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74 ABSTRACT

75 COVID-19 vaccines were updated to address immune escape from variants of 

76 concern (VOC). We explored the impact of ancestral/BA.1 bivalent mRNA booster 

77 vaccination (Autumn 2022) on peripheral and nasal antibody and T-cell responses to 

78 SARS-CoV-2 in an observational cohort of 133 healthcare workers, building on 

79 previous longitudinal vaccination studies.

80 We demonstrate that maintenance of antibody and T-cell responses up to eighteen 

81 months following the third vaccine is at least partially driven by intercurrent infection. 

82 Boosting with the bivalent vaccine increases the breadth of circulating and nasal 

83 antibodies to spike, which waned over time but was still detectable six months post-

84 dose. T-cell responses are well maintained and highly cross-reactive to VOCs 

85 irrespective of booster vaccination.  Vaccination strongly boosted nasal IgG, but this 

86 was short-lived compared to circulating antibodies. Overall, ongoing COVID-19 

87 vaccination provides benefit, boosting immunity in individuals who have not been 

88 recently infected, but new strategies may be needed to provide longer-term nasal 

89 immunity.
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90 INTRODUCTION

91 Evolution of the SARS-CoV-2 virus resulted in loss of effectiveness of COVID-19 

92 vaccines based on the ancestral sequence1,2. The first bivalent COVID-19 vaccines 

93 were licensed in the UK in 2022 and combined ancestral and Omicron subvariant BA.1 

94 mRNA sequences3. The BA.1 subvariant contains up to 50 mutations compared with 

95 ancestral SARS-CoV-2, of which 35 are located in the spike protein. BA.1 rapidly 

96 became the most prevalent global SARS-CoV-2 strain in January 20224. BA.2 

97 replaced BA.1 within a few months and Omicron subvariants have continued to 

98 dominate, remaining the most prevalent variants globally in 20245. Bivalent 

99 ancestral/BA.1 vaccines aimed to generate responses better matched to the 

100 circulating SARS-CoV-2 variants in response to the observation of lower neutralising 

101 antibody titres and reduced vaccine effectiveness against Omicron for ancestral-

102 based vaccines6,7.

103 In the autumn of 2022, the UK Joint Committee on Vaccination and Immunisation 

104 (JCVI) recommended those at higher risk of severe COVID-19 infection as well as 

105 those in frequent contact with vulnerable groups were to be offered a second booster 

106 (a fourth vaccination)4. The 2022 UK COVID-19 Autumn booster campaign using the 

107 mRNA ancestral/BA.1 bivalent vaccine commenced that September. Of individuals 

108 who received three COVID-19 vaccine doses and were eligible (50 years and older, 

109 residents in care homes for older people, those aged 5 years and over in a clinical risk 

110 group and health and social care staff), 77.7% received a fourth vaccination in the UK 

111 autumn 2022 vaccination campaign8. Vaccine effectiveness (VE) of the bivalent 

112 boosters (Moderna mRNA bivalent ancestral/Omicron BA.1 mRNA-1273.214, and 

113 Pfizer-BioNTech mRNA bivalent ancestral/Omicron BA.1 BNT) against hospitalisation 

114 during the winter of 2022/23 relative to those with waned immunity was estimated to 
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115 be 54% after 2 weeks and 53% after 10 or more weeks9. BA.1 bivalent boosters were 

116 also recommended as fourth doses in Autumn 2022 by the European Medicines 

117 Agency10 and were used globally. 

118 A fourth COVID-19 vaccine dose (V4) with a BA.1 bivalent vaccine significantly 

119 increases neutralising antibody titres against a wide range of SARS-CoV-2 

120 variants11,12. As reported following the first COVID-19 vaccination dose13,14, post-V4 

121 neutralisation responses are higher in those with a documented history of previous 

122 infection11. Limited data are available on longitudinal responses after bivalent booster 

123 vaccination, but findings suggest substantial waning of neutralisation responses with 

124 levels dropping to below pre-boost within three months12. Multiple studies have 

125 demonstrated that compared with monovalent ancestral COVID-19 vaccines, 

126 ancestral/BA.1 bivalent vaccines induce higher levels of spike binding antibodies and 

127 neutralising antibody responses to the BA.1 variant itself as well as to variants 

128 including, Alpha, Beta, Gamma and Omicron subvariants15–17. Real-world VE of the 

129 bivalent booster was explored by the SIREN study of UK healthcare workers (HCW)18 

130 which reported the overall VE was 13.1% (95% confidence interval 0.9-23.8%) from 

131 September 2022 to March 2023, and 24% (95% CI 8.5-36.8%) in the first 2 months. 

132 This compared with 63.6% (95% CI 46.9 to 75.0) protection against infection in those 

133 with recent infection in the past 0-6 months18. 

134 The PITCH cohort of UK HCWs has been studied throughout the COVID-19 pandemic. 

135 We previously published data on antibody, B-and T- cell responses to first, second 

136 and third doses of vaccine13,19,20 in this cohort, as well as immunological correlates of 

137 protection against Delta breakthrough infection after 2 vaccine doses21. In this study, 

138 we describe immune responses over a period of 18 months from March 2022 to August 

139 2023 to assess the degree of boosting by the bivalent BA.1 vaccine and the longevity 
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140 of booster responses in the PITCH HCW cohort. Due to variable uptake of this fourth 

141 dose, our cohort gave the unique opportunity to compare longitudinal responses in the 

142 blood and nasal mucosa of those who received the bivalent vaccine with a group who 

143 did not receive it. 
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144 RESULTS

145 Participant characteristics

146 We studied 133 participants (Figure 1 and Table 1), who had previously received a 

147 primary monovalent vaccine course with mRNA or viral vector vaccine followed by an 

148 mRNA monovalent vaccine third dose (as previously reported19). We followed up 89  

149 participants who received the bivalent ancestral/BA.1 mRNA vaccine in Autumn 2022 

150 (fourth dose, “V4” group) and 44 participants who did not (“noV4” Group) until August 

151 2023. The median age of all participants was 44 years (range 22-77) and 68% were 

152 female which is in line with the demographics of healthcare workers in the UK. We 

153 note a significant difference in age between the V4 (median 49ys, IQR 37-55ys) and 

154 noV4 group (median 36ys, IQR 27-43ys) with older age groups (50+) being over-

155 represented in individuals who received the fourth dose. To put the time-course data 

156 into context with our previous findings, we have then added historic data from 

157 previously published studies one and six months after the third vaccine dose19 

158 (Supplementary Table 1) resulting in an overall study period of March 2022 to August 

159 2023.

160

161 Trajectory of circulating antibody and T cell responses following the ancestral/BA.1 

162 bivalent booster dose

163 We assessed immune responses over time and directly compared responses in 

164 participants with and without bivalent booster vaccination (V4 and noV4) at matching 

165 timepoints, namely six months after the fourth dose for V4 (March-June 2023) and 

166 eighteen months after the third dose for noV4 (April-August 2023) to ensure that 

167 exposure to circulating VOCs at that time was comparable (Figure 1). 
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168 Circulating IgG binding antibodies to ancestral spike waned slightly (1.7-fold)  within a 

169 year after the third dose and were efficiently boosted by the ancestral/BA.1 vaccine at 

170 the population level (Figure 2a) with a 3-fold increase compared to the pre-V4 

171 timepoint (V3+12m) and a 1.7-fold increase compared to one month after the third 

172 dose. By six months after the fourth dose levels had not significantly waned likely due 

173 to intercurrent infection in some individuals within that timeframe. The time-course of 

174 IgG binding antibodies to BA.1 spike mirrored the responses observed against 

175 ancestral SARS-CoV-2 with the bivalent vaccine significantly increasing IgG levels to 

176 BA.1 spike by 5.6-fold compared to pre-V4 and by 2-fold compared to one month after 

177 the third dose (Figure 2b). As expected, antibody responses to BA.1 were overall 

