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Introduction


The Gardasil-4® vaccine targets HPV types 6, 11, 16 and 18 and is formulated with amorphous alum. Cervarix® targets HPV types 16 and 18 using AS04 (Al(OH)3 + TLR4 agonist MPL) to enhance immune response. Cervarix elicits higher cross-protection against other high-risk HPV types, likely mediated by AS04.







Methods


To investigate mechanisms of cross-neutralizing potential, six monozygotic twins (12 females aged 9-13 years) were vaccinated with either Cervarix or Gardasil-4 (2 doses, 6 months apart). Serum neutralizing antibody titers against HPV 6,16,18,31,33,45,52, and 58 were assessed pre-vaccination and 7 days post-second dose. Multi-omic single cell RNA and ATAC sequencing of PBMCs was performed at the latter timepoint.







Results


Cervarix generated higher cross-neutralizing antibody titers than Gardasil-4. Higher frequencies of dendritic cells and memory B cells were observed. Gene Set Enrichment Analysis (GSEA) indicated enhanced pathways related to NOTCH2 signaling in DCs and cell cycling/RNA translation in B cells, correlating positively with cross-neutralizing antibody titers. Increased chromatin accessability in genes related to NOTCH signaling in cDC1 was also observed. Cervarix-vaccinated subjects showed increased DC-to-memory B signaling, through upregulation of NOTCH ligands. Engagement of NOTCH was associated to BCL2 expression in memory B cells, supporting an anti-apoptotic state.







Conclusion


Increased DC signaling, including NOTCH, through AS04 in Cervarix supports cell survival and sustained RNA translation in memory B cells, 7 days post-vaccination. This may enhance adaptive immune cell maturation, providing a mechanism that can lead to improved cross-reactivity.
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Introduction


Human papillomavirus (HPV) is one of the most prevalent sexually transmitted infections worldwide, causing cervical cancer and contributing to other malignancies, including vulvar, vaginal, anal, penile, and oropharyngeal cancers (1). Notably, over 99% of cervical cancer cases can be attributed to persistent infection with high-risk HPV types, particularly HPV16 and HPV18, which together account for approximately 70% of global cases (2). Additionally, non-oncogenic HPV types, such as HPV6 and HPV11, are associated with benign anogenital and non-genital warts, underscoring HPV infections as a significant public health concern (1, 3).


To address this significant health burden posed by HPV-related diseases, prophylactic HPV vaccines have been developed to prevent infection and associated malignancies (4). Currently, three globally licensed HPV vaccines are based on the self-assembly properties of the HPV-type specific major capsid protein L1, into virus-like particles (VLPs) (4). While all licensed vaccines are L1-containing VLPs, they differ in their antigen content and adjuvant formulations. Cervarix® (GlaxoSmithKline Vaccines) is a bivalent vaccine targeting HPV16 and HPV18, and is formulated with the Adjuvant System 04 (AS04), comprising aluminum hydroxide salts (Al(OH)3) and the Toll-like receptor 4 (TLR4) agonist 3-O-desacyl-4’-monophosphoryl lipid A (MPL) (5). Gardasil-4® (Merck) is a quadrivalent vaccine formulated with amorphous aluminum hydroxyphosphate sulfate (AlHO9PS-3) as its adjuvant, targeting HPV16, HPV18, and the low-risk types HPV6 and HPV11 (6). Gardasil-9® (Merck) maintains the same aluminum-based adjuvant but extends Gardasil-4’s protection by including five additional high-risk HPV types (31, 33, 45, 52, and 58), which collectively account for approximately 20% of cervical cancers (7).


While HPV vaccines are highly effective and safe in preventing persistent HPV-infections and precancerous cervical lesions caused by high-risk HPV types (8, 9), Cervarix and Gardasil-4 have demonstrated differences in their immunological profiles (10–13). Both vaccines elicit high levels of neutralizing serum antibodies against vaccine-specific HPV types (14). However, Cervarix induces higher HPV16 and HPV18 antibody titers, greater frequencies of HPV16/18-specific memory B cells, and more robust antibody-dependent complement activation compared to Gardasil-4 (10, 15–17). Both vaccines confer a differential degree of cross-protection by inducing cross-protective neutralizing antibodies towards phylogenetically related, non-vaccine HPV types within the Alpha-papillomavirus species group A9 (HPV16-like: 31, 33, 35, 52, 58) and A7 (HPV18-like: 39, 45, 59, 68) (18). Cervarix elicits broader cross-neutralization capabilities and higher magnitudes of cross-protective antibodies towards HPV31, 33, 45, and 52, compared to Gardasil-4 (10, 13, 15, 17, 18). The superior cross-protective efficacy of Cervarix can be attributed to its AS04 adjuvant. In preclinical models, AS04 directly stimulates conventional dendritic cells upon TLR4 engagement, thereby enhancing antigen presentation and promoting T-cell activation, particularly Th1 CD4+ T cells and CD8+ T cells (19, 20). Compared to other adjuvant systems (AS01B, AS01E, and AS03), AS04 has been shown to induce weaker immune responses in terms of CD4+ T cell frequencies. While MPL activates TLR4 and induces a strong Th1 response, this effect is enhanced by the synergistic effect of QS-21 in AS01, possibly explaining the lower CD4+ T cell frequencies after AS04 compared to AS01 (21). Moreover, AS04 stimulates follicular helper T cells (Tfh) that interact with memory B cells, present in primed individuals, and stimulate them to rapidly produce high-affinity antibodies. Indeed, AS04 did show the capacity to not only boost antibody responses but also induce different antibody-effector functions, compared to alumn (19, 21). However, the complete molecular mechanisms underlying the broader cross-neutralization capacities of Cervarix remain to be further elucidated.


