reaction was then stopped with 1% SDS and read on a 689 

FLUOstar Omega plate reader (excitation wavelength 560nm, emission wavelength 590nm). The 690 

relative fluorescent units (RFU) measured were used to calculate %neutralisation with the 691 

following formula: (‘Sample’ – ‘Virus+Cells’) ÷ (‘Cells only’ – ‘Virus+Cells’) × 100. IC50 values 692 

were determined using four-parameter non-linear regression in GraphPad Prism with curve fits 693 

constrained to have a minimum of 0% and maximum of 100% neutralisation.  694 
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 695 

Analysis of viral RNA load by qPCR 696 

For viral RNA extraction, 200 μL  of nasal swab sample was extracted with the QIAamp 96 Virus 697 

QIAcube HT kit (Qiagen, Germany) on the QIAcube HT System (Qiagen) according to 698 

manufacturer’s instructions. Purified nucleic acid was then immediately converted to cDNA by 699 

reverse transcription with random hexamers using the SensiFAST cDNA Synthesis Kit (Bioline 700 

Reagents, UK) according to manufacturer’s instructions. cDNA was used immediately in the rRT-701 

PCR or stored at -20oC. Three microlitres of cDNA was added to a commercial real-time PCR 702 

master mix (PrecisionFast qPCR Master Mix; Primer Design, UK) in a 20 μL reaction mix 703 

containing primers and probe with a final concentration of 0.8µM and 0.1µM for each primer and 704 

the probe, respectively. Samples were tested for the presence of SARS-CoV-2  nucleocapsid (N) 705 

genes using previously described primers and probes (Chan et al., 2020; Corman et al., 2020). 706 

Thermal cycling and rRT-PCR analyses for all assays were performed on the ABI 7500 FAST 707 

real-time PCR system (Applied Biosystems, USA) with the following thermal cycling profile: 95oC 708 

for 2 min, followed by 45 PCR cycles of 95oC for 5 s and 60oC for 30 s for N gene. 709 

Modelling of viral and immune kinetics 710 

We used a piecewise model to estimate the activation time and growth rate of various immune 711 

responses following breakthrough infections. The model of the immune response 𝑦 for subject 𝑖 712 

at time 𝑦! can be written as: 713 

𝑦!(𝑡) = '

(𝐵 + 𝑏!); 	𝑡	 ≥ 𝑇" + 𝜏"!
(𝐵 + 𝑏!)𝑒($%&!)(()(*"%+"!)); 	𝑇" + 𝜏"! ≤ 	𝑡 < 𝑇, + 𝜏,!

(𝐵 + 𝑏!)𝑒($%&!)((*#%+#!))(*"%+"!)) × 𝑒)(-%.!)(()(*#%+#!)); 	𝑡 ≥ 𝑇, + 𝜏,! .
 714 

The model has 5 parameters; 𝐵, 𝐺, 𝑇", 𝐷, and 𝑇,. For a period before  𝑇", we assumed a constant 715 

baseline value 𝐵 for the immune response. After the activation time 𝑇", the immune response will 716 

grow at a rate of 𝐺 until 𝑇,. From 𝑇,, the immune response will decay at a rate of 𝐷. For each 717 

subject 𝑖, the parameters were taken from a normal distribution, with each parameter having its 718 

own mean (fixed effect). A diagonal random effect structure was used, where we assumed there 719 

was no correlation within the random effects. The model was fitted to the log-transformed data 720 

values, with a constant error model distributed around zero with a standard deviation 𝜎. Model 721 

fitting was performed using MonolixR2019b. A binary covariate was used to quantify the 722 

difference in parameters between different groups (i.e. S-specific CD8 vs N-specific CD8 723 

responses), and significance was determined based on the value of this binary covariate using a 724 
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Wald test. Spearman correlation analyses were conducted based on the estimated parameters 725 

for each individual in GraphPad Prism 9.  726 

  727 
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Supplementary material 728 

Supplementary Table 1. Cohort demographics 729 
Su

bj
ec

t  

G
en

de
r  

Ag
e 

# Prior 

Vaccine 

doses 

Last vaccine 

to symptom 

onset (days) 

Class I Alleles  

(relevant to this 

study) 