178 lower compared to the ancestral strain at all timepoints but the bivalent vaccine 

179 significantly improved IgG levels to BA.1 spike, thereby reducing the difference 

180 between the two strains (Supplementary Figure 1). For a subset of participants 

181 paired data was available which further confirmed the boosting effect to the 

182 ancestral/BA.1 vaccine at an individual level (Figure 2c and d). T cell IFN-γ responses 

183 to ancestral and BA.1 spike remained stable and no significant boosting was observed 

184 upon vaccination on a population level (Figure 2e and f) or when looking at individuals 

185 with paired data (Figure 2g and h). Of note, T cell IFN-γ responses to ancestral spike 

186 significantly increased between the pre-V4 timepoint and six months after the fourth 

187 dose (Figure 2e). We next assessed the impact of recent infection on the boosting 

188 effect observed at one month after the fourth dose by comparing antibody and T cell 

189 trajectories to spike in individuals with and without evidence of recent infection. We 

190 show that the significant increase of IgG to ancestral spike upon vaccination with the 

191 bivalent vaccine is exclusive to the group without evidence of recent infection as 

192 defined by PCR/LFT confirmed COVID-19 infection and/or a greater than 2-fold 
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193 increase in anti-N IgG or T cell IFN-γ responses to peptides of the membrane (M) and 

194 nucleocapsid (N) proteins between the pre-V4 and V4+1m timepoints. Additionally, 

195 there was a trend (p=0.0754) for higher anti-S IgG responses in the recently infected 

196 group compared to the uninfected (Supplementary Figure 2).  

197

198 A direct comparison between the V4 group six months after the fourth dose and the 

199 noV4 group eighteen months after the third dose revealed a significant difference in 

200 magnitude of IgG antibodies to ancestral and BA.1 spike with more than 2-fold higher 

201 levels in the V4 group (Figure 2i and j) which was still significant after adjustment for 

202 covariates (Supplementary Table 3). T cell IFN-γ responses (Figure 2k and l, 

203 Supplementary Table 4) and CD4 or CD8 T cell proliferation (Supplementary Figure 

204 3a-d, i-l) in response to ancestral and BA.1 spike did not show any difference between 

205 groups at the timepoint tested. We next tested whether T cell proliferation differed in 

206 response to ancestral and BA.1 spike in the V4 and noV4 group (Supplementary 

207 Figure 3e-h, m-p). A significant increase in both CD4 and CD8 T cell responses to 

208 the S2 region of BA.1 compared to the ancestral strain was noted only in the V4 group 

209 six months after receiving the ancestral/BA.1 booster dose suggesting the recognition 

210 of new epitopes (Supplementary Figure 3g and o).

211

212 The impact of intercurrent infection on antibody and T cell responses 

213 As previously described, the cohort comprised of people who either did or did not 

214 experience SARS-CoV-2 infection prior to their first vaccination and/or had reported 

215 breakthrough infection (Table 1). During the study period, we noted high rates of 

216 breakthrough infections based on symptomatic, PCR/LFT-confirmed infection or 

217 asymptomatic infection as determined by anti-N IgG responses and anti-M+N IFN-γ T 
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218 cell responses increasing above the positivity threshold or a greater than two-fold rise 

219 between timepoints in case of re-infection. Following the cohort from one month after 

220 the third dose to six months after the fourth dose, we note a significant increase in 

221 median circulating anti-N IgG responses with an 8-fold increase from one month to six 

222 months after the third dose and culminating in a 29-fold increase at one month after 

223 the fourth dose (Supplementary Figure 4a). At one month after the third dose, only 

224 28% of individuals had anti-N IgG levels above the positivity threshold. This 

225 significantly increased to 65% by six months after the third dose and by twelve months 

226 after the third dose three quarters of the cohort (75%) had positive IgG responses to 

227 SARS-CoV-2 N protein. The proportion of individuals with positive anti-N IgG 

228 responses remained high until the end of the study period (Supplementary Table 2). 

229 While anti-S IgG only weakly correlated with anti-N IgG one month after the third dose, 

230 a moderate correlation was observed six months after the third dose (V3+1m: r2= 

231 0.2517, n=273; V3+6m: r2=0.5954, n=109; Fisher’s z transformation, test z=-3.74, 

232 p=0.0002, Supplementary Figure 4b and c). Similar to the trajectory of anti-N IgG 

233 responses, we also note a significant increase in anti-N+M T cell IFN-γ responses from 

234 six months after the third dose onwards (Supplementary Figure 4d). 

235 Evidence of breakthrough infection in the V4 and noV4 group was comparable within 

236 the same period (Table 1) and we did not find a difference in anti-N IgG and anti-M+N 

237 IFN-γ levels and T cell proliferation in the V4 and noV4 group (Supplementary Figure 

238 4e-j). The proportion of individuals with positive anti-N IgG responses was higher in 

239 the noV4 (88%) compared to the V4 group (76%) but this did not reach statistical 

240 significance (Supplementary Table 2). 

241
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242 The bivalent vaccine improves magnitude and breadth of antibody responses to 

243 Omicron variants 

244 We next explored whether the bivalent booster vaccine has an impact on the breadth 

245 of circulating binding and neutralising antibody responses to SARS-CoV-2. In a subset 

246 of individuals before and after the booster dose or in the absence of a booster dose, 

247 we measured plasma IgG levels to spike of the Alpha (B.1.1.7), Beta (B.1.351), Delta 

248 (B.1.617.2) and Omicron (BA.2 and BA.5) variants using an MSD variant-specific 

249 binding assay. Similar to ancestral and BA.1 spike, responses to all variants were 

250 significantly boosted by the bivalent vaccine at one month and remained high at six 

251 months after the fourth dose (Figure 3a-e). We observed a significant loss in 

252 magnitude of response to all tested Omicron sub-variants compared to the ancestral 

253 strain across all timepoints (Supplementary Figure 5). A direct comparison between 

254 the V4 and noV4 groups at six months after the fourth dose and eighteen months after 

255 the third dose respectively, revealed a lasting benefit of the bivalent booster with 2 to 

256 3-fold higher anti-S IgG levels to the Alpha, Delta and Omicron variants in the V4 group 

257 compared to noV4 (Figure 3f-j) and this difference was still significant after adjusting 

258 for covariates (Supplementary Table 3). 

259

260 We then assessed the capacity of serum to neutralise SARS-CoV-2 and its variants, 

261 comparing titres against the ancestral strain (Victoria) with those against Omicron 

262 variants BA.1, BA.2, XBB.1.5 and BA.2.86. BA.2.86 had not been circulating at the 

263 point of sample collection but became a dominant variant later on. The bivalent booster 

264 significantly increased neutralising antibodies to the ancestral strain (Victoria) and 

265 increased the breadth of the response to all variants (Figure 4a-e) especially XBB.1.5 

266 and BA.2.86 compared with the pre-boost timepoint (V3+12 versus V4+1 fold 
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267 increase: 12 for XBB.1.5, 9.7 for BA.2.86). At six months after the fourth dose, levels 

268 of neutralising antibodies to the Omicron variants had waned but median levels 

269 remained higher compared to the pre-boost timepoint. For Victoria and BA.1, data was 

270 also available at one month after the third dose. Compared with levels one month after 

271 the third vaccine dose, the ancestral/BA.1 bivalent vaccine (V4) further increased 

272 neutralising antibodies to Victoria (2-fold increase) and Omicron BA.1 (4-fold increase) 

273 at one month after the fourth dose. As expected, cross-recognition of BA.1 and BA.2 

274 was higher compared to later variants XBB.1.5 and BA.2.86 and one month after the 

275 fourth dose neutralising Ab levels were not different between the ancestral strain 

276 (Victoria) and Omicron BA.1 and 2 (Figure 4f-i). Even though neutralising antibody 

277 levels had waned at six months after the fourth dose, the magnitude of responses was 

278 still higher compared with individuals who did not receive the fourth dose measured at 

279 eighteen months after the third dose with 1.7, 2.4 and 1.8-fold higher neutralisation 

280 capacity against Victoria, BA.1 and BA.2 respectively (Figure 4j-l). Responses to 

281 Victoria and BA.1 were still significant after adjusting for covariates (Supplementary 

282 Table 5). No significant differences were detected for the other variants but median 

283 levels in the V4 group were approximately double of the levels measured in the noV4 

284 group (Figure 4m-n). 

