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Abstract 58 

Vaccination against SARS-CoV-2 has been central to mitigating the COVID-19 pandemic, 59 

although transient systemic side effects remain common and contribute to vaccine hesitancy. 60 

While previous studies have implicated HLA variation in COVID-19 vaccine reactogenicity, the 61 

mechanisms linking immunogenetic variation, inflammatory side effects, and protection remain 62 

poorly understood. Here, using a large deeply genotyped and phenotyped cohort, together with 63 

functional immunological analyses, we investigated the determinants of vaccine reactogenicity. In 64 

50,535 vaccinated individuals, with replication in an independent cohort of 4,575 individuals, we 65 

confirmed a remarkably strong association between HLA-A*03:01 and systemic side effects 66 
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following COVID-19 vaccination (OR = 1.36, CI = 1.31–1.41, p = 6.79 × 10−57). In contrast, HLA-67 

B*08:01 was associated with reduced vaccine reactogenicity, that extended across both COVID-68 

19 and influenza vaccines, suggesting separable antigen-specific and generalized determinants of 69 

vaccine reactogenicity. HLA-A*03:01 carriage was additionally associated with fewer 70 

breakthrough and recurrent SARS-CoV-2 infections, while individuals reporting stronger vaccine 71 

side effects exhibited reduced infection risk and milder disease course independent of HLA 72 

genotype. History of allergy was likewise associated with increased vaccine reactogenicity, 73 

consistent with a broader host predisposition to inflammatory responsiveness. Unexpectedly, 74 

despite the strong HLA association, we did not observe evidence of enhanced antigen-specific T-75 

cell activation in HLA-A*03:01+ individuals. Instead, our immunological analyses pointed toward 76 

a prominent role for early inflammatory cytokine responses from monocytes, with inflammatory 77 

signatures correlating with vaccine side-effect severity selectively among HLA-A*03:01+ donors. 78 

Together, these findings support a model in which vaccine reactogenicity reflects the interaction 79 

of antigen-specific immunogenetic effects and broader innate inflammatory responsiveness. More 80 

broadly, our results suggest that transient vaccine side effects may represent a clinically observable 81 

correlate of protective immune activation.  82 

 83 

Introduction 84 

COVID-19 vaccines are an important public health tool in preventing severe illness, 85 

hospitalization, and mortality due to infection with the virus(1–4). In early studies examining the 86 

efficacy of these vaccines, mRNA vaccines BNT162b2 (referred to hereafter by the brand name 87 

“Pfizer”) and mRNA-1273 (referred to hereafter by the brand name “Moderna”) were shown to be 88 

95% and 94.1% effective against symptomatic COVID-19 infection, respectively(5). Adenovirus-89 
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based vaccines, such as ChAdOx1-S (brand name “Johnson & Johnson”, hereafter “J&J”) and 90 

Ad26.COV2.S (brand name “AstraZeneca”), in contrast, showed 70% and 66% efficacy, 91 

respectively(6, 7). Thus, although mostly efficacious in preventing severe illness and 92 

hospitalization, ‘breakthrough’ infections (BTI) can occur after vaccination, independently of 93 

vaccine brands.  These infections may be attributed to vaccine failure, secondary vaccine failure, 94 

individuals’ age, immune evasion by novel viral variants, or waning vaccine efficacy over time(8–95 

15).  96 

 97 

Prior work has indicated that the immunogenicity of the COVID-19 vaccines can vary by 98 

individual and is correlated with their efficacy(16). For example, studies have reported variable 99 

immunological responses to vaccines linked to age, sex, body mass index, nutritional status, and 100 

the composition of the gut microbiome(17, 18). Along with these factors, neutralizing antibody 101 

titers and binding antibody levels have emerged as key immune correlates of protection for 102 

COVID-19 vaccines(19, 20). Suggesting an immunogenetic feature of vaccine response, several 103 

studies have linked variation in the human leukocyte antigen (HLA) region with antibody levels 104 

and T-cell responses after vaccination(21–24). HLA is the most polymorphic region (6p21) of the 105 

human genome with tens of thousands of known alleles. Variation in HLA is long recognized to 106 

play a role in viral illness(25). Demonstrating the importance of HLA antigen presentation in the 107 

immune response to SARS-CoV-2, we have previously identified a specific HLA allele that is 108 

associated with an asymptomatic disease course(26) and provided a functional and structural basis 109 

to explain the association. Likewise, numerous other HLA associations with the COVID-19 disease 110 

course have been identified(27).  111 

 112 
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While overwhelmingly safe, vaccination-induced immune activation can lead to vaccine 113 

reactogenicity, often referred to as “side effects.” Most side effects are mild, including fever, 114 

muscle aches, headaches, and fatigue, as well as local reactions such as pain, redness, and swelling 115 

at the injection site(28). These mild reactions typically appear within a few hours after vaccination 116 

and are short-lived, usually resolving within one to two days for most individuals(29). Although 117 

rare adverse events such as myocarditis have been reported following mRNA vaccination and are 118 

hypothesized to involve some HLA alleles, their underlying mechanisms remain poorly 119 

understood(30). While bothersome, transient vaccine reactogenicity has previously been linked to 120 

innate immune activation associated with stronger vaccine-induced immune responses in influenza 121 

vaccination studies(31), although this relationship remains incompletely characterized for 122 

COVID-19 vaccines32. A study involving participants receiving the human papillomavirus 123 

vaccine, for example, found that the occurrence of inflammation-related adverse reactions is 124 

associated with blood antibodies levels, suggesting that individuals who have vaccine-induced side 125 

effects have a more robust humoral immune response(32, 33). Importantly, systemic side effects 126 

from COVID-19 vaccination, such as fever and fatigue, have also been associated with enhanced 127 

humoral and cellular immune responses(34). Previous work has shown a specific HLA class I 128 

allele, HLA-A*03:01 to be associated with increased COVID-19 vaccine reactogenicity and 129 

increased antibody response(22, 35, 36), as well as enhanced memory T cells after COVID-19 130 

mRNA booster doses(23), primarily with mRNA vaccines. This leaves open the question of 131 

whether such associations are specific to the mRNA platform.  132 

In addition, the biological basis of vaccine reactogenicity remains poorly understood, and it is 133 

unclear whether such associations are unique to COVID-19 vaccines or reflect more generalized 134 

predisposition to inflammatory vaccine responses.  135 
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 136 

Here, we investigate the epidemiology of COVID-19 vaccine reactogenicity in a large cohort of 137 

more than 50,000 vaccinated individuals with high-resolution HLA genotyping. Integrating genetic 138 

association analyses with functional immune profiling, we identify distinct patterns of vaccine-139 

associated immunogenetic effects. We observed that vaccine reactogenicity association of HLA-140 

A*03:01 was COVID-19 vaccine-specific, whereas a broader protective effect of HLA-B*08:01 141 

was observed across both COVID-19 and influenza vaccines.  Interestingly, carriage of HLA-142 

A*03:01 was also linked to a reduced incidence of breakthrough and recurrent SARS-CoV-2 143 

infections. Despite these clear HLA associations, we did not detect robust antigen-specific T-cell 144 

responses in HLA-A*03:01⁺ individuals. Instead, our results suggest an important contribution of 145 

early monocyte-derived inflammatory cytokines, highlighting that transient vaccine side effects 146 

mark an innate inflammatory response that may represent a clinically observable correlate of 147 

protective immune activation. This work sheds light on the mechanisms underlying HLA-mediated 148 

COVID-19 vaccine reactogenicity and associated reduction in infections, providing important new 149 

insights that may support efforts to optimize vaccine efficacy and promote broader public 150 

involvement in vaccination programs. 151 

 152 

 153 

Results 154 

Participant recruitment and baseline demographics 155 

Between January 2023 and January 2024, we collected responses to survey questions regarding 156 

respondents’ general health history, including experiences with COVID-19 and associated 157 

vaccinations, from potential bone marrow donors registered with the NMDP (formerly National 158 
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Marrow Donor Program/Be The Match) and for whom high-resolution HLA genotyping data were 159 

available in the NMDP database. The specific survey questions related to COVID-19 and 160 

vaccinations, including side effects queries, are given in Supplementary Table 1. Because this 161 

was a U.S.-based cohort, respondents received only vaccines approved for use in the country 162 

(Pfizer, Moderna, J&J). Among the 80,007 total respondents, 50,535 self-identified as White 163 

(Supplementary Table 2a) and reported having completed at a minimum the initial series of 164 

vaccination for SARS-CoV-2 (one dose for J&J, two for Pfizer/Moderna mRNA); these subjects 165 

constituted our discovery cohort. An additional 7,403 respondents reported completion of the 166 

initial series self-identified with other ancestries (Supplementary Table 2b).  167 

 168 

For our replication cohort, we collected responses between July 2020 and April 2022 via a mobile 169 

phone app with follow-up daily questions specific to vaccine side effects, as described in Augusto 170 

et al., 2023(26). Among 10,595 respondents who reported completion of the initial vaccination 171 

series, 4,575 self-identified as White (Supplementary Table 3). While these respondents are also 172 

NMDP donors with available high resolution HLA data, there was no overlap with individuals in 173 

the discovery cohort.  174 

 175 

Systemic side effects of COVID-19 vaccines co-occur and are associated with HLA-A*03:01  176 

To understand the distribution of side effects to COVID-19 vaccines in our discovery cohort, we 177 

first calculated the covariation matrix for all reported side effects (Supplementary Figure 1). 178 

Here, we only considered side effects reported after completion of the initial vaccination series. 179 

We found that mild systemic side effects (SSE) like fever or chills, muscle or body fatigue, or 180 
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headaches, rather than localized side effects like runny nose (Supplementary Table 4), showed 181 

substantial co-occurrence, with a median number of two SSE reported per individual.  182 

 183 

To evaluate whether HLA variation plays a role in increasing SSE in vaccination for SARS-CoV-184 

2 and to capture cases with the greatest burden of symptoms, we first considered individuals who 185 

reported greater than the median number of SSE. Using a dominant model, we used multivariate 186 

logistic regression to test for association with the occurrence of three or four reported SSE for each 187 

HLA allele at each classical class I (HLA-A, -B, -C) and two HLA class II (HLA-DRB1 and -DQB1) 188 

loci observed at a frequency >3% in our cohort, adjusting for sex and age (Figure 1, 189 

Supplementary Table 5). This revealed as the top candidate a strong and significant association 190 

of HLA-A*03:01 with SSE (OR = 1.36, CI= 1.31 – 1.41, p = 6.79×10-57). We did not observe any 191 

substantial dose effect for HLA-A*03:01 (homozygous, OR = 1.47, CI = 1.29 – 1.68, p = 1.65×10-192 

8; heterozygous, OR = 1.40, CI = 1.34 – 1.46, p = 3.15 ×10-53), confirming the dominant model. 193 

Because HLA-A*03:01 belongs to the HLA-A3 supertype group(37) that also includes HLA-194 

A*11:01, -A*31:01, -A*33:01, and -A*68:01, and is characterized by shared peptide binding 195 

motif(38), we hypothesized that this supertype might show shared associations with SSE across 196 

alleles. However, we found that among the HLA-A3 supertype alleles, only HLA-A*03:01 was 197 

significant for the association with increased SSE (Supplementary Table 5). This association of 198 

increased SSE with HLA-A*03:01 clearly replicated in our replication cohort of 4,575 vaccinees 199 

who self-identified as White, with a remarkably consistent effect size (OR = 1.46, CI = 1.21 – 200 