Class II Alleles  
(relevant to this study) VO

C
 

CP105 M 29 2 N.D. A*02:01 -- Delta 

CP106 F 30 2 139 -- DP*04:01 Delta 

CP107 F 31 2 77-106 A*02:01 DP*04:01 Delta 

CP108 M 29 2 132 -- DP*04:01 Delta 

COR034 M 31 2 126 A*02:01, B*07:02 DR*15:01, DP*04:01 Delta 

COR136 F 50 2 158 A*02:01, A*03:01 DP*04:01 Delta 

COR015 F 27 3 39 A*02:01 -- BA.1 

COR032 F 23 3 33 A*24:02, B*07:02 DR*15:01, DP*04:01 BA.1 

CP110 M 24 2 84 A*02:01 DP*04:01 BA.1 

CP111 M 34 2 83 A*24:02 -- BA.1 

CP112 F 35 2 90 A*02:01^ DP*04:01 BA.1 

COR198 F 60 3 39 A*02:01 DP*04:02 BA.1 

CP69* F 36 2 111 A*02:01 DR*15:01, DP*04:01 BA.1 

CP40* M 63 3 49 -- DR*15:01, DP*04:01 BA.2 

COR291 M 50 3 134 A*02:01 DR*15:01 BA.2 

COR043 F 55 3 64 A*02:01 DP*04:01 BA.2 

CP117 M 40 3 52 A*03:01, B*07:02 DR*15:01, DP*04:01 BA.2 

COR281 F 43 3 129 A*03:01, B*07:02 DR*15:01, DP*04:01 BA.2 

CP118 M 66 3 100 -- DP*04:01 BA.2 

COR274 F 57 3 155 A*03:01 DP*04:01, 04:02 BA.2 

COR275 M 62 3 83 A*02:01, B*07:02 DR*15:01, DP*04:01 BA.2 

COR215 F 55 3 125 A*24:02, B*07:02 DR*15:01, DP*04:01 BA.2 

COR039 F 58 3 169 A*24:02, B*07:02 DR*15:01, DP*04:01 BA.2 

*Previously infected during Hu-1 wave. ^Data not shown, due to lack of A*02:01 pentamer binding in 730 
any longitudinal samples from participant; N.D., not determined. 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
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Supplementary Table 2. Piecewise linear regression parameters of viral kinetics and neutralising 741 
antibodies (with 95% CI). Values in bold indicate a significant difference between VOCs. 742 

 743 
Supplementary Table 3. Estimates of spike-specific CD4+ T cell expansion and activation. Pooled 744 
estimates from both epitopes are shown as the epitope-specific estimates were not significantly 745 
different for any parameter.  746 
 747 

 Initial (%) Delay  
(days PSO) 

Growth Rate 
(per day) 

Peak Time 
(days PSO) 

Decay Rate  
(per day) 

%pMCH+ of 
CD4+ 

0.0093  
(0.0071 – 0.012) 

2.51  
(1.86 – 3.4) 

0.24  
(0.16 – 0.35) 

5.42  
(4.81 – 6.1) 

0.014  
(0.01 – 0.019) 

%CD38+ 
ICOS+ of 
pMCH+ 

2.44  
(1.1 – 5.42) 

1.12  
(0.7 – 1.8) 

0.62  
(0.5 – 0.76) 

3.60  
(3.22 – 4.01) 

0.057  
(0.051 – 0.063) 

 748 
Supplementary Table 4. Estimates of spike-specific CD4+ T cell phenotypic parameters (with 95% 749 
CI). Pooled estimates from both epitopes are shown if the epitope-specific estimates were not 750 
significantly different for any parameter. Separate epitope-specific estimates are shown if at least one 751 
of the parameters of that makers were significantly different between epitopes. Values in bold indicate 752 
a significant difference between epitopes for the indicated marker. 753 
 754 

 Initial (%) Growth Rate (per 
day) 

Peak Time (days 
PSO) 

Decay Rate  
(per day) 

%CCR5+ 
(pooled epitopes) 

16.59  
(12 – 22.96) 

0.26  
(0.19 0 0.35) 

2.48  
(2.15 – 2.85) 

0.0064  
(0.0043 – 0.0095) 

%CXCR3+ 
(pooled epitopes) 

14.4  
(7.51 – 27.8) 

0.27  
(0.13 – 0.54) 

1.93  
(1.25 – 2.96) 

0.0064  
(0.0032 – 0.013) 

%GzmB+ 
(pooled epitopes) 

7.34  
(4.27 – 12.62) 

0.13  
(0.04 – 0.4) 

1.97  
(0.88 – 4.38) 

0.019  
(0.013 – 0.029) 

 

%PD-1+ (DP04) 22.38  
(10.49 – 47.78) 

0.11  
(0.05 – 0.26) 