285

286 Individual trajectories of neutralising antibody responses further confirm the benefits 

287 of the bivalent vaccine in broadening neutralising antibody responses and highlight 

288 differences in the magnitude of the boosting effect between individuals. This 

289 heterogeneity is particularly evident for the Omicron variants, where some people 

290 exhibit only minimal boosting whereas others show dramatically increased responses 

291 which then significantly waned by 6 months post V4 across the Victoria strain and all 
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292 Omicron variants (Supplementary Figure 6a-e). This variation was due to recent 

293 breakthrough infection. The bivalent vaccine efficiently boosted neutralising antibodies 

294 in the majority of individuals who had not experienced recent infection while levels did 

295 not further increase in the majority of individuals with evidence of recent infection in 

296 part due to levels already being high at the pre-boost timepoint. In the group of 

297 individuals who did not receive the bivalent vaccine, neutralising antibodies did not 

298 change between twelve and eighteen months after the third dose, except for three 

299 individuals who experienced breakthrough infection between the timepoints measured 

300 (Supplementary Figure 6f-j). 

301

302 Increased magnitude and breadth of mucosal IgG in nasal fluid upon receiving the 

303 bivalent vaccine while IgA levels remain unchanged

304 Mucosal antibodies play a vital protective role at the initial site of infection and may 

305 help shape the subsequent immune response14. We measured IgG and IgA binding 

306 antibodies to ancestral (Wuhan) and BA.1 SARS-CoV-2 as well as historic and current 

307 VOCs in nasal epithelial lining fluid (NELF) of a subset of participants (n=58) at various 

308 timepoints. One month after receiving the bivalent vaccine, IgG levels to ancestral and 

309 BA.1 spike significantly increased (ancestral: 10.5-fold, BA.1: 6.1-fold) and then rapidly 

310 waned six months later to levels comparable with the pre-boost timepoint (Figure 5a 

311 and b). This stands in contrast to the extended maintenance of IgG antibody levels 

312 we observed in circulation. No changes were seen in the nasal anti-S IgA responses 

313 against ancestral SARS-CoV-2 nor BA.1 over time (Figure 5c and d) and between 

314 the V4 and noV4 group indicating that antibody levels are being maintained (Figure 

315 5e-h). The majority of individuals had anti-N IgG and IgA responses above cut-off at 

316 all timepoints tested (Figure 5i and j) and levels were comparable between the V4 
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317 and noV4 group (Figure 5k and l). We observed significant moderate correlations 

318 between nasal anti-S and -N in both IgG (r2=0.5425, p<0.0001, Figure 5m) and IgA 

319 (r2=0.5494, p<0.0001, Figure 5n) responses. When comparing nasal to circulating 

320 antibody responses, we found a very strong correlation of NELF and plasma IgG to 

321 nucleocapsid (Supplementary Figure 7a), whilst a weak correlation was seen in case 

322 of responses to spike (Supplementary Figure 7b) when analysing all timepoints 

323 together. When splitting the data up by timepoint, we note a significant and strong 

324 correlation (r2=0.6235, p=0.0115) of NELF and plasma IgG to spike one month after 

325 vaccination (V4+1m) only (Supplementary Figure 7c-f), suggesting that boosting of 

326 IgG in the nose is a result of transudation of antibodies in circulation. 

327

328 The bivalent vaccine boosts nasal anti-S IgG, but not IgA against SARS-CoV-2 VOCs

329 There are limited data regarding nasal mucosal antibody responses to SARS-CoV-2 

330 VOCs after COVID-19 vaccination. We found a significant increase in the IgG 

331 response to SARS-CoV-2 spike variants in NELF at one month after the fourth dose 

332 (Figure 6), as seen for Alpha (Figure 6a, 8-fold), Beta (Figure 6b, 7-fold), Delta 

333 (Figure 6c, 7-fold), and Omicron BA.2, and BA.5 (Figure 6d and e, 5 to 6-fold). The 

334 IgG responses then waned over the next six months reaching levels comparable with 

335 the pre-boost timepoint (V3+12 months) and comparable to the noV4 group (Figure 

336 6f-j). This indicates that there is no lasting effect of the ancestral/BA.1 vaccine on 

337 nasal anti-S IgG antibodies against the VOCs tested. In contrast to IgG, anti-S IgA 

338 levels against any of the VOCs were not increased after the fourth dose 

339 (Supplementary Figure 8a-e). There was also no difference between the V4 and 

340 noV4 group (Supplementary Figure 8f-j). 

341
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342 T cell responses to VOCs are highly cross-reactive

343 We have previously shown that T cell responses are highly cross-reactive to emerging 

344 variants19,20,22. Similarly, we  show that IFN-γ secretion to  Omicron spike variants BA.1 

345 and BA.2 only marginally decreased by a maximum of 1.3-fold compared to responses 

346 to the ancestral strain and this was comparable across timepoints (Figure 7). 

347 Proliferation of CD4 and CD8 T cells to peptides in the S1 region of spike from BA.2 

348 and XBB1.16 was highly heterogenous with some responses lower compared to the 

349 ancestral strain whereas others being higher (Supplementary Figure 9a, b, e and f).  

350 No differences in T cell proliferative responses were observed between the V4 and 

351 noV4 group at their matching timepoint (Supplementary Figure 9c, d, g and h).
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352 DISCUSSION

353 The PITCH study23 aims to assess the magnitude, character and durability of antibody 

354 and T cell responses to SARS-CoV-2 infection and vaccination and cross-reactivity to 

355 VOCs in a UK healthcare worker cohort since April 2020. A key outstanding question 

356 is the benefit of booster vaccinations using vaccines updated to circulating VOCs on 

357 the backdrop of continuous natural exposure to SARS-CoV-2 in the population. Since 

358 Omicron BA.1 became the predominant strain in 202124 , the virus has continued to 

359 change giving rise to many Omicron subvariants25 with the potential to escape pre-

360 existing immunity. Here, we explore the impact of the ancestral/BA.1 bivalent vaccine 

361 on antibody and T cell responses in HCWs who received the bivalent vaccine as a 

362 fourth dose compared to HCWs who were not vaccinated, in samples taken during the 

363 same period. 

364 In this study, we show that T-cell and antibody responses to SARS-CoV-2 at the time 

365 of the fourth vaccination campaign is driven by a combination of breakthrough infection 

366 events and vaccination. Our data show effective boosting of antibody responses to 

367 SARS-CoV-2 by the ancestral/BA.1 vaccine and maintenance six months later. T cell 

368 responses (IFN-γ) to SARS-CoV-2 are durable on a population level. Our studies 

369 earlier in the pre-Omicron period of the pandemic showed an approximate doubling of 

370 the T cell responses to spike as measured by IFN-γ ELISpot for each spike exposure 

371 - either infection or vaccine dose13,20 until around the third vaccine dose (fourth antigen 

372 exposure in those with previous infection)20. From 2022 onwards (post third vaccine 

373 dose), we have observed a plateau of the T cell response to spike in the population19. 

