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Abstract 49 

Patients with solid cancers exhibit impaired humoral immunity, yet the 50 

underlying B cell–intrinsic mechanisms remain incompletely characterized. Here, we 51 

leveraged longitudinal SARS-CoV-2 vaccination as a model of defined antigen 52 

exposure to dissect B cell responses in cancer patients. Despite preserved early 53 

expansion following booster vaccination, cancer patients failed to sustain long-term 54 

durability and variant breadth of antigen-specific B cell responses. This defect was 55 

associated with reduced resting-memory (CD21⁺CD27⁺) and germinal center–derived 56 

(CD27⁺IgG⁺) subsets, along with a shift toward double-negative 2/3 populations. 57 

Single-cell transcriptomic and B cell receptor (BCR) repertoire analyses revealed 58 

reduced somatic hypermutation across antigen-specific B cell subsets and enrichment 59 

of a transcriptionally distinct atypical T-bet+ B cell cluster in cancer patients, collectively 60 

indicating impaired germinal center-associated maturation as a central B cell–intrinsic 61 

defect. Notably, a fourth vaccine dose restored long-term B cell maintenance, 62 

supporting proactive booster vaccination strategies for cancer patients.  63 
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Introduction  64 

Memory B cells play a central role in humoral immunity by enabling long-term 65 

protection, rapid recall responses, and adaptation to antigenic variation following 66 

antigen exposure. Although vaccination induces rapid B cell activation and expansion, 67 

durable protection depends on the establishment of memory B cells that can persist 68 

over time and respond to evolving pathogens1. Disruption of these processes can 69 

compromise the maintenance of antigen-specific B cells and limit the breadth and 70 

effectiveness of recall responses, even when early expansion appears intact. 71 

Patients with solid cancers represent a clinically important setting in which 72 

humoral immune responses are frequently impaired. Although reduced antibody 73 

responses following vaccination have been well documented in this population, 74 

including after SARS-CoV-2 vaccination2-9, and other vaccines such as influenza10, 75 

the underlying B cell-intrinsic perturbation remains incompletely understood. Tumor-76 

associated immune dysregulation is characterized by chronic inflammation, altered 77 

cytokine milieus, and systemic immune remodeling11, all of which may influence B cell 78 

activation and differentiation. In particular, it remains unclear how cancer-associated 79 

immune environments affect the differentiation trajectories of B cells and whether such 80 

alterations contribute to impaired durability of vaccine-induced immunity. 81 

To address this question, we performed a comparative analysis of B cell and 82 

antibody responses in cancer patients and healthy controls following repeated antigen 83 

exposure through SARS-CoV-2 vaccination, using longitudinally collected peripheral 84 

blood samples. Notably, despite comparable expansion after booster vaccination, 85 

cancer patients exhibited a marked defect in the long-term maintenance and variant 86 

recognition of antigen-specific B cells. To investigate the underlying mechanisms, we 87 
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integrated phenotypic, functional, and single-cell transcriptomic analyses with clinical 88 

data and revealed distinct alterations in B cell differentiation programs associated with 89 

reduced durability. Together, these findings provide mechanistic insight into how 90 

cancer-related immune remodeling constrains the persistence and breadth of vaccine-91 

induced humoral immunity in this population.   92 
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Materials and Methods 93 

 94 

Study participants  95 

We collected longitudinal peripheral blood samples following the second, third, 96 

or fourth vaccination (Supplementary Fig. 1). All cancer patients were recruited from 97 

Yonsei Cancer Center, Seoul, Korea. This cohort included male and female patients 98 

with solid malignancies undergoing active anti-cancer therapy, aged 19 or older, and 99 

with no prior SARS-CoV-2 infection. Exclusion criteria included hematologic 100 

malignancies, no anti-cancer therapy, neutrophil counts below 1,000/μL, life 101 

expectancy under three months, and lack of informed consent. Healthy controls in the 102 

vaccination cohort were healthcare workers from Severance Hospital, Samsung 103 

Medical Center, and Kyungpook National University Hospital, aged 19 or older, and 104 

with no prior SARS-CoV-2 infection. All samples were negative for anti-nucleocapsid 105 

(anti-N) antibodies using the Elecsys Anti-SARS-CoV-2 N assay (Roche Diagnostics, 106 

9203079190 and 9216928190). Demographic details, including age, sex, tumor type, 107 

and treatment status, are provided in Supplementary Table 1. 108 

This study was approved by the institutional review board of KAIST (KH2023-109 

084), Severance Hospital (4-2020-1377, 4-2021-0478, 4-2023-0884), Samsung 110 

Medical Center (2021-01-165), and Kyungpook National University Hospital (2021-02-111 

002) and conducted according to the principles of the Declaration of Helsinki. Informed 112 

consent was obtained from all participants. 113 

 114 

Flow cytometric analysis of SARS-CoV-2-specific B cells 115 

To characterize the SARS-CoV-2 antigen-specific B cells, antigen probes 116 
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specific to WT spike, WT RBD, BA.1 RBD, BA.5 RBD, EG.5 RBD, and BA.2.86 RBD 117 

were produced. Samples were analyzed using FACSymphony A3 and A5 Cell 118 

Analyzers (BD Biosciences), and data were analyzed by FlowJo software 119 

(Supplementary Methods).  120 

 121 

IgG ELISpot assay for antigen-specific memory B cells 122 

PBMCs were stimulated with R848 and IL-2 for 72 hours, washed, and plated 123 

onto anti-IgG–coated ELISpot plates. After 16 hours of incubation, antigen-specific 124 

IgG-secreting cells were detected using biotinylated WT and BA.1 RBD antigens, 125 

followed by streptavidin–alkaline phosphatase and substrate development. Spots 126 

were enumerated using an automated ELISpot reader (Supplementary Methods). 127 

 128 

Single-cell RNA sequencing and library preparation 129 

Cryopreserved PBMCs from 11 healthy controls and 13 patients with solid 130 

cancers were thawed in RPMI supplemented with 10% fetal bovine serum and DNase 131 

I. Switched memory B cells were enriched using a human Memory B Cell Isolation Kit 132 

(Miltenyi Biotec, 130-093-617). Non-target cells obtained during enrichment were 133 

separately collected and subjected to whole-exome sequencing (WES) to enable 134 

genotype-based demultiplexing (Supplementary Fig. 4a). Detailed descriptions of the 135 

cell sorting strategy, library preparation, and downstream scRNA-seq and BCR-seq 136 

data processing are provided in the Supplementary Methods.  137 

 138 

Enzyme-Linked Immunosorbent Assay (ELISA) 139 

ELISA was performed to quantify antibodies binding to various SARS-CoV-2 140 

receptor-binding domain (RBD) proteins, including WT (Wuhan-Hu-1) RBD, Delta 141 
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(B.1.617.2) RBD, BA.1 (B.1.1.529) RBD, BA.5 (or BA.4) RBD, BA.2.86 RBD, and BQ.1 142 