1.77, p = 7.77 x 10-5) relative to that in our discovery cohort (Supplementary Table 6). In addition, 201 

we found that HLA-A*03:01 was significantly associated with increased SSE reports in our self-202 

identified Hispanic cohort (N = 4,287), again with extremely consistent effect size (OR = 1.45, CI 203 
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= 1.25 – 1.69, p = 7.31× 10-7, Supplementary Table 7). While a similar trend was clearly 204 

observed, this association did not reach statistical significance in cohorts of other ancestries, where 205 

our sample sizes were much smaller (Supplementary Tables 8 and 9). Therefore, we performed 206 

a meta-analysis to evaluate this association across ancestry groups. Effect estimates were broadly 207 

consistent, with odds ratios (ORs) ranging from 1.24 to 1.46. The strongest association was 208 

observed in the Hispanic cohort (OR = 1.46, 95% CI: 1.26–1.69), followed by the White cohort 209 

(OR = 1.36, 95% CI: 1.31–1.41), whereas estimates in the Black cohort (OR = 1.29, 95% CI: 0.90–210 

1.85) and the Asian or Pacific Islander cohort (OR = 1.24, 95% CI: 0.85–1.80) were directionally 211 

consistent. The White cohort contributed most of the weight (92.1%) (Supplementary Figure 2). 212 

Under a common-effect model, the pooled OR was 1.36 (95% CI: 1.32–1.42; z = 16.71, p <1 × 213 

10⁻⁴), indicating strong evidence for association of HLA-A*03:01 with COVID-19 vaccine 214 

reactogenicity. There was no evidence of heterogeneity across studies (Q = 1.13, d.f. = 3, p = 0.77), 215 

with negligible between-study variance (τ² = 0; I² = 0%). 216 

 217 

To better understand whether any specific reported side effects was driving this HLA association, 218 

we considered the association with HLA-A*03:01 for each side effect separately (Supplementary 219 

Table 10). As expected, we observed a strong and highly significant negative association of HLA-220 

A*03:01 with reporting “no vaccine side effects” (OR = 0.73, CI = 0.70 – 0.77, p = 5.82×10-43), 221 

demonstrating that individuals with this allele are less likely to report having experienced no side 222 

effects after vaccination. Analysis of reports of specific side effects revealed the strongest 223 

association of HLA-A*03:01 with “fever or chills” (OR = 1.43, CI = 1.38 – 1.49, p = 1.37×10-81), 224 

followed by “muscle or body aches” (OR = 1.305, CI = 1.25 – 1.35, p = 2.16 ×10-45), “fatigue” 225 

(OR = 1.25, CI = 1.20 – 1.30, p = 5.57×10-34), and “headaches” (OR = 1.23, CI = 1.19 – 1.29, p = 226 



 

 11 

1.00×10-24). We also found remarkably consistent results for our cohort of individuals who self-227 

identify as Hispanic (Supplementary Table 10, Supplementary Figure 3). Only “fatigue” was 228 

found to have a significant association with HLA-A*03:01 in our Black cohort (OR = 1.49, CI = 229 

1.07 – 2.09, p = 0.018); however, as noted previously, smaller sample sizes limited our power to 230 

detect associations in some cohorts (Supplementary Tables 8 and 9). Finally, we did not find a 231 

substantive difference in effect size when considering individuals who had reported infection prior 232 

to vaccination or breakthrough infection (BTI) (Supplementary Table 11). 233 

 234 

In summary, we find a highly significant, consistent association of HLA-A*03:01 with reported 235 

side effects post-COVID-19 vaccination. This association replicated across multiple large 236 

independent cohorts, ancestries and vaccine platforms, supporting a role for HLA variation driving 237 

vaccination reactogenicity in a broad and global manner. 238 

 239 

HLA-A*03:01 is associated with vaccine reactogenicity across vaccine brands, with varying 240 

effect size 241 

Because previous studies have primarily linked HLA*03:01-driven reactogenicity to a single 242 

platform (Pfizer)(35), we sought to determine whether association with other vaccine platforms 243 

could be detected in our larger cohort. We similarly found that while the median number of SSE 244 

reported across the entire discovery cohort was two, the proportion of individuals who experienced 245 

three or four SSE was higher in Moderna than in Pfizer or Johnson & Johnson (J&J) vaccinated 246 

individuals (Supplementary Figure 4). Because the frequency of SSE varied by vaccine 247 

manufacturer, we stratified our cohorts according to whether they received the Pfizer, Moderna, 248 
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or J&J vaccine. To reduce confounding, we only considered individuals who received both doses 249 

of the initial series (in the case of mRNA vaccines) from the same manufacturer.  250 

 251 

We confirmed that Pfizer-vaccinated individuals showed the largest effect size for all associations 252 

of HLA-A*03:01 with side effects relative to other vaccine brands, particularly fever or chills (OR 253 

= 1.71, CI = 1.61 – 1.79, p = 4.51×10-88). However, the chance of not experiencing any side effects 254 

when carrying HLA-A*03:01 is significantly lower in both Pfizer (OR = 0.676, CI = 0.64 – 0.71, 255 

p = 2.83×10-40) and Moderna recipients (OR = 0.782, CI = 0.72 – 0.85, p =1.59×10-9) compared 256 

to J&J (Supplementary Table 12). While we did not observe significant associations of HLA-257 

A*03:01 with most side effects among J&J vaccine recipients, likely owing to the small sample 258 

size for this vaccine brand (N = 3,312), we did find a clear significant effect with respect to fatigue 259 

(OR = 1.259, CI = 1.09 – 1.45, p = 1.40×10-4) and a strong trend for other SSE. This demonstrates 260 

that the observed HLA association is not specific to the mRNA platform. We observed similar 261 

results in our replication cohort, where the association of HLA-A*03:01 showed similar patterns 262 

of effect size between brands (i.e. Moderna and Pfizer), although some individual side effects did 263 

not reach statistical significance among Moderna recipients, likely due to more limited power in 264 

this cohort; nevertheless, detectable associations across vaccine platforms suggest that the role of 265 

HLA-A*03:01 in mediating vaccine reactogenicity is relatively uniform across vaccine platforms 266 

(Supplementary Table 13).  267 

Thus, we find that HLA-A*03:01 is associated with vaccine reactogenicity across COVID-19 268 

vaccine brands, although this association is much more pronounced and consistent among Pfizer 269 

recipients. 270 

 271 
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Additional HLA class I alleles are associated with SSE in COVID-19 vaccination 272 

In addition to HLA-A*03:01, we discovered numerous other HLA alleles that were significantly 273 

associated with reports of SSE in our cohorts (Figure 1, Supplementary Table 5). Of these, HLA-274 

A*29:02 (OR = 1.28, CI = 1.19 – 1.36, p = 2.10×10-11), HLA-B*08:01 (OR = 0.76, CI = 0.73 – 275 

0.80, p = 5.65×10-32), HLA-C*07:01 (OR = 0.82, CI = 0.79 – 0.85, p = 1.10×10-24), and HLA-276 

DRB1*03:01 (OR = 0.85, CI = 0.82-0.90, p = 1.23×10-12) were clearly replicated (Supplementary 277 

Table 6). HLA-B*08:01, HLA-C*07:01, and HLA-DRB1*03:01 are components of the well-278 

documented “ancestral 8.1 haplotype” (AH8.1)(39), which is also evident from the high linkage 279 

disequilibrium (LD) values between these alleles (Supplementary Table 14). Owing to the 280 

likelihood that these three alleles reflected a single primary association through LD, we performed 281 

conditional analyses to identify the primary associated allele in this haplotype. We found that HLA-282 

B*08:01 had the strongest effect size (OR = 0.77, CI = 0.71 – 0.84, p = 2.71×10-9) after controlling 283 

for HLA-C*07:01, and HLA-DRB1*03:01, suggesting that HLA-B*08:01 allele is responsible for 284 

the protective effect against SSE. Likely owing to the small sample size, we did not detect these 285 

associations in our cohorts with other ancestries (Supplementary Tables 7 – 9).  286 

 287 

In summary, while HLA-A*03:01 demonstrated the strongest and most significant association with 288 

respect to vaccine SSE, we find evidence for additional HLA class I association with both risk 289 

(HLA-A*29:02) and protection (HLA-B*08:01) from COVID-19 vaccine side effects. The 290 

identification of these additional HLA-associated SSE expands upon prior work, which largely 291 

implicated HLA-A*03:01 alone and did not describe broader HLA class I contributions to vaccine 292 

reactogenicity. Taken together, these results support a broader role for HLA-mediated antigen 293 
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presentation in shaping vaccine reactogenicity and suggest that individual immunogenetic 294 

background may influence both the magnitude and quality of post-vaccination immune responses. 295 

 296 

HLA-A*03:01 associated vaccine reactogenicity is specific to COVID-19 vaccines, while HLA-297 

B*08:01 is globally protective 298 

To distinguish COVID-19-specific from generalized determinants of vaccine reactogenicity, we 299 

next examined SSE associated with seasonal influenza vaccination in the same individuals. This 300 

analysis provided an opportunity to determine whether the observed HLA associations reflected 301 

mechanisms unique to COVID-19 vaccination or broader host predisposition to inflammatory 302 

vaccine responses. We administered a follow-up questionnaire to the same individuals included in 303 

our discovery cohort (Supplementary Table 15). This survey specifically assessed the occurrence 304 

of influenza vaccine-associated side effects and the frequency with which participants received 305 

influenza vaccinations. As of April 2025, we received responses from a total of 13,499 participants 306 

from our discovery cohort, among whom 11,916 individuals reported having received the 307 

influenza vaccine at least once (Supplementary Table 16). Of those receiving the vaccine, 3,417 308 

individuals reported experiencing side effects. We performed multivariate logistic regression to 309 

assess associations between each HLA allele and the presence of SSE (Supplementary Table 17). 310 

Here, we chose the presence of at least one SSE as the primary outcome, as the number of reported 311 

SSE for the influenza vaccine was lower than that for the COVID-19 vaccines, with a median of 312 

one side effect reported. 313 

 314 

Strikingly, we found that the strong association between HLA-A*03:01 and vaccine reactogenicity 315 

was not observed for influenza vaccination, supporting a COVID-19 vaccine-specific effect of this 316 
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allele. In contrast, HLA-B*08:01 demonstrated a consistent negative association with SSE across 317 

both COVID-19 and influenza vaccines. Among the alleles tested (HLA-A*03:01, HLA-A*29:02, 318 

and HLA-B*08:01) only HLA-B*08:01 demonstrated a significant association (OR = 0.83, CI = 319 

0.72–0.95, p = 0.0095) with influenza vaccine SSE at p < 0.05. These findings suggest that distinct 320 

immunogenetic mechanisms contribute to vaccine reactogenicity, including both antigen-specific 321 

effects and broader host determinants of inflammatory responsiveness. 322 

 323 

Importantly, despite the absence of shared HLA risk alleles across vaccines, individuals reporting 324 

SSE following influenza vaccination were more than three times as likely to report SSE following 325 