374 This is in line with recently published work showing that T cell responses to spike (as 

375 measured by activation induced marker assay) had reached a plateau and were well 

376 maintained after the third and fourth COVID-19 vaccine dose26. Despite the stability of 
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377 T cell responses over time qualitative differences were noted, specifically a reduction 

378 in peripheral T follicular helper cells26.  The extent to which T cell immunity is 

379 maintained by ongoing community exposure is difficult to ascertain, but a recent study 

380 demonstrated expansion of the magnitude and breadth of existing vaccine-induced T 

381 cell response by breakthrough infections27. 

382 In contrast with earlier timepoints studied13,19,20 where we noted rapid waning of IgG 

383 antibody responses to spike after the first and second vaccine doses, IgG antibody 

384 responses to spike did not wane as rapidly within twelve months after the third vaccine 

385 dose. The ancestral/BA.1 vaccine efficiently boosted IgG levels to ancestral and BA.1 

386 spike and then remained high six months later, suggesting that intercurrent infection 

387 during the study period helped maintain antibody levels. Indeed, evidence for 

388 breakthrough infection during the study period was robust, with 47% of participants 

389 reporting PCR/LFT confirmed breakthrough infection during the study period (March 

390 2022-August 2023) and illustrated by circulating antibody and T cell responses to the 

391 nucleocapsid protein (which was not present in vaccines used in this population)  

392 increasing rapidly from six months after the third vaccine dose onwards corresponding 

393 to the emergence of Omicron and its subvariants. COVID-19 surveillance data from 

394 the UK Health Security Agency for this study period identified several peaks of 

395 increased COVID-19 prevalence with the highest number of cases observed between 

396 Feb-Apr 2022 and gradually declining peaks at later timepoints (June-July 2022, Sep-

397 Oct 2022, Dec-Jan 2022, Feb-May 2023)28,29. 

398 In this study, we show a significant impact of the ancestral/BA.1 bivalent vaccine on 

399 the breadth of circulating binding (IgG) and neutralising antibodies to historic and 

400 current VOCs. Recent work shows that bivalent vaccines elicit more cross-reactive B 

401 cell responses to Omicron subvariants than monovalent vaccines30. Consistent with 
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402 previous reports31,32, we demonstrate that the ancestral/BA.1 mRNA vaccine boosts 

403 BA.1 neutralising antibodies. It also induces a transient broadening of neutralizing 

404 antibody responses to VOCs including XBB.1.5 which was the predominant circulating 

405 variant in the period after the fourth vaccine campaign33,34 and BA.2.86 which only 

406 emerged after the last samples were taken for this study35,36. Similarly, the bivalent 

407 booster dose increased the magnitude and breadth of circulating binding antibodies. 

408 Higher mucosal antibody levels have previously been shown to correlate with lower 

409 viral load and resolution of systemic symptoms in COVID-1937. We show detectable 

410 levels of nasal IgA to spike and nucleocapsid in nasal epithelial lining fluid which were 

411 well maintained over time, remained above the pre-pandemic cut-offs and were 

412 moderately correlated with each other. COVID-19 infection induces high levels of 

413 circulating anti-S IgA responses which are long lasting38,39. Nasal IgA levels are 

414 maintained for up to 9 months post infection37,38 and are boosted by infection with 

415 Omicron subvariants40 but only minimally by subsequent vaccination38. Another study 

416 demonstrated that boosting of nasal IgA upon vaccination with a viral vector based 

417 COVID-19 vaccine was only achieved in individuals who were previously infected with 

418 SARS-CoV-241. Systemic mRNA vaccines are known to primarily boost circulating, 

419 rather than mucosal antibodies42,43 with only some individuals showing detectable 

420 levels of IgA after two doses of a COVID-19 mRNA vaccine. In addition, lower salivary 

421 IgA antibody titres were detected in vaccinated compared to convalescent individuals 

422 further supporting the enhancement of mucosal responses by natural infection43. Our 

423 data align with these findings as no boosting of spike IgA was observed after 

424 vaccination. In contrast, nasal IgG responses to spike were significantly boosted by 

425 the vaccine and waned rapidly. We found a strong correlation between nasal fluid and 

426 plasma IgG to nucleocapsid across all timepoints and a strong correlation of IgG to 
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427 spike at the post-boost timepoint. The latter has been previously shown to correlate 

428 between those two compartments in infected and vaccinated individuals44. Similar to 

429 the responses in plasma, we found a broadening of IgG binding antibodies to spike 

430 against the Alpha, Beta, Delta and Omicron BA.1, BA.2 and BA.5 variants with an 

431 increase of 5 to 8-fold upon receiving the ancestral/BA.1 vaccine and rapid waning six 

432 months later. In contrast to circulating IgG antibodies to spike, mucosal IgG levels only 

433 transiently increased and no lasting benefit of the bivalent vaccine was detectable 

434 compared with responses in individuals who had not received the fourth dose. 

435 We observed a high degree of cross reactivity of total spike specific T cell IFN-γ 

436 responses to BA.1 and BA.2 in HCWs that did or did not receive the bivalent booster. 

437 This is comparable with previous work examining responses to infection and 

438 monovalent vaccines19,45. Further work has shown that the spike-specific T cells 

439 predominantly target conserved ancestral epitopes45. Importantly, we show a gain in 

440 T cell proliferative responses to the S2 region of BA.1 compared to ancestral spike in 

441 those who had received the bivalent booster suggesting the recognition of new T cell 

442 epitopes. 

443 Our study provided a unique opportunity to assess immune responses in individuals 

444 who have not received the ancestral/BA.1 vaccine compared to those who had 

445 received the vaccine. It is important to understand the maintenance of immune 

446 memory to SARS-CoV-2 and cross-reactivity to VOCs in the absence of recurrent 

447 vaccination. This is not only relevant for HCWs but also the general population without 

448 chronic disease or older age, who in the UK have only been offered three doses of 

449 vaccine to date. Binding and neutralising antibodies cross-recognising historic and 

450 emerging VOCs were significantly boosted in people who received the bivalent 

451 vaccine. It has been previously shown that neutralizing antibody titres are highly 
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452 predictive of protection from symptomatic infection with SARS-CoV-2 ancestral 

453 strain46 and VOCs47. In our study, neutralizing antibody titres remained high in 

454 vaccinated individuals up to six months after receiving the bivalent booster dose, 

455 whereas a decay in titre was observed in individuals who did not get vaccinated, 

456 suggesting that the booster dose extends protection against future infection. Our 

457 immunogenicity data aligns with the VE findings of the larger SIREN study from which 

458 some of our participants are drawn, with a modest VE at 2 months that waned further 

459 over the next few months18. Importantly, those with recent infection within six months 

460 prior to receiving the bivalent booster dose did not further benefit from vaccination in 

461 terms of binding antibody levels. Those with evidence of recent infection also showed 

462 a broadening of antibody responses to VOCs. This is in line with a recent study where 

463 infection was shown to result in higher antibody titres and an equal broadening of 

464 antibody responses to VOCs compared to those who had received three doses of 

465 mRNA vaccine48, suggesting that infection has a similar effect compared to booster 

466 vaccination and those with recent infection might not benefit as much from a booster 

467 dose. There are a number of studies that have demonstrated enhanced breadth of 

468 neutralising antibodies after repeated vaccination and/or infection49–51. These suggest 

469 that repeated exposure to SARS-CoV-2 antigens enhances antibody breadth by 

470 recalling cross-reactive memory B cells imprinted during the initial infection or 

471 vaccination, thereby boosting monoclonal antibodies targeting conserved epitopes.   

472 Overall, updating vaccines to the most recently circulating variants as well as regular 

473 boosters offer crucial benefits to those who are immunocompromised or whose 

474 responses have waned. In this study, we did not find strong evidence that those who 

475 missed the ancestral/BA.1 booster had increased rates of infection, because we saw 

476 no difference in the rates of confirmed infection and no significant difference in 
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477 antibody or T cell responses to viral proteins not present in the vaccine (M and N) 

478 during the same period. However, we can not rule out that a temporary benefit of 

479 vaccination is achieved by reducing the severity of symptoms associated with 

480 breakthrough infection. Further studies collecting severity data and time missed off 

481 work due to illness would need to be conducted to address this.  