RBD (SPD-C5243) (Supplementary Methods). 143 

 144 

SARS-CoV-2-pseudotyped reporter virus neutralization assay 145 

Pseudoviruses expressing the spike protein of SARS-CoV-2 WT, Delta, 146 

Omicron BA.1, and BA.5 variants were generated through the transfection of Lenti-X 147 

293T cell lines with lentiviral vectors. Neutralization capacity was measured by 148 

infecting hACE2 (human angiotensin-converting enzyme 2) 293T cells with a mixture 149 

of serially diluted plasma and the pseudovirus, and 50% neutralizing titer (NT50) values 150 

were calculated (Supplementary Methods).  151 

 152 

Statistical analysis 153 

Statistical analyses were performed using GraphPad Prism V10.1.1. Our B cell 154 

and antibody data showed a non-normal distribution confirmed by the Shapiro-Wilk 155 

test, and thus, non-parametric methods were used. For comparison between different 156 

groups and between time points, the Mann-Whitney U test was used for unpaired 157 

analysis and proportions were compared using Fisher’s exact test. Correlation 158 

analyses were performed using Spearman’s correlation, and best-fit lines were drawn 159 

using simple linear regression. P-values <0.05 were considered significant.  160 

  161 
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Results 162 

 163 

Durability and cross-reactivity of B cells induced by SARS-CoV-2 vaccination 164 

are impaired in cancer patients  165 

We first investigated whether patients with solid cancers could mount a 166 

sufficient and sustained B cell response following two or three doses of SARS-CoV-2 167 

vaccination compared to healthy controls (Fig. 1a and Supplementary Fig. 1). WT 168 

Spike⁺ and receptor-binding domain (RBD)⁺ B cells were identified by tetramer 169 

staining (Supplementary Fig. 2a). Demographic and clinical characteristics of the study 170 

participants are provided in Table 1 and Supplementary Table 1.  171 

After two vaccine doses, WT Spike⁺ B cell counts were comparable between 172 

cancer patients and healthy controls (Fig. 1b). One month after the third dose, WT 173 

Spike⁺ B cells were robustly boosted in both groups to similar levels. However, while 174 

WT Spike⁺ B cell counts were maintained through six months in healthy controls, 175 

cancer patients exhibited a marked decline at three and six months, resulting in 176 

significantly lower WT Spike⁺ B cell counts at both time points. Importantly, despite the 177 

difference in the mean age between cohorts, the observed impairment in durability 178 

was not attributable to age. When analyses were focused on individuals aged 40-60 179 

years, the reduced persistence of WT Spike⁺ B cells in cancer patients remained 180 

evident (Supplementary Fig. 2b). Consistently, multiple regression analysis adjusting 181 

for age and sex identified cancer status as the primary determinant of lower WT Spike⁺ 182 

B cell counts at three- and six-month post-vaccination (Supplementary Fig. 2c). 183 

Consistent with the pattern observed in WT Spike⁺ B cells, the RBD⁺ 184 

compartment also exhibited impaired durability in cancer patients. After two vaccine 185 
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doses, WT RBD⁺ B cell counts were already significantly lower at one month in cancer 186 

patients compared to healthy controls (Fig. 1c), in agreement with previous reports5. 187 

This deficit was more pronounced for WT/BA.1 RBD+ and WT/BA.5 RBD+ cross-188 

reactive B cells, where nearly half of the cancer patients exhibited undetectable B cell 189 

responses (Fig. 1d).  190 

Following the third booster dose, WT RBD⁺ and WT/variant cross-reactive 191 

RBD⁺ B cells were robustly expanded at one month in both groups, reaching levels 192 

comparable to healthy controls (Fig. 1c). However, mirroring the kinetics of WT Spike⁺ 193 

B cells, RBD⁺ B cell counts declined significantly in cancer patients by three and six 194 

months, whereas WT RBD⁺ and WT/BA.1 RBD⁺ B cells were maintained in healthy 195 

controls over the same period, as previously reported12,13. Only 20-26% of cancer 196 

patients retained detectable WT/BA.1+ and WT/BA.5 RBD+ B cells at six months (Fig. 197 

1d), indicating that three doses were insufficient to sustain long-term variant-reactive 198 

B cell memory in cancer patients. A similar trend was observed in WT/EG.5 RBD+ and 199 

WT/BA.2.86 RBD+ B cells, although the difference was less evident due to low and 200 

variable B cell counts (Supplementary Fig. 2, d-e).  201 

 202 

Reduced resting-memory and GC-derived B cells with skewing toward DN2/3 203 

subsets contribute to impaired memory B cell durability in cancer patients 204 

To elucidate the basis of reduced B cell durability in the cancer environment, 205 

we examined the phenotypic composition of vaccine-induced B cells, focusing on 206 

memory subsets known to support long-term persistence. WT Spike⁺ B cells were first 207 

classified according to CD21 and CD27 expression. At one month after the third 208 

vaccine dose, CD21⁻CD27⁺ activated memory and CD21⁻CD27⁻ double-negative B 209 
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cells comprised more than half of the Spike⁺ compartment in both groups (Fig. 2a and 210 

Supplementary Fig. 3a). However, the proportion of these subsets declined rapidly 211 

over time and contributed minimally to the long-term memory pool at six months. In 212 

contrast, CD21⁺CD27⁺ resting memory B cells, a subset associated with long-term 213 

maintenance14-17, were stably preserved through six months and constituted the 214 

majority of residual Spike⁺ B cells at later time points (Fig. 2a). Importantly, unlike total 215 

Spike⁺ B cells which were comparable at one month after the third vaccination (Fig. 216 

1b), CD21⁺CD27⁺ resting memory B cells exhibited significantly lower counts as early 217 

as one month after the third vaccination in cancer patients, and this difference 218 

persisted at all subsequent time points (Fig. 2b). Given that CD21⁺CD27⁺ B cells 219 

constituted the predominant Spike⁺ memory subset at three and six months, 220 

insufficient early generation of this long-lived population may underlie the reduced 221 

durability observed in cancer patients. We next assessed CD27⁺IgG⁺ memory B cells, 222 

a subset predominantly derived from germinal center (GC) reactions18-20. Similar to 223 

resting memory B cells, CD27⁺IgG⁺ B cell counts were consistently lower in cancer 224 

patients across all time points following the third vaccine dose (Fig. 2c), suggesting 225 

attenuated GC-derived memory formation in this population. 226 

To directly test whether early subset composition influenced long-term 227 

persistence, we correlated B cell subset counts at one month with WT Spike⁺ B cell 228 

counts at six months. CD21⁺CD27⁺ and CD27⁺IgG⁺ Spike+ B cell counts at one month 229 

after the third vaccine dose showed significant positive correlations with Spike⁺ B cell 230 

counts at six-month (Fig. 2d), whereas CD21⁻CD27⁻ B cells showed no association 231 