4.05  
(3.29 – 5) 

0.0078  
(0.004 – 0.015) 

%PD-1+ (DR15) 34.04  
(6.7 – 172.82) 

0.12  
(0.019 – 0.78) 

2.71  
(1.46 – 5.03) 

0.00047  
(0.00023 – 0.0093) 

 

%CD71+ (DP04) 1.05  
(0.39 – 2.86) 

0.38  
(0.23 – 0.62) 

3.35  
(2.73 – 4.11) 

0.077  
(0.056 – 0.11) 

%CD71+ (DR15) 1.32 (0.08 – 21.71) 0.45 (0.00011 – 
1.821) 1.64 (0.001 – 2.588) 0.038  

(0.014 – 0.1) 

  Initial value Delay  
(days PSO) 

Growth Rate 
(per day) 

Peak Time 
(days PSO) 

Decay Rate  
(per day) 

Viral 
RNA 
(DCt) 

Delta 36.5  
(44.71 – 28.29) N/A 5.47  

(2.83 – 10.57) 
3.22  

(2.53 – 4.1) 
3.97  

(3.03 – 5.22) 

BA.1 31.79  
(49.98 – 13.6) N/A 4.41  

(0.82 – 23.77) 
2.43  

(1.24 – 4.78)* 
2.13  

(1.03 – 4.43) 

BA.2 24.2  
(49.5 – 1.1) N/A 6.73  

(0.32 – 139.23) 
1.12  

(0.47 – 2.63) 
2.04  

(1.12 – 3.73) 

 Nab (IC50) 
51.29  

(30.52 – 86.18) 
4.3  

(2.2 – 8.42) 
0.12  

(0.084 – 0.18) 
14.58  

(12.23 – 17.39) N/A 
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Supplementary Table 5. Estimates of S-specific CD8+ T cell expansion and activation (with 95% CI). 755 
Pooled estimates from all three epitopes are shown as the epitope-specific estimates were not 756 
significantly different for any parameter. 757 
  758 

 Initial (%) Delay 
(days PSO) 

Growth Rate 
(per day) 

Peak Time 
(days PSO) 

Decay Rate (per 
day) 

%pMCH+ of CD8+ 0.055 (0.024 – 
0.12) 

4.39 (3.4 – 
5.68) 

0.15 (0.07 – 
0.3) 

5.81 (4.87 – 
6.94) 

0.00068 (4.7e-7 – 
0.98) 

%CD38+ of pMCH+ 15.85 (10.82 – 
23.21) 

0.24 (0.019 – 
3.06) 

0.082 (0.055 – 
0.12) 

7.1 (5.86 – 
8.6) 

0.036 (0.028 – 
0.046) 

 759 
Supplementary Table 6. Estimates of S-specific CD8+ T cell phenotypic parameters (with 95% CI). 760 
Pooled estimates from all three epitopes are shown.  761 
 762 

 Initial (%) Growth Rate  
(per day) 

Peak Time 
(days PSO) 

Decay Rate  
(per day) 

%CCR5+ 40.74 (34.41 – 48.23) 0.031 (0.018 – 0.052) 6.89 (5.17 – 9.17) 0.0032 (0.0015 – 0.0068) 

%CXCR3+ 6.68 (2.93 – 15.26) 0.2 (0.12 – 0.34) 3.49 (2.56 – 4.75) 0.0093 (0.0049 – 0.017) 

%GzmB+ 23.99 (13.77 – 41.79) 0.12 (0.007 – 2.14) 1.4 (0.15 – 12.58) 0.0069 (0.0039 – 0.012) 

%CD71+ 0.64 (0.2 – 2) 0.23 (0.14 – 0.38) 5.36 (4.25 – 6.77) 0.033 (0.022 – 0.049) 

%PD-1+ 7.52 (4.53 – 12.46) 0.096 (0.04 – 0.23) 3.32 (2.14 – 5.16) 0.0079 (0.0047 – 0.013) 

 763 
Supplementary Table 7. Estimates of S- and N-specific CD8+ T cell expansion and activation (with 764 
95% CI). Values in bold indicate a significant difference between epitopes for the indicated marker. 765 
 766 

 Initial (%) Delay 
(days PSO) 

Growth Rate 
(per day) 

Peak Time 
(days PSO) 

Decay Rate 
(per day) 

%pMCH+ of CD8+ 
(S) 

0.098 
(0.012 – 0.82) 

6.29 
(1.49 – 26.46) 

0.087 
(0.013 – 0.556) 