COVID-19 vaccination, even after adjustment for HLA genotype (OR = 3.09, CI = 2.73–3.50, p = 326 

2 × 10⁻16). Together, these findings support the existence of at least two separable contributors to 327 

vaccine reactogenicity: antigen- or platform-specific immunogenetic effects, exemplified by HLA-328 

A*03:01, and broader host inflammatory predisposition that transcends individual vaccines. 329 

 330 

Individuals reporting vaccine SSE also report fewer breakthrough infections, fewer total 331 

infections, and milder disease course 332 

Owing to the highly significant association of HLA-A*03:01 with vaccine side effects, we next 333 

asked whether this allele might be associated with reduced breakthrough infection (BTI). Of the 334 

total vaccinated 57,938 individuals across ancestries, we excluded 10,227 individuals who did not 335 

have information for their 2nd dose timing. Among the remaining participants who reported 336 

specific dates for both vaccination and infection, we found HLA-A*03:01 to be associated with a 337 

decreased risk of BTI, albeit with modest effect size (OR = 0.916, CI = 0.88 – 0.95, p = 1.61×10-338 

5,). This association was also significant with  stronger effect size in our cohort with Hispanic 339 
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ancestry (OR = 0.776, CI = 0.66 – 0.91, p =  1.44×10-4), and while not reaching statistical 340 

significance, we observed similar effect sizes in other ancestries (Supplementary Table 18).  We 341 

did not observe any other significant HLA associations with BTI in our cohort, including 342 

previously reported associations of HLA-DQB1*06(21, 40).  343 

 344 

The observed association of HLA-A*03:01 with reduction in BTI is also reflected in an overall 345 

decrease in total infections reported. We dichotomized participants according to those reporting 346 

having never been infected or having only a single infection, (about 86% of our discovery cohort, 347 

N= 43,527), and those reporting repeated reinfections (i.e. two or more infections, about 14% of 348 

our discovery cohort, N = 7,008) between 2019 and 2023. We found that HLA-A*03:01+ 349 

vaccinated individuals were less likely to have experienced repeated SARS-CoV-2 infections (OR 350 

= 0.92, CI = 0.87 – 0.96, p = 0.00177). Finally, we asked whether among those who did report 351 

infection, HLA-A*03:01 is associated with milder disease course. We found that HLA-A*03:01+ 352 

individuals were less likely to report higher than the median number (three) of symptoms 353 

(considering all reported symptoms; OR = 0.90, CI = 0.88 – 0.94, p = 2.78 × 10-7). Additionally, 354 

severe COVID-19 vaccine reactogenicity remained inversely associated with COVID-19 symptom 355 

burden (OR = 0.80, CI = 0.77 – 0.84, p = 2.0 × 10-16) even after adjustment for HLA-A*03:01, 356 

indicating that individuals experiencing stronger vaccine SSE tended to have a milder disease 357 

course irrespective of HLA status. 358 

 359 

To understand whether the HLA-A*03:01 association with reduced BTI was secondary to its 360 

association with side effects, we considered the occurrence of vaccination side effects and the 361 

likelihood of BTI irrespective of HLA genotype. We found that each side effect was independently 362 



 

 17 

inversely associated with the likelihood of a BTI (Supplementary Table 19). Considering the 363 

combined measure of three or four SSE and BTI (and adjusting for sex, age, and vaccine brand), 364 

we found a highly significant protective effect with an effect size greater than that observed for 365 

HLA-A*03:01 (OR = 0.83, CI = 0.79 – 0.87, p = 6.03x10-14). When we include HLA-A*03:01 as 366 

a covariate in our model, we observed a nearly identical association of SSE with BTI (OR = 0.82, 367 

CI = 0.79 – 0.87,  p = 9.40×10-14 ), while the HLA-A*03:01 (OR = 0.93, CI = 0.89 – 0.98, p = 368 

5.81x10-3) association was only borderline significant, suggesting an association independent from 369 

HLA. Finally, we stratified our cohort according to the carriage of HLA-A*03:01 and further 370 

observed a highly significant and consistent inverse association between the combined measure 371 

for three or four SSE and the risk of BTI in individuals without the HLA-A*03:01 allele (OR = 372 

0.81, CI = 0.78 – 0.85, p = 4.32×10-19).  373 

 374 

Thus, we conclude that the negative association of HLA-A*03:01 with BTI stems from its role in 375 

increasing vaccine reactogenicity, along with a global negative association of vaccine SSE with 376 

BTI. 377 

 378 

Vaccine reactogenicity is associated with history of allergy independent of HLA  379 

To understand the epidemiology of vaccine reactogenicity, we next sought to further investigate 380 

the role of individuals’ health histories in mediating side effects. Respondents in our discovery 381 

cohort reported broadly on their health histories, allowing us to examine the association of a range 382 

of phenotypes with vaccine reactogenicity(41). After controlling for age, sex, HLA-B*08:01 and 383 

HLA-A*03:01, individuals with a history of allergies exhibited an increased likelihood of reporting 384 

most SSE following both COVID-19 and influenza vaccinations (Supplementary tables 20 and 385 
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21, respectively). The direction of effect was consistent across vaccine types, suggesting that 386 

allergy status may be associated with increased vaccine reactogenicity in a virus and platform 387 

independent manner. No other phenotype, including autoimmune and other immune-mediated 388 

conditions, was associated with vaccine reactogenicity in this cohort. Importantly, the association 389 

was consistent across diverse allergy phenotypes with differing immunological bases, including 390 

classical IgE-mediated allergy, delayed hypersensitivity reactions, and nonclassical chemical 391 

sensitivities. This concordance across mechanistically distinct allergic conditions is consistent 392 

with the notion that vaccine reactogenicity reflects, at least in part, variation in shared innate 393 

pathways independent of HLA-restricted adaptive immunity. 394 

 395 

HLA-A*03:01 carriage is associated with higher antibody levels after COVID-19 vaccination 396 

We next sought to understand the immune mechanism that drives the HLA-A*03:01 association 397 

with COVID-19 vaccine SSE. We first confirm prior reports of association of HLA-A*03:01 with 398 

higher levels of anti-SARS-CoV-2 antibody after COVID-19 vaccine (22, 42, 43) in an 399 

independent cohort of 156 healthcare workers receiving two doses of the Pfizer COVID-19 400 

vaccine. The cohort was stratified in three groups according to the levels of anti-Spike IgG 401 

antibodies after the second dose of the vaccine as follows, Group I: 1,000 – 4,000 AU/mL (N = 402 

50), Group II: 4,001 – 20,000 AU/mL (N = 53), Group III: ≥ 20,000 AU/mL (N = 53). To 403 

investigate the association between HLA-A*03:01 and anti-Spike IgG levels, we performed 404 

logistic regression comparing Group III against Groups I and II. Our results confirmed that HLA-405 

A*03:01 is associated with higher anti-Spike IgG levels post vaccination (OR = 3.25, CI = 1.31 – 406 

8.33, p = 0.0117). We also observed that anti-Spike IgG antibody positivity increased with HLA-407 

A*03:01 allele dosage (0, 1, or 2 copies; Supplementary Figure 5). Thus, we confirm that in 408 
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addition to its role in mediating vaccine SSE, individuals positive for HLA-A*03:01 display a 409 

higher anti-Spike IgG antibody response post-vaccine, providing further evidence that vaccine 410 

SSE are reflective of a robust humoral immune response to COVID-19 vaccination and that this 411 

has an immunogenetic underpinning.  412 

 413 

Spike-derived HLA-A*03:01 dominant KCY-specific T cell activation is modest 414 

To understand the COVID-19 vaccine reactogenicity association with HLA-A*03:01, we next 415 

assessed the T cell response towards Spike from HLA-A*03:01+ donors. We compared the T cell 416 

response to Spike-derived peptides before (V0, n = 9) and after one (V1, n = 12) or two vaccine 417 

doses (V2, n = 12) (Supplementary Table 22). T cell lines were generated with Spike-derived 418 

peptide pools covering the entire protein and restimulated with the peptide pools (Figure 2A-E, 419 

Supplementary Figures 6-12). CD8+ and CD4+ T cell responses were modest and independent of 420 

the vaccine dosage, similar to previous findings(23). Next, we focused on the response to the 421 

known dominant HLA-A*03:01-restricted Spike-derived epitope 378KCYGVSPTK386, hereafter 422 

named KCY(23, 44). T cell lines were generated with the Spike-derived peptide pools and 423 

restimulated with the KCY peptide in samples collected before and after vaccination (Figure 2F-424 

J, Supplementary Figures 8-10). Limited IFNγ production was observed in ~50% of the samples 425 

before vaccination (V0, n=4/9, 0.08 ± 0.11 %), and a slight increase in IFNγ production was 426 

observed after vaccination (mean: V1: 0.12 ± 0.16 %, V2: 0.09 ± 0.16 %) (Figure 2F, 427 

Supplementary Figures 8-10). Similarly, the production of the other effector functions tested 428 

(TNF, IL2, MIP-1 and CD107a) was low before and after vaccination towards the KCY peptide 429 

(Figure 2G-J).  430 

 431 
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The KCY-specific CD8+ T cell response was modest compared with other well characterized 432 

Spike-derived epitopes such as the HLA-A*02:01-restricted S269-277 epitope (mean of 5.85% IFNγ+ 433 

CD8+ T cells(45)) or the HLA-B*15:01-restricted S919-927 epitope (mean of 0.36% IFNγ+ CD8+ T 434 

cells in pre-pandemic samples(26)). We compared the T cell response towards KCY to a 435 

previously characterized HLA-A*03:01-restricted influenza-derived peptide, Flu-NP265(46), in the 436 

same samples (n = 6). The T cell response to the Flu-NP265 peptide was substantially stronger than 437 

that to the KCY peptide, with IFNγ production being ~13-fold higher (mean ± SD; Flu-NP265: 3.32 438 

± 2.36 %; KCY: 0.27 ± 0.19 %) (Supplementary Figure 13), TNF production ~25-fold higher 439 

(mean ± SD; Flu-NP265: 3.31 ± 2.28 %; KCY: 0.13 ± 0.06 %), and CD107a ~10-fold higher than 440 

KCY (mean ± SD; Flu-NP265: 3.32 ± 2.36 %; KCY: 0.34 ± 0.33 %) (Supplementary Figure 13). 441 

The response towards the Flu-NP265 peptide demonstrates that HLA-A*03:01+ CD8+ T cells can 442 

produce high level of cytokines, and the relatively weak response observed toward KCY is 443 

specific, rather than reflecting globally poor CD8+ T cell response in HLA-A*03:01+ donors.  444 

 445 

In summary, the CD8+ T cell response towards the Spike-derived peptides, even towards the KCY 446 

epitope, was modest after COVID-19 vaccine, and therefore T cell activation is unlikely to 447 

underpin the SSE observed in HLA-A*03:01+ individuals.   448 

 449 

High frequency of naïve KCY-specific tetramerlow T cell population is observed ex vivo 450 

It has been shown that in COVID-19 recovered individuals KCY-specific memory T cells increase 451 

upon vaccination(23). Therefore, we wanted to determine if the same applies without prior 452 

infection. We performed ex vivo tetramer-associated magnetic enrichment (TAME) to analyze the 453 

phenotype of the KCY+ CD8+ T cells in samples collected before and after vaccination (Figure 3, 454 
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Supplementary Figure 14). Surprisingly, even prior to vaccination (V0) a high proportion of 455 