(Supplementary Fig. 3b). Although CD21⁻CD27⁺ activated memory B cells also 232 

showed a significant correlation (Supplementary Fig. 3b), this subset declined rapidly 233 
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over time and therefore likely reflects a transient subset rather than a population 234 

supporting long-term persistence (Fig. 2a). These findings indicate that the magnitude 235 

of early generation of CD21⁺CD27⁺ resting and GC-derived memory subsets is a key 236 

determinant of long-term B cell maintenance. 237 

To further resolve alterations in B cell differentiation, we analyzed heterogeneity 238 

within the total double-negative (DN; IgD⁻CD27⁻) B cell compartment (DN1: 239 

CD11c⁻CD21⁺; DN2: CD11c⁺CD21⁻; DN3: CD11c⁻CD21⁻). At one month after the third 240 

vaccination, DN subset composition differed between groups, with DN1 cells enriched 241 

in healthy controls, whereas DN2 and DN3 subsets were significantly increased in 242 

cancer patients (Fig. 2e). We next examined whether these early differences were 243 

associated with long-term B cell maintenance. The proportion of DN1 cells at one 244 

month positively correlated with Spike+ B cell counts at six months, whereas DN3 cells 245 

showed a significant negative correlation. DN2 exhibited a similar negative trend that 246 

did not reach statistical significance (Fig. 2f). A similar trend was observed for Spike+ 247 

B cell counts at three months (Supplementary Fig. 3c). These findings suggest that 248 

early skewing of the DN compartment away from DN1 and toward DN2/3 states is 249 

associated with impaired durability of antigen-specific B cell responses in cancer 250 

patients. 251 

 252 

Single-cell transcriptomic and BCR profiling reveal reduced somatic 253 

hypermutation (SHM) and aberrant B cell differentiation  254 

To gain mechanistic insight into the impaired durability and reduced generation 255 

of long-lived, GC-derived memory B cells observed by flow cytometry, we performed 256 

single-cell RNA sequencing with paired BCR sequencing of class-switched sorted B 257 

cells from 11 healthy controls and 13 cancer patients (Supplementary Fig. 4a). 258 
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Unsupervised clustering and UMAP projection identified seven transcriptionally 259 

distinct B cell clusters (Fig. 3a). Antigen-specific B cells were predominantly distributed 260 

within clusters C1, C3, and C6 (Fig. 3b). Cluster C1 was characterized by high 261 

expression of CD27, together with memory-associated genes including HOPX, COCH, 262 

S100A10, CRIP1, and ITGB1 (Fig. 3c). HOPX has been implicated in the long-term 263 

maintenance and survival in T helper cell subsets21,22, suggesting that C1 represents 264 

a long-lived memory population. In contrast, cluster C6 exhibited atypical B cell 265 

signatures, including ITGAX, TBX21, ZEB2, and FCRL5, indicative of a T-bet-266 

associated atypical differentiation state23. Cluster C3 represented a non-conventional 267 

CD27⁻ B cell population enriched for BCR signaling genes (PRKCE, CAMK1D, and 268 

LYN). Additional clusters comprised TNF-expressing memory B cells (C2), CD24⁺ 269 

memory B cells (C4), B cells enriched for canonical naïve markers (TCL1A, IL4R, and 270 

FCER2; C5), and IgA⁺ memory B cells (C7).  271 

Analysis of B cell receptor (BCR) sequences further revealed qualitative 272 

differences in B cell response between cancer patients and healthy controls. Analysis 273 

of VH gene usage revealed comparable patterns between groups (Supplementary Fig. 274 

4b), with similar expansion of the top 14 VH genes previously reported to be SARS-275 

CoV-2-associated24,25. In contrast, SHM analysis demonstrated significantly reduced 276 

SHM counts in cancer patients, both within antigen-specific B cells (Fig. 3d) and the 277 

total class-switched compartment (Supplementary Fig. 4c). Subset-resolved analysis 278 

further demonstrated that SHM counts remained significantly lower in cancer patients 279 

within both antigen-specific C1 and C6 populations (Fig. 3e), indicating that even 280 

within comparable differentiation states, B cells in cancer patients have undergone 281 

less somatic hypermutation. C3 was excluded from this analysis due to insufficient 282 

BCR coverage among antigen-specific cells. 283 
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Direct comparison between subsets showed that C6 atypical T-bet+ B cells 284 

harbored substantially fewer somatic hypermutations than C1 memory B cells (Fig. 3f), 285 

consistent with reduced GC experience in C6. Importantly, cancer patients exhibited a 286 

significantly higher proportion of atypical T-bet+ B cells (C6) on a per-donor basis (Fig. 287 

3g), in agreement with the increased frequency of DN2 B cells observed by flow 288 

cytometry (Fig. 2e). Together, these findings indicate that the B cell compartment in 289 

cancer patients is skewed away from GC-experienced, long-lived memory states 290 

toward atypical T-bet+ B cell populations with limited somatic hypermutation. 291 

Additionally, BCR isotype analysis revealed overall IgG and IgA predominance 292 

across clusters, whereas C5 naïve-like cells were enriched for IgM (Supplementary 293 

Fig. 4d). Notably, clusters C2, C3, and C6 in cancer patients displayed higher 294 

proportions of IGHM and IGHD compared to healthy controls, suggesting incomplete 295 

or impaired class-switch recombination in cancer patients. To further characterize 296 

transcriptional differences in B cells, we performed gene set enrichment analysis 297 

(GSEA) comparing cancer patients and healthy controls (Supplementary Fig. 4e). B 298 

cells in cancer patients were enriched for pathways related to B cell activation, 299 

including B cell receptor signaling and CD40-dependent T cell help, as well as humoral 300 

immune response and metabolic pathways such as oxidative phosphorylation. In 301 

contrast, gene sets associated with long-term memory were enriched in healthy 302 

controls, along with pathways related to B cell survival, including MYC and NF-κB 303 

signaling. 304 

Collectively, these results demonstrate that B cell responses in cancer patients 305 

are characterized by reduced SHM and an increased representation of atypical T-bet+ 306 