482

483 LIMITATIONS

484 Our study has some limitations. We were unable to accurately determine which 

485 participants had breakthrough infections during the period of study because rates of 

486 lateral flow testing in the population are now low. We used a rise in antibody and T cell 

487 responses to viral proteins not present in the vaccine (M and N) as markers of recent 

488 infection. However, this approach is likely underestimating the true number of 

489 individuals with recent infection. Numbers in the group who did not receive the bivalent 

490 vaccine were lower than the group who received the boost, because most HCWs in 

491 our cohort accepted the fourth dose. The two groups were not matched for age and 

492 this could be due to a bias in perception of infection risk/personal experience of 

493 COVID-19 infection in younger and older individuals. Our population has a female 

494 majority (67%) in line with the healthcare workforce but we were still able to include 

495 46 males divided between the V4 and no V4 groups.

496 The impact of bivalent vaccination on memory B cells was not assessed in this study 

497 but our previous work19 has shown that these responses are well maintained over time 

498 similar to our observations with T cells.  Nasal IgA antibodies against some antigens 

499 were out of the detection range and above the curve fit for the assay in some 

500 individuals, therefore individual trajectories to assess the impact of vaccine 

501 boosting/infection on IgA responses were not possible. This is a common technical 
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502 limitation of the assay, where responses to certain antigens fall outside the detection 

503 range (either below or above the curve fit), even after applying additional dilutions. We 

504 report these results accordingly. We did not measure circulating IgA responses 

505 (previously shown to be boosted by vaccination) or mucosal cellular responses in this 

506 study which are likely to make a significant contribution52 but ongoing work is 

507 evaluating such responses in our population. 

508 Peptides for BA.2.86 as well as MSD plates including this subvariant were not 

509 available at the time of data generation, therefore information on cross-recognition of 

510 BA.2.86 is limited to live neutralisation assays. The length of peptides (15-mer) for T 

511 cell assays is optimised for CD4, although we have previously detected strong CD8 

512 responses with this approach20,21. Our results represent a healthy population of 

513 working age, and parallel studies in the STRAVINSKY cohort will address ongoing 

514 immunity to SARS-CoV-2 in UK patients who are immune vulnerable53.

515

516 SUMMARY

517 The bivalent ancestral/BA.1 vaccine broadens circulating and nasal antibody 

518 responses with T cell responses being well maintained in HCWs, and may temporarily 

519 offer increased protection from new circulating VOCs.

520

521

522
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523 METHODS

524 Study design and sample collection

525 In this prospective, observational, cohort study, participants were recruited into the 

526 PITCH study from across five centres (Birmingham, Liverpool, Newcastle, Oxford and 

527 Sheffield). Individuals consenting to participate were recruited by word of mouth, 

528 hospital e-mail communications and from hospital-based staff screening programmes 

529 for SARS-CoV-2, including HCWs enrolled in the national SIREN study at three sites 

530 (Liverpool, Newcastle and Sheffield). Eligible participants were adults aged 18 or over, 

531 and currently working as an HCW, including allied support and laboratory staff, or were 

532 volunteers linked to the hospital. At study enrolment, participants were asked to 

533 provide information on co-morbidities (diabetes, hypertension, asthma, COPD, other 

534 chronic lung disease, cardiovascular disease, cancer within past 5 years, history of 

535 stroke, chronic renal disease), smoking status as well as immunosuppressive 

536 medication and diseases. Individuals with a formal diagnosis of immune deficiency 

537 including lymphoma and myeloma were excluded from this study. The majority of 

538 participants were sampled for previous reports in this PITCH cohort13,19,20,22,54. 

539 Participants were sampled for the current study between March 2022 and August 

540 2023. 

541

542 Participants had received a primary course of mRNA vaccine (BNT162b2, 

543 Pfizer/BioNTech or mRNA-1273, Moderna) or viral vector vaccine (AZD1222, 

544 Oxford/AstraZeneca), followed by a third “booster” dose of mRNA vaccine (BNT162b2, 

545 mRNA-1273). A subset of participants then went on to receive a fourth dose of mRNA 

546 ancestral/BA.1 bivalent vaccine (Pfizer/BioNTech, Moderna). Participants underwent 

547 phlebotomy for assessment of immune responses six (median 191 days, IQR 183-
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548 201) months and twelve (median 358 days, IQR 341-370) months after the third dose 

549 of vaccine, one (median 30 days, IQR 27-34) month and six (median 190 days, IQR 

550 180-214) months after the fourth dose of vaccine (ancestral/BA.1 bivalent) and for 

551 those participants who did not receive a fourth dose a sample was taken at eighteen 

552 (median 546 days, IQR 525-563) months after the third dose. Clinical information 

553 including vaccination dates, date of any SARS-CoV-2 infection (either prior to 

554 vaccination or during the study) defined by a positive PCR test and/or detection of 

555 antibodies to spike (prior to vaccination) or nucleocapsid protein (after vaccine roll-

556 out), presence or absence of symptoms, time between symptom onset and sampling, 

557 age, sex and ethnicity of participant was recorded. Key information on demographics, 

558 vaccine manufacturer and breakthrough infections are shown in Table 1. 

559 Asymptomatic infection was determined by either anti-N IgG or anti-M+N T cell IFN-γ 

560 response over the positivity cut-off (described below), and at least a 2-fold increase 

561 between timepoints. 

562

563 PITCH is a sub-study of the SIREN study, which was approved by the Berkshire 

564 Research Ethics Committee, Health Research 250 Authority (IRAS ID 284460, REC 

565 reference 20/SC/0230), with PITCH recognised as a sub-study on 2 December 2020. 

566 SIREN is registered with ISRCTN (Trial ID:252 ISRCTN11041050). Some participants 

567 were recruited under aligned study protocols. In Birmingham, participants were 

568 recruited under the Determining the immune response to SARS-CoV-2 infection in 

569 convalescent health care workers (COCO) study (IRAS ID: 282525). In Liverpool, 

570 some participants were recruited under the “Human immune responses to acute virus 

571 infections” Study (16/NW/0170), approved by North West - Liverpool Central Research 

572 Ethics Committee on 8 March 2016, and amended on 14th September 2020, 4th May 
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573 2021 and 4th April 2022. In Oxford, participants were recruited under the GI Biobank 

574 Study 21/YH/0206, approved by the research ethics committee (REC) at Yorkshire & 

575 The Humber - Sheffield Research Ethics Committee in 2021. In Sheffield, participants 

576 were recruited under the Observational Biobanking study STHObs (18/YH/0441), 

577 which was amended for this study on 10 September 2020. The study was conducted 

578 in compliance with all relevant ethical regulations for work with human participants, 

579 and according to the principles of the Declaration of Helsinki (2008) and the 

580 International Conference on Harmonization (ICH) Good Clinical Practice (GCP) 

581 guidelines. Written informed consent was obtained for all participants enrolled in the 

582 study.

583

584 Peripheral blood mononuclear cells (PBMCs), plasma and serum were separated and 

585 cryopreserved. Nasal lining fluid was collected using Nasosorption™ FX·i swabs and 

586 immediately cryopreserved. Some of the immune response data from one and six 

587 months after the third dose has been previously reported19. The study size was 

588 selected because this number was feasible for the five clinical and laboratory sites to 

589 study, and consistent with our track record of significant findings at this scale.