This study aimed to investigate the molecular mechanisms by which AS04 induces cross-protective antibodies against closely related HPV types not included in Cervarix, in comparison to Gardasil-4. In PBMCs collected seven days after the second vaccine dose, we confirmed an increased breadth of neutralizing antibodies. Additionally, we observed enhanced conventional Dendritic Cells type 1 (cDC1) signaling, including upregulated NOTCH signaling, as evidenced by increased gene expression and chromatin accessibility. This activation was associated with active cell proliferation seven days after the second dose, contributing to the improved maturation of adaptive immune cells.







Methods






Study design


A blinded randomized interventional study was performed at the Center for Vaccinology (CEVAC, Ghent University and Ghent University Hospital) in Ghent, Belgium between June 2014 and April 2015. Participants were homozygous female twins between 9 and 13 years that were eligible for HPV vaccination according to national recommendations. Twins were recruited from the East Flanders Prospective Twin Survey. All female participants were healthy, had no prior sexual activity and did not have prior exposure to HPV or any HPV vaccine or vaccine containing AS04. The primary objective of the study was to investigate molecular mechanisms of cross-neutralizing properties of Cervarix® compared to Gardasil-4®. Gardasil-4 was used, as Gardasil-9 had not yet been introduced at the time of the study. All study procedures adhered to ICH and GCP guidelines. The study was approved by the Ethics Committee of Ghent University Hospital and by the Belgian Federal Agency for Medicines and Health Products (FAHMP)(EudraCT: 2013-002340-90, NCT 01914367). Informed consent was obtained from all participants and from both parents.







Study vaccines


Each sister per twin pair was randomized to receive either Cervarix or Gardasil-4. Both vaccines are recombinant vaccines consisting of virus-like particles (VLP) containing L1 proteins of HPV. Cervarix targets HPV types 16 and 18 and uses Adjuvant System 04 (AS04, Al(OH)3 + TLR4 agonist monophosphoryl Lipid A (MPL)). Each formulation contains 20μg L1 VLP for each antigen, 50μg MPL, and 0.5mg Al(OH)3. Gardasil-4 targets HPV types 6, 11, 16 and 18 and is formulated with amorphous AlHO9PS-3 adjuvant. Each formulation contains 20μg L1 VLP for HPV16 and HPV18, 40μg L1 VLP for HPV6 and HPV11, and 225μg aluminum. For both vaccines, two doses of 0.6mL each, were administered intramuscularly to all participants, 6 months apart.







Sample collection


Ten mL of blood were collected by venous puncture in serum separation blood collection tubes (Becton Dickinson Vacutainer tubes) from all participants at baseline (pre-dose 1, day 0) and 7 days after the second dose (day 187). Serum was seperated after centrifugation for 10 minutes at 1300-2000g and stored in 500 μL aliquots at -20°C for the determination of neutralizing antibody titers and cytokines. At day 187, 60 mL of blood was collected in lithium-heparin coated tubes (Becton Dickinson Vacutainer tubes) for the isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were not collected at baseline (day 0) because cellular immunity was considered to be completely absent in this naïve population. After 1:2 dilution in Hanks buffered salt solution (HBSS), PBMCs were isolated by density gradient centrifugation (Lymphoprep™), washed twice in HBSS, suspended in freezing solution (10% dimethyl sulfoxide/90% fetal bovine serum v/v), frozen at a concentration of up to 10 million cells/mL and stored in liquid nitrogen.