KCY+ CD8+ T cells was present in all samples (Figure 3A). The proportion of KCY+ CD8+ T cells 456 

increased after vaccination (Figure 3A-B), and a distinct population of KCY⁺ T cells with high 457 

mean fluorescence intensity (MFI) emerged (tetramerhigh) and increased after vaccination 458 

compared to baseline (mean tetramerhigh+ at V0: 1.49 ± 0.89 %; V1: 7.49 ± 2.01 %; V2: 5.53 ± 459 

0.65 %) (Figure 3D).  460 

We next assessed whether the phenotype of KCY+ T cells ex vivo was different between the 461 

tetramerhigh and the tetramerlow populations (Figure 3E-G, Supplementary Figure 15). The 462 

majority of the tetramerlow T cells exhibited a naïve phenotype (TN: CCR7+/CD45RA+) 463 

independent of the vaccination status (mean of 69.95, 56.35 and 63.9 % for V0, V1 and V2, 464 

respectively), and some stem cell memory T cells (TSCM: CCR7+/CD45RA+/CD95+) present 465 

especially in one V1 sample (Figure 3F, Supplementary Figure 15). The tetramerlow effector 466 

memory T cell (TEM: CCR7-/CD45RA-) frequency was ~14%, and the terminally differentiated 467 

effector T cell (TEMRA: CCR7-/CD45RA+) frequency was around ~12% independent of vaccination 468 

status. In contrast, the tetramerhigh T cell phenotypes changed upon vaccination (Figure 3G). The 469 

tetramerhigh naïve T cell proportion decreased after vaccination (V0: 64.7%, V1 28.4%: V2: 470 

28.0%), while effector (V0: 18.6%, V1: 24.9% V2: 34.2%) and central (V0: 0.0%, V1: 22.2% V2: 471 

19.9%) memory T cell proportion increased (Figure 3G, Supplementary Figure 15). In two 472 

samples collected > 400 days after the 3rd vaccine dose (vacSG64-V5 and vacSG86-V5), we 473 

observed 36% and 8.85% of KCY+ TEMRA cells, respectively, and surprisingly, a large population 474 

of naïve cells (32% and 79.7%, respectively) (Supplementary Figure 15B). In addition, the large 475 

proportion of low MFI tetramer+ T cells, even after vaccination (Figure 3E) was specific to the 476 

KCY peptide and not observed for another well characterized spike-derived peptide S269 restricted 477 
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to HLA-A*02:01 (Supplementary Figure 16). We further confirmed the peptide specificity of 478 

the tetramer+ T cells by performing co-staining with both tetramers of KCY and Flu-NP265 epitopes 479 

presented by the HLA-A*03:01 molecule (Supplementary Figure 17).  480 

 481 

Finally, we determined the T cell receptor (TCR) repertoire specific to the KCY peptide. Using 482 

single-cell sorting of tetramer+CD8+ T cells and TCR sequencing, we obtained 324 productive 483 

clonotypic sequences with 95 paired αβTCRs from eight donors before and after vaccination 484 

(Supplementary Table 23). The TCR repertoire was private with no biased TCR gene usage 485 

observed, and more surprisingly no clonotypes were preferentially expanded (Figure 3H-I). We 486 

only observed a few persisting clonotypes that were maintained before and after vaccination and/or 487 

after different vaccine doses in different donors, and a public TCR α chain shared between two 488 

donors (Supplementary Table 24).   489 

 490 

Overall, these TCR repertoire findings suggest a broader, polyclonal T cell response rather than 491 

the expansion of dominant clonotypes, consistent with a modest T cell response characterized by 492 

a predominantly naïve phenotype. 493 

 494 
Full-length Spike protein stimulated high expression of IL-6 and IL-8 by monocytes 495 

Despite the high number of tetramer+ KCY-specific T cells present (Figure 3), we did not observe 496 

an enhanced T cell activation that could explain vaccine reactogenicity associated with HLA-497 

A*03:01 carriage, as hypothesized in previous studies(35). Therefore, we asked whether other 498 

immune cells could lead to inflammation that would underpin mild vaccine side effects associated 499 

with HLA-A*03:01 carriage. To address this, we stimulated PBMCs with the different vaccine 500 

components: the empty lipid nanoparticle (LNP) using the Pfizer vaccine formula(47), the soluble 501 
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full-length Spike protein (HexaPro)(48), or the Spike-derived peptide pools (S1 and S2); as well 502 

as positive and negative controls.  503 

 504 

Among the 55 samples tested (n=27 HLA-A*03:01⁺ and n=28 HLA-A*03:01-, Supplementary 505 

Table 22) high cytokine production was mainly observed after stimulation with the full-length 506 

soluble Spike protein (Figure 4, Supplementary Figure 18). As there was variability of response 507 

between the samples tested, we focused on the secreted cytokines for which the average 508 

concentration was well above baseline(49). Cytokines strongly induced by the whole Spike protein 509 

stimulation included Interleukin (IL)-6, IL-8, IL-10, IL-1, tumor necrosis factor (TNF), 510 

macrophage inflammatory protein-1alpha (MIP1), and RANTES (Figure 4). In addition, 511 

Interferon-γ (IFNγ), granulocyte-macrophage colony-stimulating factor (GM-CSF), inducible 512 

protein 10 kDa (IP-10), monocyte chemoattractant protein-1 (MCP-1), and IL-1a were also 513 

produced upon whole Spike protein stimulation, but at lower concentrations (Supplementary 514 

Figure 18). The increase of cytokine production was observed in both HLA-A*03:01+ and HLA-515 

A*03:01- samples, with no significant difference between the two groups. However, IL-6 and IL-516 

8 were the only cytokines to show a notable elevated production in HLA-A*03:01⁺ samples after 517 

Spike stimulation representing ~1.3- and ~1.4-fold increase compared with HLA-A*03:01-, 518 

respectively (Figure 4). IL-6 and IL-8 cytokines were also expressed at the highest concentration 519 

compared to other cytokines.  520 

To determine which cell subset was responsible for the production of IL-6 and IL-8, cytokine 521 

production was assessed in Spike-stimulated PBMCs, with and without Spike stimulation, using 522 

flow cytometry. IL-6 was produced predominantly by monocytes (CD14+) despite the low number 523 

of CD14+ cells in blood (Figure 5A, Supplementary Figures 19 and 20A-B, Supplementary 524 
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Table 22), and at lower levels by natural killer (NK) cells (CD56+), suggesting a primary role of 525 

the innate response in vaccine reactogenicity (Figure 5A). In HLA-A*03:01⁺ samples (n = 19), 526 

IL-6⁺ NK cells averaged 0.14 ± 0.2 % and monocytes 7.2 ± 10.8 % (n = 7/19), whereas in HLA-527 

A*03:01- samples (n = 19) comparable NK responses (0.29 ± 0.44 %) but broader monocyte 528 

positivity (10.2 ± 12.3 %, n = 11/19) were observed (Figure 5A). In contrast, IL-6⁺ T and B cells 529 

were rare, with only traceable responses (< 0.05 %). Similarly, IL-8 was produced by monocytes, 530 

averaging 3.4 ± 7.3 % (n = 4/19) in HLA-A*03:01⁺ and 13.4 ± 20.3 % (n = 11/19) in HLA-531 

A*03:01- samples, while other subsets were negligible (Figure 5B). In contrast with the high level 532 

of IL-6 and IL-8 secreted (Figure 4), the frequencies of IL-6⁺ and IL-8⁺ cells detected were low in 533 

PBMCs. Therefore, we performed a Spike uptake assay in PBMCs, further confirming that Spike 534 

uptake was mainly driven by monocytes showing a higher phagocytic score, and at lower level by 535 

NK cells (phagocytosis of Spike-coated microbeads; Figure 5C, Supplementary Figure 20C). 536 

In summary, the high levels of IL-6 and IL-8 production were observed only in the presence 537 

of the full Spike protein and were primarily produced by monocytes. 538 

 539 
 540 
Expression of IL-6 and IL-8 correlates with side effect severity in HLA-A*03:01 donors 541 

While our results suggest a role for IL-6 and IL-8 in vaccine reactogenicity, the differences 542 

observed between HLA-A*03:01⁺ and HLA-A*03:01- samples were not significant. However, as 543 

with most complex phenotypes, the association of HLA-A*03:01⁺ with vaccine reactogenicity is 544 

incompletely penetrant. While more HLA-A*03:01⁺ individuals report SSE with vaccination, there 545 

was a range of severity reported among our PBMC donors; thus, we sought to determine whether 546 

levels of IL-6 and IL-8 were correlated with reported vaccine side effect severity in these donors. 547 

Strikingly, in HLA-A*03:01⁺ samples (n = 18, Supplementary Table 25), both IL-8 and IL-6 548 
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levels showed strong and significant positive correlations with side effect severity score (IL-8 and 549 

IL-6: rho = 0.48 and p = 0.043, Figure 5D-E), indicating that higher cytokine production was 550 

associated with increased vaccine side effect severity. In contrast, no significant correlation was 551 

observed in HLA-A*03:01- individuals (n = 20, Supplementary Table 25, Figure 5F-G). To 552 

ensure that the correlation observed in HLA-A*03:01+ samples was due to the transient presence 553 

of the Spike protein, we checked the baseline levels of IL-6 and IL-8 cytokines in serum of HLA-554 

A*03:01+ donors collected prior to vaccination, or two weeks post-first and -second vaccine dose, 555 

alongside TNF and IFNγ as controls (Supplementary Figure 21). Overall, the level of cytokines 556 

was low (< 100 pg/mL) or moderate, and no significant increase was observed before or after 557 

vaccination. This demonstrates that the cytokine production upon Spike presentation is likely 558 

transient.  559 

 560 

Together, these data establish that HLA-A*03:01⁺ samples display a distinct pro-561 

inflammatory signature, with IL-6 and IL-8 production strongly linked to vaccine side-effect 562 

severity. The early and transient nature of this cytokine production primarily by monocytes 563 

strongly suggests an innate immune response underlying HLA-A*03:01 vaccine reactogenicity. 564 

 565 

Discussion 566 

Vaccination has been a crucial public health intervention for decades, significantly contributing to 567 

the prevention and control of infectious diseases worldwide. However, concerns about vaccine 568 

safety and efficacy, and negative public perceptions regarding side effects, have emerged as a 569 

significant challenge in maintaining high vaccination coverage. Because the binding between HLA 570 

and peptide antigen is highly specific and a fundamental component in initiating the adaptive 571 
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immune system, understanding the role of HLA variation in vaccine response can be crucial in 572 

determining factors that underlie vaccine efficacy. Variation in HLA-A*03:01 has previously been 573 

reported as associated with COVID-19 vaccine reactogenicity(35, 36, 40). Here, in a substantially 574 

larger cohort than previously examined, we clarify and extend these observations and place them 575 

into a broader immunogenetic framework. Our findings suggest that vaccine reactogenicity reflects 576 

the interaction of antigen-specific HLA effects and more generalized determinants of inflammatory 577 

responsiveness, and that these responses are linked to protection from subsequent infection. 578 

 579 

Leveraging a large, registry-based cohort of more than 50,000 individuals, we expand 580 

understanding of HLA variation as a major determinant of COVID-19 vaccine reactogenicity, with 581 