590

591 Elution of antibodies from nasal epithelial lining fluid (NELF)

592 The nasal mucosal lining fluid was eluted from Nasosorption™ FX·i swabs containing 

593 a synthetic absorptive matrix (SAM) to measure mucosal IgG and IgAbinding 

594 antibodies against SARS-COV-2 spike and nucleocapsid antigens. The SAM strips 

595 were thawed on ice for 30 minutes, then cut and placed in 500µl of elution buffer (1% 

596 BSA-PBS with 1X protease inhibitor cocktail), followed by a 30 second vortex, and 15-

597 minute incubation on ice. The SAM strip and elution buffer were transferred to a spin 
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598 column (Costar 9301) in a 2ml microfuge tube (Costar 3213), and centrifuged at 

599 16,000 xg for 15 minutes at 4°C. The eluant (NELF) was then collected, aliquoted and 

600 stored at -80°C for antibody assays.

601

602 Meso Scale Discovery (MSD) IgG and IgA binding assay

603 Serology assays to measure IgG and IgA in plasma and SAM samples were performed 

604 using the Meso Scale Discovery (MSD) MULTI-SPOT® 96-well, 10 spot plates 

605 (Rockville, MD USA). IgG against ancestral SARS-CoV-2 spike and nucleocapsid (N) 

606 were measured in plasma using the V-PLEX COVID-19 Coronavirus Panel 2 (IgG) Kit 

607 (cat. no. K15369U). Further measurement of spike-specific-IgG in the plasma against 

608 the variants of concern: (B.1.1.7), (B.1.1.529; BA.1; BA.1.15), (B.1.351), (B.1.617.2; 

609 AY.4) Alt Seq 2, (BA.2; BA.2.1; BA.2.2; BA.2.3; BA.2.5; BA.2.6; BA.2.7; BA.2.8; 

610 BA.2.10; BA.2.12), (BA.2.12.1), (BA.2.75), and (BA.5), were performed using the V-

611 PLEX SARS-CoV-2 Key Variant Spike Panel 1 (IgG) Kit (cat. no. K15651U). Mucosal 

612 IgG and IgA were also measured in the SAM eluants using the V-PLEX SARS-CoV-2 

613 Key Variant Spike Panel 1 (IgG) Kit. The assays were performed according to the 

614 manufacturer’s instructions, and all steps occurred at room temperature, with shaking 

615 incubations at 600 RPM. In brief, the plates were blocked with Blocker A solution for 

616 30 minutes, followed by a wash step (three washes with Wash Buffer 1X), and the 

617 addition of samples diluted in Diluent 100 (1:1,000-50,000 for plasma; 1:20-40 SAMs). 

618 A calibrator (Reference standard 1) and internal controls were also added at this time. 

619 Following a 2-hour incubation and wash step, the SULFO-TAG anti-human IgG 

620 antibody was added for 1 hour. The plates were washed once more, MSD GOLD Read 

621 Buffer B was added, and the assays were read with the MESO® SECTOR S 600 

622 instrument. The data was analysed using the MSD Discovery Workbench software, 
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623 where standard curves for each antigen were created by fitting the signals from the 

624 reference standard using a 4-parameter logistic model. The concentrations of the 

625 samples, expressed in Arbitrary Units/ml (AU/ml), were then determined from the 

626 electrochemiluminescence (ECL) signals by back-fitting to the standard curve and 

627 multiplying by the dilution factor. Cut-offs for the SARS-CoV-2 antigen (S, RBD, N and 

628 NTD) and SARS-COV-1 S were calculated on the mean concentrations measured in 

629 128 pre-pandemic sera + 3 Standard Deviations (plasma IgG)20, and 4 negative SAM 

630 controls +3 Standard Deviations. Plasma IgG cut-offs: S, 1120.58 AU/ml; N, 2957.24 

631 AU/ml. SAM IgG cut-offs: S, 1.69 AU/ml; and N, 5.87 AU/ml. SAM IgA cut-offs: S, 

632 10.46 AU/ml; and N, 10.41 AU/ml.  

633  

634 Focus Reduction Neutralisation Assay (FRNT)

635 The neutralisation potential of antibodies (Ab) was measured using a Focus Reduction 

636 Neutralisation Test (FRNT), where the reduction in the number of the infected foci is 

637 compared to a negative control well without antibody. Briefly, serially diluted Ab or 

638 serum was mixed with SARS-CoV-2 strain Victoria or P.1, BA.1, BA.2, XBB.1.5 and 

639 BA.2.86 and incubated for 1 hr at 37C. The mixtures were then transferred to 96-well, 

640 cell culture-treated, flat-bottom microplates containing confluent Vero cell monolayers 

641 in duplicate and incubated for a further 2 hr followed by the addition of 1.5% semi-solid 

642 carboxymethyl cellulose (Sigma) overlay medium to each well to limit virus diffusion. 

643 A focus forming assay was then performed by staining Vero cells with human anti-

644 nucleocapsid monoclonal Ab (mAb206) followed by peroxidase-conjugated goat anti-

645 human IgG (A0170; Sigma). Finally, the foci (infected cells) approximately 100 per well 

646 in the absence of antibodies, were visualized by adding TrueBlue Peroxidase 

647 Substrate (Insight Biotechnology). Virus-infected cell foci were counted on the classic 
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648 AID ELISpot reader using AID ELISpot software. The percentage of focus reduction 

649 was calculated and IC50 was determined using the probit program from the SPSS 

650 package. 

651

652 T cell interferon-gamma (IFNγ) ELISpot Assay

653 The PITCH ELISpot Standard Operating Procedure has been published previously  

654 (Angyal et al., 2021). Interferon-gamma (IFNγ) ELISpot assays were set up from 

655 cryopreserved PBMCs using the Human IFNγ ELISpot Basic kit (Mabtech 3420-2A). 

656 A single protocol was agreed across the centres as previously published13 and 

657 available on the PITCH website23.

658 In brief, PBMCs were thawed and rested for 3-6 hours in R10 or RAB10 media: RPMI 

659 1640 (Sigma) supplemented with 10% (v/v) fetal bovine serum (FBS) or human AB 

660 serum (Sigma), 2mM L-Glutamine (Sigma) and 1mM Penicillin/Streptomycin (Sigma) 

661 in a humidified incubator at 37∘C, 5% CO2, prior to stimulation with peptides. PBMCs 

662 were then plated in duplicate or triplicate at 200,000 cells/well in a MultiScreen-IP filter 

663 plate (Millipore, MAIPS4510) previously coated with capture antibody (clone 1-D1K) 

664 and blocked with R10 or RAB10. PBMCs were then stimulated with overlapping 

665 peptide pools (18-mers with 10 amino acid overlap, Mimotopes) representing the spike 

666 (S), Membrane (M) or nucleocapsid (N) SARS-CoV-2 proteins at a final concentration 

667 of 2 ug/ml for 16 to18 hours in a humidified incubator at 37∘C, 5% CO2. For selected 

668 individuals, pools representing spike protein of the BA.1 and BA.2 variants were 

669 included. Pools consisting of CMV, EBV and influenza peptides at a final concentration 

670 of 2ug/ml (CEF; Proimmune) and concanavalin A or phytohemagglutinin L (PHA-L, 

671 Sigma) were used as positive controls. DMSO was used as the negative control at an 

672 equivalent concentration to the peptides. After the incubation period as well as all 
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673 subsequent steps wells were washed with PBS/0.05% (v/v) Tween20 (Sigma). Wells 

674 were incubated with biotinylated detection antibody (clone 7-B6-1) followed by 

675 incubation with the ELISpot Basic kit streptavidin-ALP. Finally colour development was 

676 carried out using the 1-step NBT/BCIP substrate solution (Thermo Scientific) for 5 

677 minutes at RT. Colour development was stopped by washing the wells with tap water. 

678 Air dried plates were scanned and analysed with either the AID Classic ELISpot reader 

679 (software version 8.0, Autoimmune Diagnostika GmbH, Germany) or the 

680 ImmunoSpot® S6 Alfa Analyser (Cellular Technology Limited LLC, Germany). 

681 Antigen-specific responses were quantified by subtracting the mean spots of the 

682 negative control wells from the test wells and the results were expressed as spot-

683 forming units (SFU)/106 PBMCs. Samples with a mean spot value greater than 50 

684 spots in the negative control wells were excluded from the analysis.