B cell subsets, consistent with impaired GC–associated maturation. 307 

 308 
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Reduced functional responsiveness of memory B cells parallels impaired 309 

durability in cancer patients 310 

To assess whether impaired durability and altered differentiation of memory B 311 

cells are functionally associated with reduced responsiveness, we next performed an 312 

IgG B cell ELISpot assay to directly assess the capacity of the memory B cell pool to 313 

differentiate into antigen-specific antibody-secreting cells (ASCs) upon stimulation 314 

(Supplementary Fig. 5a). PBMCs were stimulated with IL-2 and R848 for 72 hours, 315 

after which culture supernatants were collected for antibody quantification and cells 316 

were plated onto ELISpot membranes to quantify antigen-specific ASC formation. 317 

Consistent with the flow cytometric findings, cancer patients exhibited 318 

comparable spot-forming unit (SFU) numbers to healthy controls at one month after 319 

the third vaccination (Supplementary Fig. 5b). However, by three months, SFU counts 320 

were significantly reduced in cancer patients for WT RBD, with a similar trend 321 

observed for BA.1 RBD. In parallel, antigen-specific IgG production following IL-322 

2/R848 stimulation was markedly decreased in cancer patients at three and six months 323 

for both WT and BA.1 RBD, whereas responses at one month remained comparable 324 

between groups (Supplementary Fig. 5c). 325 

These results indicate that, in addition to reduced long-term maintenance, the 326 

memory B cell pool in patients with solid cancers exhibits diminished functional 327 

capacity over time, characterized by impaired generation of antigen-specific ASCs and 328 

reduced antibody secretion upon stimulation. 329 

 330 

B cell responses after SARS-CoV-2 vaccination in cancer patients are 331 

significantly correlated with the antibody responses 332 

To determine the functional consequences of these quantitative and qualitative 333 
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alterations in the B cell compartment, we next examined the antibody responses 334 

following SARS-CoV-2 vaccination in cancer patients and healthy controls. Unlike 335 

healthy individuals, who elicited substantial antibody responses after two vaccine 336 

doses, cancer patients exhibited significantly lower responses compared to controls 337 

one month after the second vaccine dose (Fig. 4a). After the third booster dose, anti-338 

WT RBD IgG titers markedly increased in both groups, resulting in comparable titers 339 

across all time points. However, antibody titers against the Omicron variants BA.1 and 340 

BA.5 remained significantly lower in cancer patients at one-month post-booster dose. 341 

This suggests that booster vaccines can enhance humoral immunity in cancer patients, 342 

but not as effectively for variants with greater antigenic distance from the original strain. 343 

Both groups showed similarly low responses to newer variants BQ.1 and BA.2.86 344 

(Supplementary Fig. 6a). The neutralization titers were comparable between the two 345 

groups, although seropositive rates were consistently lower in cancer patients (Fig. 346 

4b).  347 

Furthermore, correlation analysis between B cell and antibody responses 348 

showed that WT RBD+ B cell counts strongly correlated with both anti-WT RBD IgG 349 

titers and WT neutralization titers at one month after the third vaccine dose (Fig. 4c). 350 

Similar positive correlations were observed for Omicron variants, with WT/BA.1 RBD+ 351 

B cell counts correlating with BA.1 neutralization titer, and WT/BA.5 RBD+ B cell counts 352 

correlating with BA.5 neutralization titers (Fig. 4d). These findings underscore the 353 

critical role of B cell expansion in driving antibody responses against both WT and 354 

VOCs.  355 

 356 

Advanced age is associated with attenuated booster responses in B cells, while 357 

IV cytotoxic chemotherapy is related to impaired B cell durability in cancer 358 
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patients  359 

We have demonstrated that B cell and antibody responses can be 360 

compromised in cancer patients. To identify key clinical factors influencing memory B 361 

cell responses, we classified the cancer patients based on epidemiological factors and 362 

medical conditions.  363 

Initially, we investigated the impact of age by dividing cancer patients into two 364 

groups: those under 65 years (<65) and those 65 years and older (≥65). While patients 365 

aged <65 showed a peak in WT Spike+ B cells at one month post-third dose followed 366 

by a rapid decline, those aged ≥65 showed no clear increase in B cell counts after the 367 

third dose (Fig. 5a and Supplementary Fig. 7a). RBD+ B cells followed a similar pattern, 368 

with consistently lower B cell counts at one month in cancer patients aged ≥65 369 

compared to those aged <65 (Fig. 5b and Supplementary Fig. 7b). Consistent with 370 

these findings, antibody responses one month after the third dose were comparable 371 

between healthy controls and cancer patients aged <65, but were significantly reduced 372 

in those aged ≥65 compared to healthy controls (Supplementary Fig. 7c), suggesting 373 

that advanced age impairs the magnitude of early humoral responses.  374 

Next, we analyzed the effect of anti-cancer therapy, hypothesizing that cytotoxic 375 

agents may impair memory B cell formation. While diminished antibody responses to 376 

SARS-CoV-2 vaccination in cancer patients receiving cytotoxic therapy have been well 377 

documented8,9,26,27, B cell responses in this population remain incompletely 378 

characterized. Cancer patients were divided into two groups: those who received 379 

intravenous (IV) cytotoxic chemotherapy within 28 days before vaccination (“IV 380 

cytotoxic” group) and those who did not (“no IV cytotoxic” group). After the third dose, 381 

WT Spike+ B cell counts were similar across all groups at one month (Fig. 5c and 382 
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Supplementary Fig. 8a). However, by three months, both cancer groups showed faster 383 

B cell decay than healthy controls, with a more pronounced decrease in the “IV 384 

cytotoxic” group, resulting in a statistically significant difference between the two 385 

cancer groups at the three-month timepoint (Fig. 5c and Supplementary Fig. 8a). 386 

Notably, WT/BA.1 RBD+ and WT/BA.5 RBD+ cross-reactive B cell positive rates 387 

showed a significant drop between 3-6 months in the “no IV cytotoxic” group, while the 388 