7.69 
(3.56 – 16.57) 0 (NA) 

%pMCH+ of CD8+ 
(N) 

0.012 
(0.0048 – 0.03) 

3.06 
(1.62 -5.81) 

0.12 
(0.071 – 0.2) 

8.17 
(6.32 – 10.56) 0 (NA) 

 

%CD38+ (S) 10.16  
(1.66 – 62.36) 

0.95 
(0.001 – 86.85) 

0.073 ( 
0.01 – 0.52) 

8.29 
(4.45 – 15.43) 

0.047 
(0.014 – 0.16) 

%CD38+ (N) 17.78 
(9.58 – 33) 

3.63  
(2.28 – 5.79) 

0.19 
(0.077 – 0.45) 

6.89 
(5.26 – 9.02) 

0.019 
(0.011 – 0.034) 

 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
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 776 
Supplementary Table 8. Estimates of S- and N-specific CD8+ T cell phenotypic parameters (with 95% 777 
CI) for individuals presented in Figure 4. Estimates for N-specific CD8+ T cells only are shown if the S 778 
-and N-specific estimates were not significantly different for any parameter (estimates for S only are 779 
shown in Supplementary Table 6. Separate epitope-specific estimates are shown if at least one of the 780 
parameters of that makers were significantly different between epitopes. Values in bold indicate a 781 
significant difference between epitopes for the indicated marker. Growth and decay parameters for 782 
PD-1 expression kinetics could not be determined. 783 
 784 
 785 

 Initial (%) Growth Rate  
(per day) 

Peak Time 
(days PSO) 

Decay Rate  
(per day) 

%GzmB+ (S) 22.75  
(4.81 – 135.88) 

0.100  
(0.0002 – 5.43) 

1.22  
(0.01 – 141.04) 

0.0081  
(0.0015 – 0.042) 

%GzmB+ (N) 6.83  
(3.4 – 13.76) 

0.08  
(0.045 – 0.17) 

5.26  
(3.14 – 8.81) 

0.021  
(0.012 – 0.038) 

 

%CCR5+ (S) 40.93  
(14.96 – 111.96) 

0.017  
(0.0043 – 0.071) 

7.52  
(2.69 – 21.05) 

0.0002  
(1e-13 – 3.6) 

%CCR5+ (N) 2.15  
(1.32 – 3.48) 

0.29  
(0.2 – 0.41) 

4.95  
(3.75 – 6.52) 

0.01 ( 
0.0066 – 0.016) 

 

%CD71+ (N) 0.74 (0.11 - 5.05) 0.36 (0.16 - 0.85) 4.13 (3.09 - 5.54) 0.045 (0.027 - 0.073) 

%CXCR3+ (N) 12.89 (6.79 - 24.45) 0.13 (0.062 - 
0.28) 4.75 (3.08 - 7.33) 0.0038 (0.0006 - 

0.025) 
  786 
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Figure 1. Fine longitudinal sampling of SARS-CoV-2 breakthrough infection
and study design.

(A) Schematic of longitudinal sample collection following breakthrough infection with
Delta, Omicron BA.1 or Omicron BA.2. Each line represents a single donor and
each point represents a sample collection (blue, nasal swab; red, blood; purple,
both swab and blood). (B) Kinetics of viral load measured by Ct values for SARS-
CoV-2 N gene in serial nasal swabs. Green, Delta breakthrough infection; grey,
BA.1; pink, BA.2. (C) Kinetics of neutralizing antibodies measured by a live virus
microneutralization assay using an antigenically similar virus to the infecting VOC.
For (B) and (C) n = 6 participants for Delta, n = 7 for Omicron BA.1 and n=10 for
Omicron BA.2. For (C) the bold black line represents the mean estimate from the
piecewise linear regression model using the estimated parameters. (D)
Representative flow cytometry plots for each pMHC multimer used for the detection
of antigen-specific CD8+ and CD4+ T cells. Data were collected from cryopreserved
PBMC following SARS-CoV-2 infection. (E) Sequence alignment of peptides with
HLA restriction used for the detection of antigen-specific CD8+ and CD4+ T cells
across selected SARS-CoV-2 VOCs.
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Figure 2. Robust expansion and activation of spike-specific CD4+ T cells after
breakthrough infection.