685

686 Proliferation assay

687 T cell proliferation assessing the magnitude of memory responses to SARS-CoV-2 S, 

688 M and N protein in CD4+ and CD8+ T cells was performed in individuals who received 

689 a bivalent booster at the V4+6 months timepoint and those who did not at V3+18 

690 months. CellTraceTM Violet (CTV, Invitrogen) labelling and stimulation with SARS-

691 CoV-2 peptide pools spanning ancestral spike (divided into two pools, S1 and S2), 

692 BA.1, BA.2, XBB.1.5, XBB1.16 spike (S1 and S2), ancestral M and N protein was 

693 carried out as previously described54. Cells were incubated in RPMI 1640 (Sigma) 

694 supplemented with 10% human AB serum (Sigma), 2mM L-glutamine (Sigma) and 1 

695 mM Penicillin/Streptomycin (Sigma) in a 96 well U-bottom plate at 250,000 cells per 

696 well in single. DMSO added at the same concentration to SARS-CoV-2 peptides 

697 served as negative control and 2ug/ml PHA-L as positive control. Cells were placed in 
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698 a humidified incubator at 37∘C, 5% CO2. Half a media change was performed on day 

699 4 and cells were harvested for flow cytometry staining on day 7 as described below. 

700 Data are expressed as relative frequency of proliferating cells within single, live CD4+ 

701 T cells and CD8+ T cells respectively. Background was subtracted from stimulated 

702 samples and samples were excluded due to high background (DMSO control >2% 

703 proliferation in any T cell subset,) or less than 1000 events in the single, live CD3+ 

704 gate.

705

706 Flow cytometry straining and analysis

707 All washes and extracellular staining steps for PBMC were carried out in PBS. At the 

708 end of the culture period, PBMCs were washed once and subsequently stained with 

709 near-infrared fixable live/dead stain (Invitrogen) together with a cocktail of 

710 fluorochrome-conjugated primary human-specific antibodies: CD3 FITC, CD4 APC 

711 and CD8 PE-Cy7 (all Biolegend). Cells were stained at 4°C in the dark for 20 minutes, 

712 followed by one wash. Cells were then fixed with a 4% formaldehyde solution (Sigma) 

713 for 10min at 4°C, washed and stored in PBS in the fridge for up to one day. Samples 

714 were acquired on a MACSQuant X analyser (Miltenyi Biotec) and analysis was 

715 performed using FlowJo software version 10.10 (BD Biosciences). The gating strategy 

716 has been previously published19.

717

718 Statistical analysis

719 Categorical variables were expressed as counts and frequencies and compared using 

720 Fisher’s exact test. Continuous variables are displayed as median and interquartile 

721 range (IQR). Unpaired comparisons across two groups were performed using the 

722 Mann-Whitney U test, and across three groups using the Kruskal-Wallis test with 
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723 Dunn's multiple comparisons test. Paired comparisons were performed using the 

724 Wilcoxon matched pairs signed rank test.  For correlation analysis, spearman’s 

725 correlation was performed and statistical differences between correlations were 

726 assessed using Fisher’s z transformation. Two-tailed P values are displayed and a P 

727 value of <0.05 was considered statistically significant. A detailed description of 

728 Generalised Linear Models (GLMs) as well as summary tables are provided in the 

729 supplementary information. Statistical analyses were performed using GraphPad 

730 Prism 10 and R version 4.2.1 (https://www.R-project.org/). 

731

732 Data availability statement

733 The de-identified experimental data that support the findings of this study are available 

734 on Mendeley Data under https://data.mendeley.com/datasets/7h2wwgnk3p/1 
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735 Figure legends

736

737 Figure 1. Study overview and experimental design. Blood and nasal epithelial lining 

738 fluid were collected from individuals registered in the PITCH cohort study. Volunteers 

739 (n=89) were previously vaccinated with either mRNA or AZD1222 (V1&V2) and a 

740 subsequent V3 mRNA dose and received a fourth dose of the Pfizer or Moderna 

741 bivalent BA.1 mRNA vaccine (BNT162b2 and mRNA-1273) (V4). A parallel group in 

742 the cohort (no V4, n=44) who did not receive the bivalent vaccine served as the control 

743 group to assess the impact of V4. Samples (V4, no V4) were collected at V3+6 months 

744 (m) (n=51, 25), V3+12m (n=27,12), V3+18m (n=44), V4+1m (n=78), and V4+6m 

745 (n=63). The study period coincided with the circulation of Omicron subvariants BA.1, 

746 BA.2, BA.5, BQ1, XBB.1.5, 1.9 and 1.16. Data for V3+1m and additional data for 

747 V3+6m were available from a previous study19. Antibody binding was measured with 

748 the MSD Serology assays and neutralising antibody responses were assessed by 

749 focus reduction neutralisation test (FRNT). T cell responses to SARS-CoV-2 were 

750 measured by IFN-γ ELISpot and T cell proliferation. Figure created with 

751 BioRender.com.

752

753 Figure 2. Impact of the ancestral/BA.1 bivalent booster dose on antibody and T 

754 cell responses to SARS-CoV-2. (a-d) Timecourse of circulating IgG antibodies to 

755 SARS-CoV-2 (a) ancestral (Wuhan) and (b) BA.1 spike protein by MSD serology 

756 assay for V3+1 months (m) (n=22-272), V3+6m (n=31-108), V3+12m (n=30-31), 

757 V4+1m (n=19-20), and V4+6m (n=19-20). Timecourse of paired IgG antibodies to (c) 

758 ancestral and (d) BA.1 spike at V3+12m, V4+1m and V4+6m (n=19 for each 

759 timepoint). (e-h) Timecourse of circulating T cell responses (IFN-γ) to overlapping 
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760 peptide pools of SARS-CoV-2 (e) ancestral and (f) BA.1 spike by IFN-γ ELISpot assay 

761 for V3+1m (n=125-194), V3+6m (n=121), V3+12m (n=29-30), V4+1m (n=52-57), and 

762 V4+6m (n=49). (i-l) The impact of the bivalent vaccine on SARS-CoV-2-specific 

763 circulating IgG antibodies to (i) ancestral and (j) BA.1 spike, and T-cell IFN- γ 

764 responses to (k) ancestral and (l) BA.1 spike peptide pools. Data generated from the 

765 MSD serology assays are expressed in arbitrary units (AU)/mL. The dotted lines in 

766 (a,c,i) represent thresholds for a positive response for SARS-CoV-2 ancestral spike 

767 (1120.589 AU/mL), based on the mean concentrations measured in 64 pre-pandemic 

768 sera +3 standard deviations (SD). ELISpot values are expressed as spot-forming units 

769 per million (SFU/106) PBMCs. Bars represent the median and interquartile range 

770 (IQR). Statistical significance is indicated by two-tailed P values <0.05. Fold change 

771 between significantly different timepoints is given below the P values and calculated 

772 as fold change of the median response for each group in case of unpaired data or 

773 expressed as the median of the fold change between individual paired data. Unpaired 

774 data was compared using Mann-Whitney (two groups) or Kruskal-Wallis test with 

775 Dunn's multiple comparisons test (three groups). Paired data was compared using 

776 Friedman test with Dunn’s multiple comparisons test. The numbers above the x-axis 

777 are medians, the numbers in brackets under the timepoints indicate biological 

778 replicates.  