“IV cytotoxic” group experienced this drop between 1-3 months, indicating a faster 389 

decay (Fig. 5d and Supplementary Fig. 8b). For antibody responses, WT-specific titers 390 

at one month after the third dose were comparable regardless of treatment status, 391 

whereas BA.1 and BA.5 titers were significantly reduced only in the IV cytotoxic group 392 

compared to healthy controls (Supplementary Fig. 8c). 393 

Together, these findings indicate that advanced age predominantly constrains 394 

the magnitude of memory B cell responses, while recent IV cytotoxic chemotherapy 395 

selectively compromises their durability in cancer patients.  396 

 397 

Additional fourth-dose vaccination enhances the durability of B cell responses 398 

in cancer patients 399 

To assess whether increased antigen exposure can modulate impaired memory 400 

B cell durability observed following the third vaccine dose in cancer patients, we 401 

analyzed samples collected at one, three, and over six months after a fourth vaccine 402 

dose (either monovalent or bivalent) (Fig. 6a). One month post-fourth dose, WT Spike+ 403 

and RBD+ B cell counts were similar to those observed after the third dose. However, 404 

unlike the rapid decline seen after the third dose, B cell counts remained stable after 405 

the fourth dose, leading to significantly higher counts at six months (Fig. 6b-c). The B 406 

cell response after four doses was not only superior to that after the third dose in 407 
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cancer patients but also comparable to healthy controls who received four doses (Fig. 408 

6d-e). Moreover, while the fourth dose did not significantly improve antibody titers over 409 

the third dose (Supplementary Fig. 9a), it markedly enhanced neutralizing capacity 410 

against Delta and Omicron variants (Supplementary Fig. 9b). These findings suggest 411 

that the reduced B cell durability and neutralizing capacity observed after the third 412 

vaccine dose can be significantly improved by administering an additional fourth 413 

vaccine dose in cancer patients. 414 

 415 

Discussion  416 

In this study, we demonstrate that memory B cell responses in cancer patients 417 

are characterized by impaired durability and reduced variant breadth despite 418 

preserved early expansion following vaccination. This defect is accompanied by 419 

reduced generation of long-lived resting memory B cells (CD21⁺CD27⁺) and germinal 420 

center-derived B cells (CD27⁺IgG⁺), along with skewing of DN subsets from DN1 to 421 

DN2/3. Transcriptomic analyses further revealed diminished SHM and enriched 422 

atypical T-bet+ B cell subset, consistent with aberrant B cell maturation. Clinically, 423 

advanced age was associated with reduced magnitude of B cell responses while 424 

recent intravenous cytotoxic chemotherapy predominantly affected their durability. 425 

Finally, additional antigen exposure through a fourth vaccine dose restored long-term 426 

B cell maintenance. Collectively, these findings support a model in which cancer-427 

associated immune environments reshape B cell differentiation by selectively 428 

impairing germinal center (GC)-dependent maturation while preserving early recall 429 

response, leading to reduced durability and limited breadth of B cell response. 430 

The study cohort comprised patients with solid cancers undergoing active anti-431 
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cancer therapy, representing a setting in which cancer-associated and therapy-432 

induced immune perturbations are superimposed and are therefore expected to result 433 

in profound systemic immune dysregulation. Despite this immune impairment, short-434 

term antigen-specific B cell responses following the third-dose vaccination were 435 

largely preserved, with magnitudes comparable to those in healthy controls. This is 436 

consistent with our antibody data demonstrating robust boosting of anti–wild-type (WT) 437 

responses, also in line with prior studies in patients with solid cancers28,29, and other 438 

immunocompromised groups30-33. Given that antigen-specific B cell expansion early 439 

after boosting is driven by rapid proliferation of pre-existing memory B cells which can 440 

occur without GC involvement, these findings suggest that GC-independent B cell 441 

responses remain largely intact in this setting. 442 

Despite comparable B cell expansion shortly after the third booster dose, clear 443 

qualitative differences were evident in cancer patients. Specifically, the B cell 444 

compartment showed reduced CD21⁺CD27⁺ resting memory B cells, a subset known 445 

to support long-term persistence of humoral immunity14-17, as well as CD27⁺IgG⁺ 446 

memory B cells, which are primarily derived from germinal centers18-20. Notably, both 447 

subsets were significantly correlated with long-term antigen-specific B cell persistence. 448 

Consistent with these alterations, early antibody responses against antigenically 449 

distant variants such as Omicron were reduced, in contrast to the similar boosting of 450 

anti-WT responses, collectively suggesting a relative deficiency in GC-associated 451 

maturation.  452 

In addition to the changes in CD27⁺ conventional memory subsets, the 453 

composition of non-classical double-negative (DN; IgD⁻CD27⁻) B cells were also 454 

altered, with a shift from DN1 toward DN2/3 populations. DN1 cells, together with 455 

CD27⁺ switched B cells, have been described as a durable memory subset in 456 
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vaccination settings34, consistent with our data showing that DN1 proportion was 457 

positively correlated with long-term Spike⁺ B cell responses. In contrast, DN2 and DN3 458 

subsets are characterized as a more transient, extrafollicular differentiation states34. 459 

DN2 cells have also been reported to represent a transient population displaying a 460 

pre–antibody-secreting cell phenotype35, suggesting a bias toward effector 461 

differentiation rather than durable memory maintenance. DN3 cells, although less well 462 

characterized, have recently been described as an extrafollicular subset that 463 

accumulates in inflammatory settings and infiltrates inflamed tissues36. Increased DN3 464 

frequencies have also been reported in cancer patients following COVID-19 465 

vaccination, where they were associated with impaired antibody responses37. This is 466 

consistent with our finding that DN3 frequency was negatively associated with long-467 

term Spike⁺ B cell responses, further supporting an association between DN3 468 

enrichment and impaired B cell durability. Together, these findings indicate that, 469 

although the magnitude of the early B cell response is maintained, its qualitative 470 

composition is substantially altered across both CD27⁺ and CD27⁻ B cell 471 

compartments in cancer patients, which may contribute to reduced durability and 472 

limited variant breadth. 473 

Single-cell transcriptomic and paired BCR analyses provided deeper insight 474 

into the qualitative defects underlying impaired long-term memory formation in patients 475 

with solid cancers. The distribution of VH gene usage among antigen-specific B cells 476 

was broadly comparable between cancer patients and healthy controls, and gene set 477 

enrichment analysis indicated preserved or even enhanced activation signals 478 

including B cell receptor and CD40-mediated pathways, suggesting that initial antigen 479 

recognition, B cell activation, and clonal selection were largely preserved. In contrast, 480 