HLA-A*03:01 and HLA-A*29:02 associated with increased risk of SSE and HLA-B*08:01 582 

associated with protection. Interestingly, we discover that HLA-A*03:01 carriage was associated 583 

not only with increased COVID-19 vaccine reactogenicity, but also with reduced risk of BTI, 584 

fewer total SARS-CoV-2 infections, and a milder disease course. Notably, the association of 585 

vaccine reactogenicity with better protection (less BTI and milder disease) extended beyond HLA-586 

A*03:01 itself, suggesting that SSE represent a broad correlate of effective immune activation 587 

upon vaccination. While the HLA-A*03:01 association appeared specific to COVID-19 588 

vaccination, the SSE inverse correlation with HLA-B*08:01 extended across both COVID-19 and 589 

influenza vaccines. Together, these findings suggest that vaccine reactogenicity reflects the 590 

interaction of antigen-specific immunogenetic effects and broader host determinants of 591 

inflammatory responsiveness. 592 

 593 
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Owing to the crucial role of HLA class I molecules in antigen presentation, the role of CD8+ T 594 

cells in HLA-A*03:01-mediated vaccine reactogenicity presented a clear initial line of inquiry into 595 

the mechanisms underlying reported SSE. We observed a high frequency of CD8+ T cells capable 596 

of recognizing the immunodominant Spike-derived peptide restricted by HLA-A*03:01, KCY 597 

specifically(23), even prior to vaccination or infection. Interestingly, both prior and subsequent to 598 

vaccination, the majority of the CD8+ T cells exhibited low mean florescence intensity 599 

(tetramerlow) and had a naïve phenotype. Post-COVID-19 vaccination we did observe the 600 

expansion of tetramerhigh KCY-specific CD8+ T cells with a memory phenotype. However, in 601 

contrast with HLA-A*02:01+ samples, even after multiple doses of the COVID-19 vaccine, the 602 

frequency of KCY+ naïve CD8+ T cells remained high, persisted with time, likely reflecting the 603 

large proportion of naïve T cells able to specifically bind the KCY peptide independent of vaccine 604 

status. Most strikingly, even post-vaccination, the T cell response to KCY was muted relative to 605 

responses to an Influenza-derived peptide, such that it is unlikely that the observed COVID-19 606 

vaccine reactogenicity can be attributed to an enhanced T cell activation. Consistent with the 607 

modest antigen-specific T-cell responses observed, it is also possible that the distinctive polyclonal 608 

TCR repertoire associated with HLA-A*03:01 limits early antigen clearance, prolonging antigen 609 

availability and thereby increasing the contribution of innate and cytokine-driven responses to the 610 

overall vaccine response.  611 

 612 

In line with this, our data point toward innate inflammatory pathways as a central determinant of 613 

HLA-associated reactogenicity. Monocytes emerged as the predominant source of IL-6 and IL-8 614 

following Spike stimulation, and the magnitude of these cytokine responses correlated directly 615 

with vaccine side-effect severity in HLA-A*03:01+ donors. Together with our epidemiologic 616 
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findings linking reactogenicity across vaccine types and allergy phenotypes, these results suggest 617 

that HLA-A*03:01-associated reactogenicity reflects an amplified innate inflammatory response 618 

rather than exaggerated antigen-specific T-cell activation. Notably, IL-6 is a key regulator of T 619 

follicular helper cell differentiation, germinal center responses, and antibody production(50), 620 

providing a plausible mechanistic link between the increased reactogenicity associated with HLA-621 

A*03:01 and the enhanced antibody responses observed here and in previous studies(43). While 622 

the precise causal pathway remains to be established, our findings support a model in which 623 

transient innate inflammatory activation contributes both to post-vaccination SSE and to the 624 

development of more effective humoral immunity, consistent with effective immune activation 625 

with enhanced protection from infections (less BTI) and reduced disease severity. 626 

 627 

This study is intrinsically constrained by its dependence on self-reported data to assess transient 628 

mild vaccine side effects in both the discovery and replication cohorts, which potentially can lead 629 

to some imprecision in association results. Additionally, sample size limitations restrict some 630 

significant findings to individuals who self-identify as White. Likewise, our cohort was 631 

predominantly female (78.4%), which may limit the generalizability to broader populations. 632 

Moreover, the low number of monocyte cells in the blood limited the ability to show significant 633 

differences, in addition to the incomplete penetrance of the observed genetic effect, which is 634 

typical for complex traits. The transient features of SSE also constrained these observations.   635 

 636 

Despite these limitations, our findings provide important new insight into the biological basis of 637 

COVID-19 vaccine reactogenicity. By integrating large-scale immunogenetic and epidemiological 638 

analyses with functional immune studies, we show that vaccine side effects reflect the interaction 639 
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of antigen-specific HLA effects and broader innate inflammatory responsiveness, and that these 640 

responses are associated with protection from subsequent infection and disease severity. More 641 

broadly, these results suggest that transient vaccine SSE may represent a clinically observable 642 

correlate of effective immune activation, providing a framework for understanding individual 643 

variation in vaccine responses and informing efforts to optimize vaccine efficacy and public 644 

participation in vaccination programs. 645 

 646 

 647 

Methods 648 

 649 

Discovery cohort 650 

We recruited our study population via email to all potential volunteer bone marrow donors 651 

registered in the NMDP database with available email addresses and high-resolution HLA 652 

genotyping information available. The email contained a custom link directing them to a consent 653 

page for a health history survey. Subject recruitment, consent process, and survey administration 654 

were conducted using both email outreach and a web interface to ensure effective data collection. 655 

Upon consenting to provide responses and allow linking with their HLA genotype data, 656 

participants spent ten to fifteen minutes completing a detailed survey to gather baseline 657 

information and health history.  658 

 659 

As of January 19th, 2024, a total of 80,016 eligible donors completed the survey. Among these 660 

respondents, 667 individuals (0.83%) were excluded for filling out the survey multiple times, while 661 

1,301 participants were removed due to incomplete HLA variation data. After excluding these 662 
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cases and individuals that were also participated in the study that formed our replication cohort, 663 

below (N = 836), there remained a total of 77,212 participants in the study.  Of these individuals, 664 

56,938 people who self-identified as White, Hispanic, Black, or Asian or Pacific Islander, had 665 

completed their initial series of vaccinations. We excluded participants who identified as multiple 666 

ancestry, unknown ancestry or Native American due to small sample sizes. 667 

 668 

Replication cohort  669 

Our replication cohort consisted of NMDP participants who also participated in the COVID-19 670 

Citizen Science Study, a mobile app-based longitudinal study built using the Eureka Digital 671 

Research Platform (University of California San Francisco) as previously described in detail in 672 

Augusto et al. 2023(26). Once enrolled, the participants are asked to complete an initial 10 to 15-673 

minute survey about baseline demographics, their health history, and daily habits. Follow-up daily 674 

questions specific to vaccine side effects are delivered by push notification or text message on an 675 

ongoing basis and require 5 to 15-minute per week. All the participants provided written informed 676 

consent agreeing to the research and publication of research results. 677 

 678 

We restricted our analysis to individuals who had self-identified as ‘White’ due to insufficient 679 

numbers for analysis in the other groups, allowing an analysis of 10,595 individuals reporting 680 

vaccination for SARS-CoV-2. Of those, 4,575 individuals completed their initial series of 681 

vaccinations. Symptoms are self-reported at the baseline and in daily surveys. Within the baseline 682 

survey, the respondents were asked to report whether they had any of a list of symptoms 683 

(Supplementary Table 26) for 3 days or longer at any time after their complete dose of 684 

vaccination.  685 
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 686 

Serum antibody levels in vaccinated subjects 687 

The population examined consisted of 156 healthcare workers from “Evangelismos” General 688 

Hospital in Athens, Greece, including doctors, nurses, pharmacists, biologists, dentists, technicians 689 

and administrative staff. Enrollment was open to all hospital personnel scheduled for vaccination 690 

and not restricted by any pre-specified criteria.  All individuals received two doses of the mRNA 691 

Pfizer-BioNTech vaccine. Data on prior SARS-CoV-2 infection and symptoms experienced after 692 

each dose were collected for all participants. Antibody concentrations were assessed at two time 693 

points: 21 ± 1 days after the first dose and 24 ± 2 days after the second dose. Levels of circulating 694 

SARS-CoV-2 anti-Spike IgG (S) and anti-nucleocapsid IgG (N) antibodies were quantified using 695 

the Abbott Diagnostics SARS-CoV-2 IgG chemiluminescent microparticle immunoassay (Abbott 696 

Diagnostics, Abbott Park, Illinois) on an Abbott Diagnostics Architect i2000 SR and an Alinityi 697 

Analyzer, according to the manufacturer’s instructions. Results were expressed in AU/mL and 698 

were interpreted as positive if ≥ 50 AU/mL(51).  Informed consent was obtained from all 699 

participants, and the study was approved by the Institutional Review Board of “Evangelismos” 700 

Hospital (PN 9/21-01-21). High resolution HLA class I and II genotyping was performed as 701 

described(52). 702 

 703 

Peripheral blood mononuclear cells (PBMCs) 704 

HLA-A*03:01+ and HLA-A*03:01- donors vaccinated with the Comirnaty BNT162b2 COVID-19 705 

mRNA vaccine (Pfizer), the Oxford–AstraZeneca COVID‑19 vaccine (AstraZeneca), or the 706 

mRNA-1273 Spikevax COVID-19 vaccine (Moderna) were recruited (Supplementary Table 22). 707 

PBMCs were separated from whole blood or buffy coats using density-gradient centrifugation. 708 
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PBMCs were used fresh or were cryogenically stored until use. All individuals consented to 709 

research and publication of research results and had been previously HLA genotyped. Ethics 710 

approval to undertake the research was obtained from the La Trobe University Human Research 711 

Ethics Committee (HEC21097). The HLA genotyping was performed by AlloSeq Tx17 (CareDx 712 

Pty) using AllType NGS high-resolution genotyping on the IonTorrent NGS platform or by the 713 

Department of Clinical Immunology and PathWest at Fiona Stanley Hospital, Murdoch, Australia. 714 

 715 

Tetramer-associated magnetic enrichment (TAME) 716 

Peptide-loaded HLA-A*03:01 tetramers were generated using Streptavidin conjugated to 717 

phycoerythrin (PE). Tetramer-stained cells were enriched using anti-PE antibody-coated 718 

immunomagnetic beads on LS columns (Miltenyi Biotech) according to manufacturer instructions. 719 

After enrichment, cells were stained with an antibody panel including anti-CD3-BV480 (dilution 720 

1:100), anti-CD8-PerCP-Cy5.5 (1:50), anti-CD4-FITC (1:100), anti-CD14-APCH7 (1:200), anti-721 

CD19-APCH7 (1:100), anti-CD45RA-BUV395 (1:100), anti-CD27-APC (1:100), anti-CCR7-PE-722 

Cy7 (1:50), anti-CD95-BV421 (1:50), anti-PD1-BV605 (1:100), anti-CXCR5-BV650 (1:100) (all 723 

BD Biosciences) and Live/Dead Fixable Near-IR Dead Cell Stain (1:1,000) (Life Technologies). 724 