779

780 Figure 3. Broadening of circulating IgG to variant of concern spike upon 

781 receiving the ancestral/BA.1 bivalent vaccine. (a-f) Timecourse of circulating spike-

782 IgG to SARS-CoV-2 VOC (a) Alpha, (b) Beta, (c) Delta, (d) Omicron BA.2 and (e) BA.5 

783 by MSD assay for V3+6 months (m) (n=10), V3+12m (n=30), V4+1m (n=19), and 

784 V4+6m (n=18-19).  (f-j) The impact of the bivalent vaccine on circulating IgG 
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785 responses to SARS-CoV-2 spike VOC (f) Alpha, (g) Beta, (h) Delta, (i) Omicron BA.2 

786 and (j) BA.5 in individuals who did (V4, V4+6m, n=13-19) or did not (noV4, V3+18m, 

787 n=14) receive the bivalent vaccine. Data were generated from MSD serology assays 

788 and are expressed in arbitrary units (AU)/mL. Bars represent the median and 

789 interquartile range (IQR). Statistical significance is indicated by two-tailed P values 

790 <0.05. Fold change between significantly different timepoints is given below the P 

791 values and calculated as fold change of the median response for each group. Unpaired 

792 data was compared using Mann-Whitney (two groups) or Kruskal-Wallis test with 

793 Dunn's multiple comparisons test (three groups). The numbers above the x-axis are 

794 medians, the numbers in brackets under the timepoints indicate biological replicates.  

795  

796 Figure 4. Transient broadening of neutralising SARS-CoV-2 antibodies upon 

797 vaccination. (a-e) Timecourse of circulating neutralising antibodies (nAb) to SARS-

798 CoV-2 (a) Victoria and variants of concern (VOC) (b) Omicron BA.1, (c) BA.2, (d) 

799 XBB.1.5 and (e) BA.2.86 determined by Focus Reduction Neutralisation Assay 

800 (FRNT) at V3+1 months (m) (n=59), V3+12m (n=20), V4+1m (n=10), and V4+6m 

801 (n=23). (f-i) Circulating SARS-CoV-2 nAb profiles at V3+12m (f), V3+18m (g), V4+1m 

802 (h) and (i) V4+6m. (j-n) The impact of the bivalent vaccine on circulating nAb to (j) 

803 Victoria, and Omicron (k) BA.1, (l) BA.2, (m) XBB.1.5 and (n) BA.2.86 in individuals 

804 receiving the bivalent vaccine (V4, V4+6m, n=23) and those who did not (noV4, 

805 V3+18m, n=25). Pie charts represent proportion of individuals with nAbs above 

806 positive threshold (>20). The percentage of focus reduction was calculated and IC50 

807 was determined using the probit program from the SPSS package. Statistical 

808 significance is indicated by two-tailed P values <0.05. Fold change between 

809 significantly different timepoints is given below the P values and calculated as fold 
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810 change of the median response for each group in case of unpaired data or expressed 

811 as the median of the fold change between individual paired data. Unpaired data was 

812 compared using Mann-Whitney (two groups) or Kruskal-Wallis test with Dunn's 

813 multiple comparisons test (more than two groups). Paired data was compared using 

814 Friedman test with Dunn’s multiple comparisons test. The numbers above the x-axis 

815 are medians, the numbers in brackets under the timepoints indicate biological 

816 replicates.  

817  

818 Figure 5. Nasal epithelial lining fluid (NELF) IgG to SARS-CoV-2 spike is boosted 

819 upon vaccination with IgA levels being maintained. Timecourse of (a,b) IgG and 

820 (c,d) IgA antibodies against SARS-CoV-2 ancestral (Wuhan) and BA.1 spike (S) by 

821 MSD assay at V3+12 months (m) (n=13-20), V4+1m (n=13-15), and V4+6m (n=14-

822 21) in NELF. (e-h) The impact of the bivalent vaccine on nasal antibody responses to 

823 ancestral and BA.1 spike for (e,f) IgG and (g,h) IgA antibodies in individuals who 

824 received the bivalent booster dose (V4, V4+6m, n=15-22), and those who did not 

825 (noV4, V3+18m, n=28-34). Timecourse of (i) IgG and (j) IgA responses to 

826 nucleocapsid (N) in NELF at V3+12m (n=20), V4+1m (n=15) and V4+6m (n=21). Anti-

827 N IgG and IgA responses in individuals who received the bivalent booster (V4, V4+6m, 

828 n=22) and those who did not (noV4, V3+18m, n=34) at comparable timepoints. (m,n) 

829 Correlations showing the relationship of antibody responses to S and N protein for (m) 

830 IgG and (n) IgA in NELF. Data generated from the MSD serology assays are 

831 expressed in arbitrary units (AU)/mL. The dotted lines represent thresholds for a 

832 positive response for SARS-CoV-2 N (IgG: 5.87 AU/mL, IgA:10.41 AU/mL) and S (IgG: 

833 1.69 AU/mL, IgA: 10.46 AU/mL) respectively, based on the mean concentrations 

834 measured in 4 pre-pandemic samples +3 standard deviations (SD). Bars represent 
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835 the median and interquartile range (IQR). Statistical significance is indicated by two-

836 tailed P values <0.05. Fold change between significantly different timepoints is given 

837 below the P values and calculated as fold change of the median response for each 

838 group. Groups were compared using Mann-Whitney (two groups) or Kruskal-Wallis 

839 test with Dunn's multiple comparisons test (three groups). Correlation analysis was 

840 performed using spearman’s correlation. The numbers above the x-axis are medians, 

841 the numbers in brackets under the timepoints indicate biological replicates.  

842   

843 Figure 6: Increased breadth of nasal IgG to SARS-CoV-2 VOC spike. (a-f) 

844 Timecourse of nasal fluid IgG responses to SARS-CoV-2 VOC spike for (a) Alpha, (b) 

845 Beta, (c) Delta and Omicron (d) BA.2 and (e) BA.5 by MSD assay at V3+12 months 

846 (m) (n=20), V4+1m (n=15), and V4+6m (n=21). (f-j) Impact of the ancestral/BA.1 

847 booster dose on nasal fluid IgG responses to VOC spike for (f) Alpha, (g) Beta, (h) 

848 Delta and Omicron (i) BA.2 and (j) BA.5 in individuals who received the bivalent 

849 vaccine (V4, V4+6m, n=22), and those who did not (noV4, V3+18m, n=34). Data 

850 generated from the MSD serology assays are expressed in arbitrary units (AU)/mL. 

851 Bars represent the median and interquartile range (IQR). Statistical significance is 

852 indicated by two-tailed P values <0.05. Fold change between significantly different 

853 timepoints is given below the P values and calculated as fold change of the median 

854 response for each group. Groups were compared using Mann-Whitney (two groups) 

855 or Kruskal-Wallis test with Dunn's multiple comparisons test (three groups). The 

856 numbers above the x-axis are medians, the numbers in brackets under the timepoints 

857 indicate biological replicates.  

858
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859 Figure 7: Cross-reactive T cell responses to SARS-CoV-2 VOC spike. T cell IFN-

860 γ responses to SARS-CoV-2 ancestral (Wuhan) and Omicron BA.1 and BA.2 at (a) 

861 V3+6months (m), (b) V3+12m, (c) V4+1m, (d) V4+6m, and (e) V3+18m were 

862 measured by IFN-γ ELISpot assay. Fold change of response between ancestral and 

863 VOC T cell response for Omicron (f) BA.1 and (g) BA.2 over the same period. The 

864 dotted line indicates responses to the ancestral strain. Responses are expressed as 

865 spot-forming units per million (SFU/106) PBMCs. Bars represent the median and 

866 interquartile range (IQR). Statistical significance is indicated by two-tailed P values 

867 <0.05. Fold change between significantly different timepoints is given below the P 

868 values and expressed as the median of the fold change between individual paired 

869 data. Groups were compared using Friedman test with Dunn’s multiple comparisons 

870 test (for paired data) and Kruskal-Wallis test with Dunn's multiple comparisons test (for 

871 unpaired data). The numbers above the x-axis are medians, the numbers in brackets 

872 under the timepoints indicate biological replicates.  
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