B cell responses in cancer patients were characterized by markedly reduced SHM. 481 
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Given that SHM accumulation reflects cumulative GC experience38, these findings 482 

suggest an impaired GC response in cancer patients, in accordance with our flow-483 

cytometry results demonstrating reduced GC-derived B cell subset. Similar reductions 484 

in SHM and antigen-specific memory B-cell generation have also been reported in 485 

anti-TNF-treated patients with inflammatory bowel disease, raising the possibility that 486 

impaired GC output may represent a common mechanism underlying impaired 487 

vaccine-induced humoral immunity across diverse immunocompromised states39. 488 

Moreover, we identified an increased proportion of atypical T-bet+ B cells 489 

(cluster C6) in cancer patients, which has not been previously described in the context 490 

of solid cancers. This suggests that the cancer immune environment extends beyond 491 

disrupting GC processes, fundamentally reshaping the B cell differentiation fate, 492 

redirecting cells toward non-durable memory states such as cluster C6. Notably, 493 

reduced SHM was consistently observed not only in total antigen-specific B cells but 494 

also within individual B cell subsets, including C1. This indicates that the reduction in 495 

SHM is not solely attributable to an increased proportion of low-mutated subsets, but 496 

reflects impaired GC activity even within the same B cell subsets. Taken together, 497 

these findings indicate that B cell responses in cancer patients exhibit preserved 498 

activation, but are characterized by inefficient GC-associated maturation and altered 499 

differentiation trajectories.  500 

Multiple, non-mutually exclusive mechanisms may underlie this shift. In cancer, 501 

profound lymphopenia is common, driven by skewed immune cell composition and an 502 

increased myeloid-to-lymphoid ratio11. Given that sustained GC responses require 503 

continuous input from the naïve B cell pool40, such lymphopenic conditions may limit 504 

effective GC maintenance. In addition, cytokine networks are broadly dysregulated in 505 

cancer, with elevated levels of both immunosuppressive and stimulatory cytokines 506 
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including MIF, TNFα, IFN-γ, IL-6, IL-8, IL-10, IL-18, and TGF-β37,41. Notably, excessive 507 

inflammatory cytokines such as TNF and IFN-γ have been shown to impair T follicular 508 

helper cell differentiation and GC formation in experimental models42, highlighting their 509 

potential to disrupt GC responses. Also, as IFN-γ has been shown to be a key signal 510 

for inducing T-bet⁺ B-cell differentiation43,44, elevated IFN-γ in cancer may have 511 

contributed to altered B-cell fate decisions, favoring atypical T-bet+ B-cell differentiation. 512 

Furthermore, the tumor microenvironment is enriched with immunosuppressive cell 513 

populations, including regulatory T cells, myeloid-derived suppressor cells (MDSCs), 514 

and tumor-associated macrophages11. These cells can interfere with B cell 515 

development and function, as exemplified by MDSCs, which have been shown to 516 

impair B cell development both in the bone marrow and peripheral compartments45.  517 

Cytotoxic chemotherapy may further exacerbate this defect by disrupting GC 518 

dynamics. During the GC response, rapid proliferation of centroblasts and subsequent 519 

SHM in the dark zone are essential for generating diverse, high-affinity B cell 520 

repertoires38. As actively dividing cells are particularly susceptible to cytotoxic agents46, 521 

such therapies are likely to impair these processes, thereby limiting the generation of 522 

memory B cells with a diverse repertoire. Therefore, our data support the current 523 

clinical recommendations for cancer patients, to administer vaccination prior to the 524 

initiation of anticancer therapy when clinically feasible47, as vaccination during periods 525 

of maximal immune suppression may compromise the effective GC activity. Although 526 

GC responses were not directly assessed in this study, collective evidence of 527 

phenotypic, transcriptomic, and functional alterations observed here supports 528 

impaired GC-associated maturation as a central mechanism underlying defective B 529 

cell durability in cancer patients. 530 

Importantly, our findings extend beyond mechanistic insight to reveal clinically 531 
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actionable opportunities to improve B cell immunity in cancer patients. We show that 532 

administration of a fourth vaccine dose effectively mitigates the rapid decline in 533 

memory B cells observed after the third dose. While the precise mechanisms 534 

governing the transition from initial expansion to long-term B cell memory are not fully 535 

understood48, prior evidence suggests that repeated antigenic stimulation reinforces 536 

GC activity and promotes clonal maturation38. Accordingly, additional vaccination may 537 

expand and reshape the antigen-specific memory pool in ways that could support 538 

more sustained B cell responses over time. Collectively, these findings support a more 539 

proactive and strategically timed booster approach in patients with solid cancers, 540 

particularly those receiving cytotoxic chemotherapy, who are at heightened risk for 541 

impaired durability of B cell immunity. 542 

A limitation of this study is the exclusive use of peripheral blood samples, 543 

preventing the direct evaluation of germinal center responses. To fully understand the 544 

mechanisms underlying B cell impairment in cancer patients, aspiration of the lymph 545 

nodes and analysis of GC B cells and follicular helper T cells will be necessary. 546 

Additionally, the cancer cohort was older than the healthy group, which could be a 547 

confounding factor. However, multiple regression showed that cancer was the most 548 

significant factor affecting B cell responses, with the trend of reduced B cell durability 549 

remaining consistent even in individuals aged 40-60. Finally, since two-thirds of the 550 

patients enrolled had gastric cancer, we could not assess the impact of different cancer 551 

types on B cell responses. Further studies involving diverse patient populations are 552 

needed to generalize our findings across various types of solid cancers. 553 

Taken together, this study provides the first in-depth characterization of vaccine-554 

induced B cell responses in patients with solid cancers and reveals previously 555 

unrecognized alterations in the memory B cell compartment, including reduced 556 
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durability, variant breadth, and remodeling of memory B cell subsets. These findings 557 

provide a mechanistic framework for understanding impaired humoral immunity in 558 

cancer patients and may also offer valuable insights for optimizing vaccine strategies 559 

against potential pathogens in the future pandemics.  560 
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Figure legends  722 

Fig. 1 | Durability and cross-reactivity of B cells following SARS-CoV-2 723 

vaccination in cancer patients and healthy controls. a Schematic overview of the 724 

study design and sample collection. Peripheral blood was collected from healthy 725 

controls and patients with solid cancers after two or three doses of SARS-CoV-2 726 

vaccination. Samples were obtained approximately 1 and 3 months after the second 727 

dose (2-VAC) and 1, 3, and 6 months after the third dose (3-VAC). The timeline 728 

indicates mean days post-vaccination (ranges in parentheses). b Total WT Spike⁺ B 729 

cell counts per 10⁶ lymphocytes at the indicated time points. c B cell counts per 10⁶ 730 

lymphocytes for WT RBD⁺ and cross-reactive WT/BA.1 RBD⁺ and WT/BA.5 RBD⁺ B 731 

cells. d Proportion of samples with detectable WT RBD⁺, WT/BA.1 RBD⁺, and 732 

WT/BA.5 RBD⁺ B cells. Each dot represents an individual sample; lines indicate 733 

medians. Sample sizes are shown above the x-axes. Statistical comparisons were 734 

performed using the Mann–Whitney U test, and detection rates were compared using 735 