Cells were resuspended in MACS buffer (PBS, 0.5% BSA, 2 mM EDTA) and were analysed using 725 

the BD FACSymphony A3 system or and were directly single-cell index sorted into PCR plates 726 

(Eppendorf) using the BD FACSAria Fusion system. 727 

 728 

For the tetramer staining experiments, the TAME cells were stained for 1 hour at room temperature 729 

with the APC-conjugated Flu-NP265 HLA-A*03:01-restricted peptide tetramer, followed by 730 
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surface staining using the same antibody panel as above, excluding anti-CD27-APC. Gating 731 

strategy shown on Supplementary Figure 6.  732 

 733 

Generation of peptide-specific CD8+ T cell lines 734 

CD8+ T cell lines were generated as previously described(53, 54). In brief, PBMCs were incubated 735 

with 1 μM of individual peptide or 10 μg/mL of Spike-derived peptide Pool 1 (25 μg/peptide, 736 

15mers, 1–126) and Pool 2 (25 μg/peptide, 15mers, 127 – 253) (Mimotopes B#33200); and 737 

cultured for 10–14 days in RPMI-1640 supplemented with 2 mM MEM non-essential amino acid 738 

solution (Sigma-Aldrich), 100 mM HEPES (Sigma-Aldrich), 2 mM l-glutamine (Sigma-Aldrich), 739 

penicillin–streptomycin (Life Technologies), 50 mM 2-ME (Sigma-Aldrich) and 10% heat-740 

inactivated fetal bovine serum (Bovogen). The cultures were supplemented with 10 IU IL-2 2–3 741 

times weekly. CD8+ T cell lines were used fresh for subsequent analysis.  742 

 743 

Intracellular cytokine assay 744 

CD8+ T cell lines were stimulated with 1 μM of individual peptide or 2 μg/mL of the SARS-CoV-745 

2 Spike-derived peptide Pool 1 (25 μg/peptide, 15mers, 1–126) and Pool 2 (25 μg/peptide, 15mers, 746 

127 – 253) (Mimotopes B#33200) and were incubated for 4 – 5 hour in the presence of GolgiPlug, 747 

GolgiStop and anti-CD107a-FITC (dilution 1:100) (all BD Biosciences). After stimulation, cells 748 

were surface stained for 30 min with anti-CD3-BV480 (1:100), anti-CD8-PerCP-Cy5.5 (1:50) and 749 

anti-CD4-BV650 (1:100) antibodies (all BD Biosciences) and Live/Dead Fixable Near-IR Dead 750 

Cell Stain (Life Technologies). Cells were fixed and permeabilized using BD Cytofix/Cytoperm 751 

solution (BD Biosciences) and then intracellularly stained with anti-IFN-γ-BV421 (1:100), anti-752 

TNF-PE-Cy7 (1:100), anti-IL2-PE (1:100) and anti-MIP-1β-APC (1:100) antibodies (all BD 753 



 

 34 

Biosciences) for a further 30 min. Cells were acquired on the BD FACSymphony A3 system using 754 

the FACSDiva software (v.9.0.). Post-acquisition analysis was performed using FlowJo software 755 

(v.10). Cytokine detection levels identified in the no-peptide control condition were subtracted 756 

from the corresponding test conditions in all summary graphs to account for non-specific, 757 

spontaneous cytokine production. Gating strategy shown on Supplementary Figure 6.  758 

 759 

Single-cell multiplex PCR 760 

Single-cell multiplex PCR was performed as previously described (26). In brief, cDNA was 761 

generated using the VILO cDNA synthesis kit (Invitrogen) at 1/20 of the manufacturer’s 762 

recommendations with 0.1% Triton X-100. Nested PCR comprising 40 α- and 27 β-chains was 763 

subsequently undertaken. PCR products were purified using ExoSAP (GE Healthcare) and were 764 

sequenced at AGRF. Sequences were analysed using FinchTV (Geospiza v.1.5.0) and IMGT 765 

software (55). CDR3 sequences shown are all productive (no stop codons).59 766 

 767 

PBMCs short-term stimulation 768 

1 x 106 PBMCs were stimulated with either 15 μg/mL of empty Pfizer-BioNTech lipid nanoparticle 769 

(LNP)(47) or 15 μg/mL custom made SARS-CoV-2 Spike protein (Wuhan strain); or 7.5 μg/mL 770 

of the SARS-CoV-2 Spike-derived peptide Pool 1 (25 μg/peptide, 15mers, 1–126) and 7.5 μg/mL 771 

Pool 2 (25 μg/peptide, 15mers, 127 – 253) (MIMOTOPES B#33200); or Cell Stimulation Cocktail 772 

(500X) (eBioscience™); or nothing (Negative Control) for 15 hours in RPMI-1640 supplemented 773 

with 2 mM MEM non-essential amino acid solution (Sigma-Aldrich), 100 mM HEPES (Sigma-774 

Aldrich), 2 mM l-glutamine (Sigma-Aldrich), penicillin–streptomycin (Life Technologies), 775 

50 mM 2-ME (Sigma-Aldrich) and 10% heat-inactivated fetal bovine serum (Bovogen). Following 776 
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the 15-hour stimulation, the cells were restimulated for a further 2-hour using the same conditions, 777 

and the supernatant was collected for the BD Cytometric Bead Array (CBA).  778 

 779 

The same conditions were also used in the presence of GolgiPlug and GolgiStop (BD Biosciences). 780 

Following the 15-hour stimulation and the 2-hour restimulation, the cells were surface-stained for 781 

30 minutes with anti-CD3-BV480 (1:100), anti-CD14-PerCP-Cy5.5 (1:100), anti-CD16-BV421 782 

(1:50), anti-CD19-APC (1:50), anti-CD56-PECy7 (1:50) antibodies (all BD Biosciences) and 783 

Live/Dead Fixable Near-IR Dead Cell Stain (Life Technologies). Cells were fixed and 784 

permeabilized using BD Cytofix/Cytoperm solution (BD Biosciences) and then intracellularly 785 

stained with anti-IL6-FITC (1:50) and anti-IL8-PE (1:50) antibodies (both BD Biosciences) for a 786 

further 30 minutes. Cells were acquired on the BD FACSymphony A3 system using the FACSDiva 787 

software (v.9.0.). Gating strategy shown on Supplementary Figure 19.  788 

 789 

BD Cytometric Bead Array (CBA)  790 

Following the PBMC short-term stimulation, the supernatant level of Interleukin (IL)-1α, IL-1β, 791 

IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13, Interferon (IFN)-α, IFNγ, IFNγ 792 

inducible protein 10 kDa (IP-10), granulocyte-macrophage colony-stimulating factor (GM-CSF), 793 

Lymphotoxin-alpha (LT-α), Eotaxin, Monocyte Chemoattractant Protein-1 (MCP-1), macrophage 794 

inflammatory protein-1 alpha (MIP-1α), RANTES, tumor necrosis factor (TNF) and were 795 

measured using the BD Cytometric Bead Array (CBA, BD Biosciences) following the 796 

manufacturer’s instructions. Samples were acquired in a BD FACSymphony A3 system using the 797 

FACSDiva software (v.9.0.). The analysis was performed using the BD CBA Analysis Software 798 

(v1.1.15).  Cytokine detection levels identified in the Negative Control condition were subtracted 799 
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from the corresponding test conditions in all summary graphs to account for non-specific, 800 

spontaneous cytokine production. 801 

 802 

SARS-CoV-2 Spike-specific phagocytosis assay  803 

After PBMCs stimulation with full length Spike protein for 15-hours, PBMCs (1 × 105 cells in 804 

50µL) were added onto 60 µL of the donor plasma opsonised microbeads (10µL plasma and 50µL 805 

microbeads), mixed by gentle tapping, adjusted to 600 µL using RPMI 1640 containing 0.1% 806 

human serum and 0.1 M HEPES pH 7.4 and transferred into 37ºC, 5 % CO2 incubator. After 2-807 

hour incubation, cells were washed once with 1mL of cold PBS containing 0.5 % FBS and 0.005 % 808 

sodium azide and gentle centrifugation at 335 x g for 5 minutes at 4ºC, fixed in 400 µL of 1 % 809 

paraformaldehyde, and kept at 4ºC in the dark until data acquisition using BD FACSymphony A3. 810 

A total of 2 x104 events per tube were acquired from each condition. Relevant assay controls 811 

included cells incubated with no beads, and Spike-coated nonopsonized beads. The frequency of 812 

cells that phagocytosed the beads (% of cells that took up the beads) and their fluorescent 813 

intensities (amounts of beads taken up per cell) were analyzed using BD FlowJo version 10.5.0 814 

software. Phagocytic scores (p-score) were then calculated based on the frequency of cells that 815 

took up the opsonized beads denoting the number of positive cells and mean fluorescence intensity 816 

(MFI) representing the average bead uptake by the positive cells as described. A positive p-score 817 

was defined as three standard deviations above the background mean phagocytic score of healthy 818 

donors as described previously(56). 819 

 820 

In selected experiments, the intracellular uptake of the opsonized microbeads by effector cells was 821 

confirmed by confocal microscopy as described(56). In brief, PBMCs (1 × 104 cells) after 822 
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phagocytosis assay were washed twice with cold PBS containing 0.5% FBS and 0.005 % of sodium 823 

azide, fixed with 1% paraformaldehyde for 5 minutes at room temperature, and rinsed twice with 824 

PBS. The fixed cells were blocked with 1% BSA in PBS, incubated with Alexa-555-conjugated 825 

Phalloidin (1:1000, Sigma, USA) for 30 minutes at room temperature, mounted in DAPI nuclear 826 

stain-containing media (Molecular Probes, USA), and imaged using ZEISS LSM 880 confocal 827 

microscope (Carl Zeiss AG, Germany); featuring 63X/1.4 Plan-Apochromat Oil Immersion 828 

objective, with Diode 405 nm (DAPI), Argon ion 488 nm (Alexa-488) and DPSS 561 nm (Alexa-829 

555 phalloidin) laser excitation sources, emitted light was filtered using a combination of emission 830 

filters and imaged onto Airy detector array producing an effective lateral resolution of ~100 nm. 831 

All the images were Airyscan processed with Zen Black Edition (Zeiss Software). 832 

 833 

Assessment of vaccine side effects 834 

To standardize the evaluation of vaccine-associated SSE, we developed a composite scoring 835 

framework termed the SSE severity score adapted from the vaccine side effect guideline described 836 

elsewhere(57). Each reported symptom was first categorized by type and severity (local, systemic, 837 

or severe) according to previously established criteria for vaccine reactogenicity. For each donor 838 

and vaccine dose, symptoms were graded as: 0 = none; 1 = mild (e.g., injection site pain, mild 839 

fatigue, or a single local symptom); 2 = moderate (systemic but not severe, e.g., fever, chills, 840 

headache, myalgia, or multiple mild symptoms); or 3 = severe (multiple systemic symptoms, 841 

prolonged recovery >2 days, swelling requiring medical review, dose-limiting reaction, or 842 

hospitalization). To account for compounded burden, additional multipliers were applied: +1 if 843 

multiple symptoms occurred at the same dose, +1 if symptoms recurred across multiple doses, and 844 

+1 if symptom duration exceeded 2 days (if reported). Scores were then summed to generate an 845 
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overall SSE severity score per participant, which was categorized as: 0 (no side effects), 1–2 846 