(A) Representative flow cytometry plots and kinetics of HLA-DR*15-S751 and HLA-
DP*04-S167-specific CD4+ T cells from a single participant and co-expression of
ICOS and CD38. (B) Representative flow cytometry plots of HLA-DR*15-S751 -
specific CD4+ T cells and kinetics of phenotypic markers for both pMHC-II
populations, n=19 for DP*04-S167 and n=9 for DR*15-S751. (C) Estimated kinetics of
pMHC-II+ CD4+ T cell frequency and activated (CD38+ICOS+) phenotype. The lines
indicate the mean estimate for measurement from the piecewise linear regression
model, using pooled data from both pMHC-II populations (as no significant
differences were found between the two). (D) Representative flow cytometry plots
of phenotypic markers for DR*15-S751 (left) and kinetics marker expression for both
pMHC-II populations (right). Throughout the figure, coloured lines represent
individual donors for each pMHC-II-specific population, n=19 for DP*04-S167 and
n=9 for DR*15-S751.
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Figure 3. Early but variable recall of spike-specific CD8+ T cells after
breakthrough infection.

(A) Representative flow cytometry plots for HLA-A*3-S378 and kinetics of HLA-A*02-
S269, HLA-A*03-S378 and HLA-A*24-S1208 -specific CD8+ T cells. (B) Representative
flow cytometry plots for HLA-A*3-S378 and kinetics of activated (CD38+) cells for
HLA-A*02-S269, HLA-A*03-S378 and HLA-A*24-S1208 -specific CD8+ T cells. (C)
Estimated kinetics of pMHC-I+ CD8+ T cell frequency and activated (CD38+)
phenotype. The lines indicate the mean estimate for measurement from the
piecewise linear regression model, using pooled data from all 3 pMHC populations.
(D) Representative flow cytometry plots of phenotypic markers for HLA-A*3-S378and
kinetics marker expression for all 3 pMHC-I populations. Throughout the figure,
coloured lines represent individual donors for each pMHC-I-specific population,
n=11 for A*02-S269, n=4 A*03-S378 and n=4 for A*24-S1208.
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Figure 4. Early expansion of primary nucleocapsid-specific CD8+ T cells and
recall of spike-specific CD8+ T cells after breakthrough infection.