Fisher’s exact test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. PBMC, 736 

peripheral blood mononuclear cells; VAC, vaccination; M, months; d, days. 737 

Fig. 2 | Impaired generation of resting and germinal center–derived memory B 738 

cells with altered DN subset distribution in cancer patients following SARS-CoV-739 

2 vaccination. a Representative gating of WT Spike⁺ B cell subsets based on CD21 740 

and CD27 expression (CD21⁺CD27⁺, CD21⁻CD27⁺, CD21⁻CD27⁻) and their 741 

proportional composition in healthy controls and cancer patients at the indicated time 742 

points after vaccination. b CD21⁺CD27⁺ resting memory WT Spike⁺ B cell counts per 743 

10⁶ lymphocytes. c CD27⁺IgG⁺ germinal center–derived WT Spike⁺ B cell counts 744 



 

 32 

per 10⁶ lymphocytes. d Correlation of CD21⁺CD27⁺ and CD27⁺IgG⁺ WT Spike⁺ B 745 

cell counts at one month after the third vaccination with total WT Spike⁺ B cell counts 746 

at six months (n = 15). e Distribution of DN subsets (DN1, DN2, and DN3) within DN 747 

B cells in healthy controls and cancer patients at one month after third vaccination. f 748 

Correlation of DN subset proportions at one month with WT Spike⁺ B cell counts at 749 

six months (n = 15). Each dot represents an individual sample; lines indicate medians. 750 

Sample sizes are shown above the x-axes. Statistical comparisons were performed 751 

using the Mann–Whitney U test. Correlations were analyzed using Spearman’s 752 

correlation and best-fit lines were generated by simple linear regression. *P < 0.05, 753 

**P < 0.01, ***P < 0.001, and ****P < 0.0001. VAC, vaccination; M, months. 754 

Fig. 3 | Single-cell transcriptomic and BCR analyses reveal reduced somatic 755 

hypermutation and enrichment of atypical T-bet⁺ B cells in cancer patients. a 756 

UMAP visualization of class-switched B cells from healthy controls and cancer patients 757 

showing seven transcriptionally distinct clusters (C1–C7). b Distribution of Spike-758 

specific B cells across clusters. c Dot plots showing expression of representative 759 

marker genes across clusters. d, e Somatic hypermutation (SHM) counts in total 760 

antigen-specific B cells (d) and within C1 and C6 antigen-specific subsets (e). f 761 

Comparison of SHM counts between C1 and C6 B cells. g Proportion of cluster C6 in 762 

healthy controls and cancer patients. Statistical comparisons were performed using 763 

the Mann–Whitney U test. 764 

Fig. 4 | Antibody responses and their correlation with B cell responses following 765 

SARS-CoV-2 vaccination in cancer patients and healthy controls. a Anti-RBD IgG 766 

titers (endpoint titers) against WT, Delta, Omicron BA.1, and BA.5 after two or three 767 
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vaccine doses. b Neutralization titers (NT₅₀) against WT, Delta, Omicron BA.1, and 768 

BA.5 after the third vaccination. Percentages indicate the proportion of samples with 769 

detectable neutralization. c, d Correlation between antigen-specific B cell counts and 770 

antibody responses at one month after the third vaccination in cancer patients (n = 34). 771 

Correlations were assessed between WT RBD⁺ B cell counts and anti-WT antibody 772 

and neutralization titers (c), and between variant cross-reactive RBD⁺ B cell counts 773 

and corresponding neutralization titers (d). Sample sizes are shown above or below 774 

the x-axes. Data are presented as median and interquartile range where applicable. 775 

Correlations were analyzed using Spearman’s correlation, and best-fit lines were 776 

generated by simple linear regression. Statistical comparisons were performed using 777 

the Mann–Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 778 

LOD, limit of detection; M, months; VAC, vaccination. 779 

Fig. 5 | Impact of age and recent IV cytotoxic chemotherapy on B cell responses 780 

following SARS-CoV-2 vaccination in cancer patients. a WT Spike⁺ B cell counts 781 

per 10⁶ lymphocytes after the third vaccination in healthy controls, cancer patients 782 

aged <65 years, and cancer patients aged ≥65 years. b WT RBD⁺, WT/BA.1 RBD⁺, 783 

and WT/BA.5 RBD⁺ cross-reactive B cell counts at one month after the third 784 

vaccination in the indicated groups. c WT Spike⁺ B cell counts per 10⁶ lymphocytes 785 

after the third vaccination in healthy controls, cancer patients without intravenous 786 

cytotoxic chemotherapy within 28 days before vaccination (“no IV cytotoxic”), and 787 

those who received intravenous cytotoxic chemotherapy within 28 days before 788 

vaccination (“IV cytotoxic”). d Proportion of samples with detectable WT RBD⁺, 789 

WT/BA.1 RBD⁺, and WT/BA.5 RBD⁺ B cells after the third vaccination in the indicated 790 
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groups. Sample sizes are shown above the x-axes; lines indicate medians where 791 

applicable. Statistical comparisons were performed using the Mann–Whitney U test. 792 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. M, months; VAC, vaccination; 793 

IV, intravenous; Tx, therapy. 794 

Fig. 6 | Additional fourth SARS-CoV-2 vaccine dose improves B cell durability in 795 

cancer patients. a Schematic overview of sample collection after the third or fourth 796 

SARS-CoV-2 vaccination. Numbers indicate mean days post-vaccination (ranges in 797 

parentheses). b, c WT Spike⁺ (b) and WT RBD⁺, WT/BA.1 RBD⁺, and WT/BA.5 798 

RBD⁺ (c) B cell counts per 10⁶ lymphocytes after three or four vaccine doses in 799 

cancer patients. d, e WT Spike⁺ (d) and WT RBD⁺, WT/BA.1 RBD⁺, and WT/BA.5 800 

RBD⁺ (e) B cell counts after four vaccine doses in healthy controls and cancer 801 

patients. Healthy control samples at three months after the fourth vaccination were not 802 

available. Sample sizes are shown above the x-axes; lines indicate medians where 803 

applicable. Statistical comparisons were performed using the Mann–Whitney U test. 804 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. d, days; M, months; VAC, 805 

vaccination. 806 



Figures

Figure 1

Fig. 1 | Durability and cross-reactivity of B cells following SARS-CoV-2 vaccination in cancer patients
and healthy controls. a Schematic overview of the study design and sample collection. Peripheral blood
was collected from healthy controls and patients with solid cancers after two or three doses of SARS-