(mild), 3–4 (moderate), and ≥ 5 (severe). The scores are summarized in Supplementary Table 847 

25.  848 

Statistical analysis 849 

HLA associations: In our discovery cohort, we examined the association of five HLA loci (HLA-A, 850 

-B, -C, -DRB1, -DQB1). Data analysis included the first two fields of the allele name as described 851 

in the HLA nomenclature, representing the complete molecule at polypeptide sequence resolution. 852 

We calculated allele frequencies for all the HLA loci, haplotype frequencies using Haplostats R 853 

package (58) and R2 for Linkage Disequilibrium (from our in-house script) between all the pair of 854 

loci (Supplementary Table 14). We employed a generalized logistic regression model using ‘glm’ 855 

in the R (V 4.3) base package to consider relevant covariates, including sex and age. For the 856 

replication cohort, we tested only the allele of interest, using the generalized logistic regression 857 

model framework as described. We utilized our in-house Python script to construct forest plots. 858 

We conducted an analysis of variance (ANOVA) to assess the statistical significance of differences 859 

in antibody positivity rates across groups with different counts of HLA-A*03:01 allele (0,1 or 2). 860 

For meta-analysis to evaluate HLA allele association across ancestry groups, we used inverse 861 

variance method, with between-study variance estimated via restricted maximum likelihood 862 

(REML). Confidence intervals for τ² and τ were derived using the Q-profile method, and I² was 863 

calculated based on Cochran’s Q statistic.  864 

 865 

All additional analyses were performed in GraphPad Prism v10.1. Data are shown as mean ± SD, 866 

with symbols representing individual donors. Paired comparisons across time points were assessed 867 
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using two-tailed Wilcoxon matched-pairs tests, and unpaired comparisons between HLA-868 

A*03:01⁺ and HLA-A*03:01⁻ groups by two-tailed Mann–Whitney U tests. For the CBA, cytokine 869 

values were background-subtracted from unstimulated or controls; analytes below detection limits 870 

were excluded. Correlations between cytokine levels and side-effect severity were evaluated using 871 

Spearman’s r. Frequencies of cytokine-producing or tetramer-positive T cells and phagocytic 872 

scores were compared using non-parametric tests. All tests were two-tailed; p < 0.05 was 873 

considered significant. 874 
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Figure 1 | Association of HLA alleles with three or more systemic side effects in the discovery 1192 

cohort (Self-identified White, N = 50,535).  1193 

Odds ratio is shown on the x-axis and p-value is shown on the y-axis. HLA alleles that are 1194 

significant in both discovery and replication cohort are shown as solid-colored circles.    1195 

 1196 

Figure 2 | Modest Spike-specific CD8⁺ T cell responses after COVID-19 vaccination in HLA-1197 

A*03:01+ samples.  1198 

(A-E) Cell lines generated by stimulating PBMCs with the Spike peptide pool and restimulated 1199 

with the Spike peptide pool. Frequencies of IFNγ⁺, TNF⁺, IL-2⁺, MIP-1β⁺ and CD107a⁺ CD8⁺ T 1200 

cells from HLA-A*03:01+ samples at baseline (V0, n = 9), after one (V1, n = 12) or two (V2, n = 1201 

12) vaccine doses. (F-J) Cell lines generated by stimulating PBMCs with the Spike peptide pool 1202 

and restimulated with the KCY peptide. Frequencies of IFNγ⁺, TNF⁺, IL-2⁺, MIP-1β⁺ and CD107a⁺ 1203 

CD8⁺ T cells from HLA-A*03:01+ samples at baseline (V0, n = 9), after one (V1, n = 12) or two 1204 

(V2, n = 12) vaccine dose. 1205 

Bars show mean ± SD and symbols denote individual donors. Data represent biological replicates 1206 

from independent donors (n) with one technical replicate per condition. Statistical comparisons 1207 

were performed using a two-sided Mann–Whitney U test and were all not significant. 1208 

 1209 
Figure 3 | Tetramerlow KCY-specific CD8⁺ T cells are present before vaccination and 1210 

tetramerhigh population emerges after vaccination. 1211 

(A) Tetramer-associated magnetic enrichment (TAME) plots of HLA-A*03:01-KCY-specific 1212 

CD8⁺ T cells across before (V0, n = 4) and after vaccination (V1, V2, n = 4, respectively). (B) 1213 

Quantification of KCY⁺ CD8⁺ T cell frequencies by TAME. (C-D) Mean fluorescence intensity 1214 

(MFI) analysis of HLA-A*03:01-KCY-specific CD8⁺ T cells with (C) tetramerlow and (D) 1215 

tetramerhigh at V0, V1 and V2. (E-G) Phenotypic composition of (E) all tetramer+, (F) tetramerlow 1216 

and (G) tetramerhigh HLA-A*03:01-KCY-specific CD8⁺ T cells showing the proportion of naïve 1217 

(red), effector memory (TEM, orange), central memory (TCM, black), stem like memory cells (TSCM, 1218 

grey), and terminally exhausted memory re-expressing RA cells (TEMRA, blue) phenotype. Bars 1219 

show mean ± SD and symbols denote individual donors. Data represent biological replicates from 1220 

independent donors (n) with one technical replicate per condition, unmatched samples.  *p < 0.05; 1221 

**p < 0.01. Statistical comparisons were performed using a two-sided Mann–Whitney U test. (H-1222 
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I) KCY-specific TCR clonotypes with the (H) the TCR a-chain sequences colored by TRAV (TCR 1223 

a variable gene) and (I) the TCR b-chain sequences colored by TRBV (TCR b variable gene). Each 1224 

TCR gene segment is shown in a different color.  1225 

 1226 
Figure 4 | Whole Spike protein stimulation activates large IL-6 and IL-8 production 1227 

Cytokine levels measured in PBMCs from HLA-A*03:01⁺ (n = 27, dots) and HLA-A*03:01- (n = 1228 

28, triangles) samples after stimulation with full-length soluble Spike protein (Spike), lipid 1229 

nanoparticle (LNP), or Spike peptide pool (Peptide pool). Only full-length Spike induced broad 1230 

cytokine responses, including IL-6, IL-8, TNF, IL-10, MIP-1α, RANTES, IL-1β. Bars represent 1231 

mean ± SD; symbols denote individual samples, colored dots or triangles represent the samples 1232 

with high cytokine level production while the samples with low cytokine level production are in 1233 

black. Data represent biological replicates from independent donors (n) with one technical 1234 

replicate per condition. Statistical comparisons were performed using a two-sided Mann–Whitney 1235 

U test and were all not significant. 1236 

 1237 
Figure 5 | IL-6 and IL-8 cytokines are mainly produced by monocytes, and their levels 1238 

correlate with vaccine side-effect severity for HLA-A*03:01⁺ samples. 1239 

(A-B) Intracellular cytokine staining of Spike-stimulated PBMCs showing IL-6⁺ (A) and IL-8⁺ (B) 1240 

cells among CD3⁺ T cells, CD19⁺ B cells, CD56⁺ NK cells, and CD14⁺ monocytes from HLA-1241 

A*03:01⁺ (red dots, n = 19) and HLA-A*03:01- samples (black dots, n = 19). (C) Phagocytic score 1242 

(P score) representing the uptake of Spike-coated microbeads by monocytes, NK, T and B cells in 1243 

HLA-A*03:01⁺ (red dots) and HLA-A*03:01- samples (black dots). Bars represent mean ± SD; 1244 

symbols denote individual donors. (D-G) Correlation of IL-6 (D, F) and IL-8 (E, G) concentrations 1245 

with self-reported vaccine side-effect severity scores from HLA-A*03:01⁺ (D-E, n=18, dots) and 1246 

HLA-A*03:01- donors (F-G, n=20, dots). Data represent biological replicates from independent 1247 

donors (n) with one technical replicate per condition. Correlations were evaluated using two-sided 1248 

Spearman’s rank correlation coefficient (r). 1249 

 1250 

 1251 

 1252 

Supplementary Figure Legends 1253 

 1254 



 

 49 

Supplementary Figure 1 | Heatmap of the covariation matrix for all observed side effects in 1255 

the discovery cohort (Self-identified White, N = 50,535).  1256 

Cells display correlation coefficients ranging from –0.5 to 1, with positive values indicating that 1257 

symptoms tend to occur together more frequently, 0 showing no co-occurrence and negative values 1258 

indicating inverse relationships. Rows and columns represent individual side effects; color red 1259 

(strong correlation) to blue (weak correlation) reflects the magnitude of the correlation.  1260 

 1261 

Supplementary Figure 2 | Meta-analysis of the association between HLA-A*03:01 and 1262 

vaccine reactogenicity across ancestry groups in discovery cohort [N = 57,938].  1263 

The analysis included White (N = 50,535), Black ( N = 940), Hispanic (N = 4,287), and Asian or 1264 

Pacific Islander (N = 2,176) cohorts. Points indicate odds ratios (ORs) and horizontal lines 1265 

represent 95% confidence intervals; box sizes are proportional to inverse-variance weights. The 1266 

vertical solid line marks the null value (OR = 1). The diamond represents the pooled estimate under 1267 

a common-effect model. Models were adjusted for age and sex. 1268 

 1269 

Supplementary Figure 3 | Forest plot showing association between HLA-A*03:01 and vaccine 1270 

side effects by self-reported ancestry in discovery cohort [N = 57,938].  1271 

White [N= 50535] shown in blue, Black [N= 940] shown in orange, Hispanic [N=4287] shown in 1272 

green and Asian or Pacific Islander [N= 2176] shown in red. Points indicate odds ratios and 1273 

horizontal lines represent 95% confidence intervals; the vertical dashed line marks the null value 1274 

(OR = 1), adjusted for age and sex. 1275 

 1276 

Supplementary Figure 4 | Proportion of vaccinated individuals who experienced three or 1277 

more systemic side effects vs. two or fewer side effects. 1278 

Bar plot showing the proportion of individuals who experienced side effects (three or more 1279 

systemic side effects vs. two or fewer side effects; colored in red and blue respectively) from each 1280 

of  three COVID-19 vaccine brands [Pfizer vaccinated (N = 26,250), Moderna vaccinated (N = 1281 

18,307), and Johnson & Johnson vaccinated (N = 3,312)]. 1282 

 1283 

Supplementary Figure 5 | Anti-Spike antibody positivity rate by 0, 1, and 2 copies of HLA-1284 

A*03:01. 1285 
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Violin plots showing the distribution of antibody positivity rates (AU/mL) stratified by HLA-1286 

A*03:01 allele copy number (0, 1, and 2 copies) in an independent cohort of 156 individuals 1287 

(European ancestry).  Inner boxplots indicate the median and interquartile range (IQR), with 1288 

whiskers representing the range of the data. 1289 

 1290 

Supplementary Figure 6 | Gating strategy for identification and functional assessment of 1291 

KCY-specific CD8⁺ T cells. 1292 

(A) PBMC or peptide-specific CD8+ T cell lines gating strategy. (B) CD8+ T cells were single cell 1293 

sorted based on their tetramer specificity or (C) were assessed by function in an ICS assay. (B) 1294 

Schematic displaying representative tetramer staining of HLA-A*03:01-KCY tetramer+ cells. (C) 1295 