(A) Representative flow cytometry plots of HLA-A*02-S269 and HLA-B*07-N105-
specific CD8+ T cells and their phenotypic analysis based on CCR7, CD45RA and
CD95 from baseline throughout vaccination and subsequent SARS-CoV-2
breakthrough infection. Kinetics are shown for n=9 donors with paired analysis
spike-specific CD8+ T cells (either A*02, A*03 and A*24) and B*07-N105, for 4 of
which pre-breakthrough samples were available. (B) Representative flow cytometry
plots for HLA-A*3-S378 and HLA-B*07-N105-specific CD8+ T cells. Frequencies of
single marker+ cells are shown in red for B7-N105 only. Kinetics of phenotypic
markers for S- or N- specific CD8+ T cells following SARS-CoV-2 breakthrough
infection, n=9 donors with paired spike-specific CD8+ T cells (either A*02, A*03 and
A*24) and B*07-N105. Throughout the figure, coloured lines represent individual
donors for each pMHC-specific population.
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Figure 6. Long-term stability of T cell responses following multiple antigen
exposures. (A) Kinetics for two participants with an initial Hu-1 infection. (B) Kinetics for 5
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exposure levels for each epitope-specific T cell population. Throughout the figure, each
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Figure S1. Gating strategy for the identification of pMHC-specific CD4+ and CD8+ T
cells and their phenotypic characterisation. (A) Lymphocytes were identified by FSC-
A vs SSC-A gating, followed by doublet exclusion (FSC- A vs FSC-H), a time gate and
then gating on live T cells (CD3+CD19-) and subsequently CD4+CD8- cells. HLA-DR*15-
S751 and HLA-DP*04-S167-specific cells were identified within CD4+ T cells, and
phenotyped as indicated, with the total CD4+ T cell population serving as a reference for
gating of phenotypic markers. (B) CD8+ T cell were identified as CD4-CD8+ within live T
cells gated as in (A). HLA-A*02-S269, HLA-A*03-S378 and HLA-A*24-S1208 and HLA-B*07-
N105-specific CD8+ T cells were identified within CD8+ T cells and phenotyped as
indicated, with the total CD8+ T cell population serving as a reference for gating of
phenotypic markers.
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Figure S2. Limited cTFH phenotype following BTI. (A) Representative flow cytometry plots
of the cTFH phenotype (CXCR5+CD45RA-) for HLA-DP*04-S167-specific CD4+ T cells. A post-
vaccination sample was included in acquisition and analysis, serving as a reference for the
cTFH activation and cTFH activation (CD38/ICOS expression). (B) Kinetics of CXCR5+ cells
for both pMHC-II populations, n=19 for DP*04-S167 and n=9 for DR*15-S751. (C) Correlations
between the initial or peak frequency of S-pMHC-II+ CD4+ T cells and initial or peak frequency
of ICOS+CD38+ S-pMHC-II+ CD4+ T cells with the growth rate and peak value of neutralising
antibody titres. Spearman correlation coefficient and p-values along with a linear regression
line are shown for statistically significant comparisons (p<0.05), n=29 datapoints, pooled for
both S-pMHC-II+ CD4+ T cell populations.
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Figure S3. Phenotype of S-specific CD4+ T cells. (A) Representative flow
cytometry plots of HLA-DR*15-S751 and HLA-DP*04-S167-specific CD4+ T cells
from a single participant showing co-expression of CCR7 and CD45RA. Kinetics of
TCM and TEM for both pMHC-II populations. (B) Flow cytometry plots of HLA-
DP*04-S167-specific CD4+ T cells from a single participant for CCR5 and CXCR5
expression, representative of the data shown in Fig 2. (C) Estimated kinetics of
CCR5 and CXCR3 expression. The lines indicate the mean estimate for
measurement from the piecewise linear regression model, using pooled data from
both pMHC-II populations as no significant differences were found between the
two. (D) Flow cytometry plots of HLA-DR*15-S751 and HLA-DP*04-S167-specific
CD4+ T cells from a single participant showing expression of Granzyme B, with
kinetics from all participants shown both pMHC-II populations. Throughout the
figure, coloured lines represent individual donors for each pMHC-specific
population, n=19 for DP*04-S167 and n=9 for DR*15-S751.
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Figure S4. CD8+ T cell responses following BTI. (A) Representative flow
cytometry plots of HLA-A*02-S269 and HLA-A*24-S1208 -specific CD8+ T cell
kinetics. (B) pMHC-I+ CD8+ T cell kinetics colour coded for individuals with an
observable expansion and those without. (C) Vaccination history of individuals with
an observable expansion and those without. (D) pMHC-I+ CD8+ T cell frequency at
earliest available timepoint for individuals with an observable expansion and those
without. (E) Time from last vaccination to BTI for individuals with an observable
and those without. (F) CD38+ phenotype for pMHC-I+ CD8+ T cell kinetics colour
coded for individuals with an observable expansion and those without.
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Figure S5. Phenotype of S-specific CD8+ T cells. (A) Flow cytometry plots of
HLA-A*02-S269 and HLA-A*24-S1208-specific CD8+ T cells from a single participant
for different phenotypic markers, representative of the data shown in Fig 3. (B)
Estimated kinetics of CCR5, CXCR3, CD71 and GzmB expression. The lines
indicate the mean estimate for measurement from the piecewise linear regression
model, using pooled data from both pMHC-I populations as no significant
differences were found between the two. (C) Representative flow cytometry plots
of HLA-A*03-S378 -specific CD8+ T cells from a single participant showing co-
expression of CCR7 and CD45RA. Kinetics of TCM TEM and TEMRA for all 3 pMHC-I
populations. Throughout the figure, coloured lines represent individual donors for
each pMHC-I-specific population, n=11 for A*02-S269, n=4 A*03-S378 and n=4 for
A*24-S1208. (D) Frequency of spike-specific and nucleoprotein-specific CD8+ T
cells in convalescent samples from primary SARS-CoV-2 infection. For (C), n=6
donors with paired analysis of spike-specific CD8+ T cells (either A*02, A*03 and
A*24) and B*07-N105.
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Figure S6. Correlations between immune recall and viral clearance. Correlations
between the initial or peak frequency of (A) S-pMHC-I+ CD8+ T cells, (B) N-pMHC-I+
CD8+ T cells or (C) CD38+ N-pMHC-I+ CD8+ T cells, (D) S-pMHC-II+ CD4+ T cells, (E)
ICOS+CD38+S-pMHC-II+ CD4+ T cells, (F) neutralisation IC50 titre against infecting or
antigenically similar live virus and viral clearance rate or peak Ct value (amongst
available timepoints). Throughout the figure Spearman correlation coefficient and p-
values along with a linear regression line are shown for statistically significant
comparisons (p<0.05), n=19 for (A), n=9 for (B-C), n=29 datapoints, pooled for both S-
pMHC-II+ CD4+ T cell populations for (D-E), n=23 for (F).