CoV-2 vaccination. Samples were obtained approximately 1 and 3 months after the second dose (2-VAC)
and 1, 3, and 6 months after the third dose (3-VAC). The timeline indicates mean days post-vaccination
(ranges in parentheses). b Total WT Spike⁺ B cell counts per 10⁶ lymphocytes at the indicated time
points. cB cell counts per 10⁶ lymphocytes for WT RBD⁺ and cross-reactive WT/BA.1 RBD⁺ and WT/BA.5
RBD⁺ B cells. dProportion of samples with detectable WT RBD⁺, WT/BA.1 RBD⁺, and WT/BA.5 RBD⁺ B
cells. Each dot represents an individual sample; lines indicate medians. Sample sizes are shown above
the x-axes. Statistical comparisons were performed using the Mann–Whitney U test, and detection rates
were compared using Fisher’s exact test. *P < 0.05, **P < 0.01, ***P< 0.001, and ****P < 0.0001. PBMC,
peripheral blood mononuclear cells; VAC, vaccination; M, months; d, days.



Figure 2

Fig. 2 | Impaired generation of resting and germinal center–derived memory B cells with altered DN
subset distribution in cancer patients following SARS-CoV-2 vaccination. a Representative gating of WT
Spike⁺ B cell subsets based on CD21 and CD27 expression (CD21⁺CD27⁺, CD21⁻CD27⁺, CD21⁻CD27⁻)
and their proportional composition in healthy controls and cancer patients at the indicated time points
after vaccination. b CD21⁺CD27⁺ resting memory WT Spike⁺ B cell counts per 10⁶ lymphocytes. c



CD27⁺IgG⁺ germinal center–derived WT Spike⁺ B cell counts per 10⁶ lymphocytes. d Correlation of
CD21⁺CD27⁺ and CD27⁺IgG⁺ WT Spike⁺ B cell counts at one month after the third vaccination with total
WT Spike⁺ B cell counts at six months (n = 15). e Distribution of DN subsets (DN1, DN2, and DN3) within
DN B cells in healthy controls and cancer patients at one month after third vaccination. f Correlation of
DN subset proportions at one month with WT Spike⁺ B cell counts at six months (n = 15). Each dot
represents an individual sample; lines indicate medians. Sample sizes are shown above the x-axes.
Statistical comparisons were performed using the Mann–Whitney U test. Correlations were analyzed
using Spearman’s correlation and best-fit lines were generated by simple linear regression. *P < 0.05, **P
< 0.01, ***P < 0.001, and ****P < 0.0001. VAC, vaccination; M, months.



Figure 3

Fig. 3 | Single-cell transcriptomic and BCR analyses reveal reduced somatic hypermutation and
enrichment of atypical T-bet⁺ B cells in cancer patients. a UMAP visualization of class-switched B cells
from healthy controls and cancer patients showing seven transcriptionally distinct clusters (C1–C7). b
Distribution of Spike-specific B cells across clusters. c Dot plots showing expression of representative
marker genes across clusters. d, e Somatic hypermutation (SHM) counts in total antigen-specific B cells



(d) and within C1 and C6 antigen-specific subsets (e). f Comparison of SHM counts between C1 and C6
B cells. g Proportion of cluster C6 in healthy controls and cancer patients. Statistical comparisons were
performed using the Mann–Whitney U test.

Figure 4



Fig. 4 | Antibody responses and their correlation with B cell responses following SARS-CoV-2
vaccination in cancer patients and healthy controls. aAnti-RBD IgG titers (endpoint titers) against WT,
Delta, Omicron BA.1, and BA.5 after two or three vaccine doses. b Neutralization titers (NT₅₀) against WT,
Delta, Omicron BA.1, and BA.5 after the third vaccination. Percentages indicate the proportion of
samples with detectable neutralization. c, d Correlation between antigen-specific B cell counts and
antibody responses at one month after the third vaccination in cancer patients (n = 34). Correlations
were assessed between WT RBD⁺ B cell counts and anti-WT antibody and neutralization titers (c), and
between variant cross-reactive RBD⁺ B cell counts and corresponding neutralization titers (d). Sample
sizes are shown above or below the x-axes. Data are presented as median and interquartile range where
applicable. Correlations were analyzed using Spearman’s correlation, and best-fit lines were generated by
simple linear regression. Statistical comparisons were performed using the Mann–Whitney U test. *P<
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. LOD, limit of detection; M, months; VAC, vaccination.



Figure 5

Fig. 5 | Impact of age and recent IV cytotoxic chemotherapy on B cell responses following SARS-CoV-2
vaccination in cancer patients. a WT Spike⁺ B cell counts per 10⁶ lymphocytes after the third vaccination
in healthy controls, cancer patients aged <65 years, and cancer patients aged ≥65 years. b WT RBD⁺,
WT/BA.1 RBD⁺, and WT/BA.5 RBD⁺ cross-reactive B cell counts at one month after the third vaccination
in the indicated groups. c WT Spike⁺ B cell counts per 10⁶ lymphocytes after the third vaccination in



healthy controls, cancer patients without intravenous cytotoxic chemotherapy within 28 days before
vaccination (“no IV cytotoxic”), and those who received intravenous cytotoxic chemotherapy within 28
days before vaccination (“IV cytotoxic”). d Proportion of samples with detectable WT RBD⁺, WT/BA.1
RBD⁺, and WT/BA.5 RBD⁺ B cells after the third vaccination in the indicated groups. Sample sizes are
shown above the x-axes; lines indicate medians where applicable. Statistical comparisons were
performed using the Mann–Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. M,
months; VAC, vaccination; IV, intravenous; Tx, therapy.



Figure 6

Fig. 6 | Additional fourth SARS-CoV-2 vaccine dose improves B cell durability in cancer patients. a
Schematic overview of sample collection after the third or fourth SARS-CoV-2 vaccination. Numbers
indicate mean days post-vaccination (ranges in parentheses). b, c WT Spike⁺ (b) and WT RBD⁺, WT/BA.1
RBD⁺, and WT/BA.5 RBD⁺ (c) B cell counts per 10⁶ lymphocytes after three or four vaccine doses in
cancer patients. d, e WT Spike⁺ (d) and WT RBD⁺, WT/BA.1 RBD⁺, and WT/BA.5 RBD⁺ (e) B cell counts
after four vaccine doses in healthy controls and cancer patients. Healthy control samples at three
months after the fourth vaccination were not available. Sample sizes are shown above the x-axes; lines
indicate medians where applicable. Statistical comparisons were performed using the Mann–Whitney U
test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. d, days; M, months; VAC, vaccination.
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