Representative gating for the assessment of functionality from an ICS assay. 1296 

 1297 
Supplementary Figure 7 | Modest Spike-specific CD4+ T cell responses after COVID-19 1298 

vaccination in HLA-A*03:01+ samples.  1299 

Cell lines generated by stimulating PBMCs with the Spike peptide pool and restimulated with the 1300 

Spike peptide pool. (A-E) Frequencies of IFNγ⁺, TNF⁺, IL-2⁺, MIP-1β⁺ and CD107a⁺ CD4⁺ T cells 1301 

from HLA-A*03:01+ samples before and after vaccination (V0: n = 9, V1: n = 12, V2: n = 12). 1302 

Bars show mean ± SD and symbols denote individual donors. Data represent biological replicates 1303 

from independent donors (n) with one technical replicate per condition. Statistical comparisons 1304 

were performed using a two-sided Mann–Whitney U test and were all not significant. 1305 

 1306 
Supplementary Figure 8 | Spike- and KCY-specific CD8⁺ T cell responses before COVID-19 1307 

vaccination. 1308 

Flow cytometry plots showing the frequencies of IFNγ⁺ CD8⁺ T cells following re-stimulation with 1309 

either the Spike-derived peptide pool (Spike pool) or the KCY peptide (KCY) compared with 1310 

negative control (NC) at baseline in HLA-A*03:01+ samples (V0, n = 9). Data represent biological 1311 

replicates from independent donors (n) with one technical replicate per condition. 1312 

 1313 

Supplementary Figure 9 | Spike- and KCY-specific CD8⁺ T cell responses after one dose of 1314 

COVID-19 vaccination. 1315 

Flow cytometry plots showing the frequencies of IFNγ⁺ CD8⁺ T cells following re-stimulation with 1316 

either the Spike-derived peptide pool (Spike pool) or the KCY peptide (KCY) compared with 1317 
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negative control (NC) after one vaccine dose in HLA-A*03:01+ samples (V1, n = 12). Data 1318 

represent biological replicates from independent donors (n) with one technical replicate per 1319 

condition. 1320 

 1321 

Supplementary Figure 10 | Spike- and KCY-specific CD8⁺ T cell responses after two doses of 1322 

COVID-19 vaccination. 1323 

Flow cytometry plots showing the frequencies of IFNγ⁺ CD8⁺ T cells following re-stimulation with 1324 

either the Spike-derived peptide pool (Spike pool) or the KCY peptide (KCY) compared with 1325 

negative control (NC) after two vaccine doses in HLA-A*03:01+ samples (V2, n = 12). Data 1326 

represent biological replicates from independent donors (n) with one technical replicate per 1327 

condition. 1328 

 1329 

Supplementary Figure 11 | Spike-specific CD4⁺ T cell responses before and after one dose of 1330 

COVID-19 vaccination. 1331 

Flow cytometry plots showing the frequencies of IFNγ⁺ CD4⁺ T cells following re-stimulation with 1332 

the Spike-derived peptide pool (Spike pool) compared with negative control (NC) at baseline (V0, 1333 

n = 9) and after one (V1, n = 12) vaccine dose in HLA-A*03:01+ samples. Data represent biological 1334 

replicates from independent donors (n) with one technical replicate per condition. 1335 

 1336 
Supplementary Figure 12 | Spike-specific CD4⁺ T cell responses after two doses of COVID-1337 

19 vaccination. 1338 

Flow cytometry plots showing the frequencies of IFNγ⁺ CD4⁺ T cells following re-stimulation with 1339 

the Spike-derived peptide pool (Spike pool) compared with negative control (NC) after two 1340 

vaccine doses in HLA-A*03:01+ samples (V2, n =10). Data represent biological replicates from 1341 

independent donors (n) with one technical replicate per condition. 1342 

 1343 
Supplementary Figure 13 | Modest Spike-specific CD8⁺ T cell responses compared with Flu-1344 

NP265 in HLA-A*03:01+ samples.  1345 

(A) Flow cytometry plots of IFNγ⁺ CD8⁺ T cells following stimulation with the HLA-A*03:01-1346 

restricted Flu-NP265 peptide (n = 6). Non stimulated cell (NC: negative control) plots on the left 1347 

and plots upon Flu-NP265 peptide stimulation on the right. (B-D) Paired comparison of KCY- and 1348 

influenza NP265-specific responses showing IFNγ (B), TNF (C) and CD107a (D) production by 1349 
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CD8⁺ T cells from HLA-A*03:01+ samples (n = 6). Bars represent mean ± SD; symbols denote 1350 

individual donors. V1, post-vaccination dose 1; V2, post-vaccination dose 2. Data represent 1351 

biological replicates from independent donors (n) with one technical replicate per condition. 1352 

 1353 
Supplementary Figure 14 | Ex vivo tetramer-associated magnetic enrichment (TAME) plots 1354 

of HLA-A*03:01-KCY-specific CD8⁺ T cells. 1355 

Ex vivo tetramer-associated magnetic enrichment (TAME) plots of HLA-A*03:01-KCY-specific 1356 

CD8⁺ T cells across before (V0, n = 4) and after vaccination (V1, V2, n = 4, 1357 

respectively). Unenriched: fraction before tetramer magnetic enrichment; Flow-through depleted 1358 

fraction after tetramer magnetic enrichment; TAME: tetramer magnetic enriched cells. Data 1359 

represent biological replicates from independent donors (n) with one technical replicate per 1360 

condition. 1361 

 1362 
Supplementary Figure 15 | Phenotypic analysis of tetramerlow and tetramerhigh HLA-1363 

A*03:01-KCY+ T cells. 1364 

(A) Phenotype of KCY⁺ T cells ex vivo showing naïve (CD45RA+CCR7+CD95-), TEM (CD45RA-1365 

CCR7-), TCM (CD45RA-CCR7+), TSCM (CD45RA+CCR7+CD95+), and TEMRA cells 1366 

(CD45RA+CCR7-) for HLA-A*03:01+ samples (n = 4) at V0, V1 and V2. The low-MFI tetramer+ 1367 

T cells are represented as red dots and the high-MFI in blue. (B) HLA-A*03:01-KCY⁺ T cells 1368 

phenotype in samples > 400 days post-third vaccine dose (vacSG64-V5, vacSG86-V5). Data 1369 

represent biological replicates from independent donors (n) with one technical replicate per 1370 

condition. 1371 

 1372 
Supplementary Figure 16 | Phenotypic analysis of HLA-A*02:01-S269

+ T cells. 1373 

(A) Ex vivo tetramer-associated magnetic enrichment and staining of CD8+ T cells with HLA-1374 

A*02:01-restricted Spike-derived S269 tetramer with PBMCs collected two weeks after vaccination 1375 

dose 1 (V1) and 2 (V2) (n = 3, respectively). (B) Phenotype of HLA-A*02:01-S269
+ T cells ex vivo 1376 

showing naïve (CD45RA+CD27+CD95-), TEM (CD45RA-CD27-), TCM (CD45RA-CD27+), TSCM 1377 

(CD45RA+CD27+CD95+), and TEMRA cells (CD45RA+CCR7-) for HLA-A*02:01+ samples (n = 3) 1378 

at V1 and V2 as pink dots. (C) HLA-A*02:01-S269-specific T cells phenotype represented as naïve 1379 

(red), effector memory (TEM, orange), central memory (TCM, black), stem like memory cells (TSCM, 1380 

grey), and terminally exhausted memory re-expressing RA cells (TEMRA, blue) phenotype.  Bars 1381 
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show mean ± SD; symbols denote individual donors. Data represent biological replicates from 1382 

independent donors (n) with one technical replicate per condition. 1383 

 1384 
Supplementary Figure 17 | Double tetramer staining reveals peptide specificity of KCY+ T 1385 

cells ex vivo. 1386 

Ex vivo tetramer-associated magnetic enrichment of CD8+ T cells with the HLA-A*03:01-1387 

restricted Spike-derived KCY tetramer (PE) and staining with HLA-A*03:01-restricted Influenza-1388 

derived NP265 tetramer (APC).  1389 

 1390 
Supplementary Figure 18 | Cytokine responses to Spike, Spike-derived peptide pool, and 1391 

LNP stimulation in HLA-A*03:01⁺ and HLA-A*03:01- samples. 1392 

Cytokine concentrations measured in PBMC supernatants from HLA-A*03:01⁺ (n=27, dots) and 1393 

HLA-A*03:01- (n=28, triangles) samples following stimulation with full-length Spike protein, 1394 

Spike-derived peptide pool, or lipid nanoparticles (LNP). Data are shown for IL-2, IL-4, IL-5, IL-1395 

7, IFNa, IL-9, Eotaxin, IL-13, LT-a, IL-12p70, IP-10, GM-CSF, MCP-1, IL-1α and IFNγ. Data 1396 

represent biological replicates from independent donors (n) with one technical replicate per 1397 

condition. Statistical comparisons were performed using a two-sided Mann–Whitney U test. 1398 

 1399 
Supplementary Figure 19 | Gating strategy for identification of IL-6⁺ and IL-8⁺ cytokine-1400 

producing immune cell subsets following Spike stimulation. 1401 

Representative flow cytometry plots illustrating the gating strategy used to identify cytokine-1402 

producing subsets within Spike-stimulated PBMCs. PBMCs were first gated using a wider 1403 

FSC‑A/SSC‑A gate designed to include lymphocytes as well as monocytes, B cells, and NK cells, 1404 

rather than restricting the gate to lymphocytes alone; followed by singlet discrimination and 1405 

exclusion of dead or dump-channel–positive events. Major immune subsets were subsequently 1406 

identified as CD3⁺ T cells, CD19⁺ B cells, CD56⁺ NK cells, and CD14⁺ monocytes. IL-6⁺ and IL-1407 

8⁺ events were then quantified within each subset. Plots show one representative donor from each 1408 

gating hierarchy. Gating was performed in FlowJo v10.9. 1409 

 1410 

Supplementary Figure 20 | Monocyte activation and Spike uptake.  1411 

(A-B) Indicative flow cytometry plots of CD14+ cells from four HLA-A*03:01+ PBMC samples 1412 

(A) before and (B) after stimulation with the full-length Spike protein. (C) Representative confocal 1413 
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microscopy images of PBMCs from an HLA-A*03:01⁺ sample showing uptake of Spike protein–1414 

coated fluorescent microbeads (green, Alexa-488) and co-staining with Alexa-555 phalloidin (red) 1415 

and DAPI (blue).  1416 

 1417 
Supplementary Figure 21 | Level of cytokines in HLA-A*03:01+ samples before and after 1418 

one or two vaccine doses. 1419 

Cytokine levels measured in sera from HLA-A*03:01⁺ samples (n = 7) for IL-6, IL-8, TNF and 1420 

IFNg collected before vaccination (V0, brown dots), two weeks post-vaccination after the first 1421 

dose (V1, red dots) and two weeks post 2nd dose of vaccination (V2, pink dots). Bars represent 1422 

mean ± SD; symbols denote individual donors. Data represent biological replicates from 1423 

independent donors (n) with one technical replicate per condition. Pairwise comparisons between 1424 

time points were performed using Wilcoxon matched-pairs signed-rank tests with correction for 1425 

multiple comparisons. 1426 

 1427 
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