Pseudovirion-based neutralization assay


Neutralizing antibodies against HPV types 6, 16, 18, 31, 33, 45, 52 and 58 were determined at day 0 and day 187 by pseudovirion-based neutralization assay (PBNA) as described previously (22). Briefly, pseudovirions were produced in HEK293TT cells and purified by ultracentrifugation in an Optiprep gradient. Pseudovirions comprise HPV L1 and L2 proteins that encapsidate a Gaussia luciferase reporter plasmid. Expression of Gaussia luciferase is quantified by luminescent reaction with the luciferase substrate coelenterazine after transduction of the plasmid into HeLaT reporter cells by pseudovirion infection. The pseudovirion infection is blocked and the the transduction of reporter genes is reduced in the presence of neutralizing antibodies. Serum samples were serially diluted in 3.33-fold increments to achieve a final dilution of 1:40 to 1:180 000 on the neutralization assay. Antibody titers were calculated as serum dilutions inhibiting 50% of the luciferase activity (EC50 value). EC50 values greater than 40 were defined as neutralizing antibody-positive. Sufficiently active HPV11 pseudovirions were not available for this study.







Cytokine assay


The Meso Scale Multi-Array Technology (Meso Scale Discovery) was used for measurement of cytokine levels. A cytokine panel containing the following analytes was screened: IL2, IL4, IL9, IL10, IL17A, TNFα, IFNα2a, IFNβ, IFNy, TGFβ1, TGFβ2, TGFβ3, using 25 μl of each serum from each donor in duplicates. Samples were randomized to avoid batch effects. Results were extrapolated from the standard curve from each specific analyte and plotted in picograms per milliliter, using the DISCOVERY WORKBENCH v.4.0 software (Meso Scale Discovery).







Single cell RNA and ATAC sequencing


Single cell multiome (RNA+ATAC) sequencing (Chromium Next GEM Single Cell Multiome ATAC + Gene Expression, Document Number GC000338 Rev F, 10X Genomics) was done using PBMCs collected at day 7. Nuclei were prepared from thawed PBMCs according to 10X Genomics demonstrated protocol (Nuclei Isolation for Single Cell Multiome ATAC + Gene Expression Sequencing, Document Number CG000365 Rev C, 10x Genomics). Frozen cells were thawed and incubated with DNase. Thawed cells were counted, and the viability was determined by staining the cells with Trypan blue. Cell suspensions were lysed to obtain isolated nuclei, according to the manufacturer’s instructions. Briefly, cells are incubated with lysis buffer on ice for 4 minutes, in alignment with previous optimization. Nuclei were washed, resuspended, and the percentage of dead cells was determined by incubating the nuclei with trypan blue and counting using an automated cell counter. Nuclei morphology was determined by staining the nuclei with Hoechst, and nuclei are classified as A – D (A, smooth, uniformly round nuclei with well-resolved edges; B, mostly intact nuclei with minor evidence of blebbing; C, nuclei with ruffled edges; D, nuclei no longer intact.). Only samples with the majority of nuclei type A and absence of nuclei type D are used in the subsequent steps of the protocol. Single Cell Multiome ATAC and Gene Expression (GEX) libraries were prepared using the Chromium Single Cell Multiome ATAC + Gene Expression platform (10X Genomics, Pleasanton, CA). 10,000 nuclei were targeted for each sample. Isolated nuclei were transposed and partitioned into Gel Beads-in-emulsion (GEMs) using the 10x Chromium Controller and Next GEM Chip J. GEMs were visually inspected, and only samples with an opaque and uniform aspect were used for library preparation. ATAC and GEX libraries were generated from the same pool of pre-amplified transposed DNA/cDNA. Representative traces and quantitation of both libraries were determined using Bioanalyzer High Sensitivity DNA Analysis (Agilent, Santa Clara, CA). Sequencing was done on Illumina NovaSeq S4 targeting 20,000 reads per nucleus for gene expression and 25,000 reads per nucleus ATAC-seq.


Fastq files were processed 10x Genomics Cell Ranger v5.0.1 using 10x Genomics Cloud Analysis (23, 24). Reads were mapped to the GRCh38 human reference genome and counted without depth normalization. The filtered count matrix was then analyzed using the Seurat (v5.1.0) (25) and Signac packages (v1.14.0) (26) in R. Low quality cells were identified and removed based on the following criteria: more than 100 RNA unique molecular identifiers, less than 25% mitochondrial read fraction, transcription start site (TSS) enrichment score of more than 2 and more than 200 ATAC fragments in peaks. Doublet cells were identified and removed using the DoubletFinder package in R (27). Peak calling was performed using the CallPeaks function. Data normalization, dimensional reductio and batch correction using Harmony integration was done independently on RNA and ATAC assays, which were then integrated using weighted nearest neighbors method (WNN). Cells were clustered using the Louvain algorithm using the integrated Uniform Manifold Approximation and Projection (UMAP), and global differences between clusters were assessed using Principal component analysis (PCA).Cell annotation was carried out using the reference expression dataset derived from Azimuth (28, 29). Differential Gene Expression per cell type between the two vaccine conditions was analyzed using the FindMarkers function (test.use = ‘wilcox’) in the Seurat package and visualized on volcano plots. The obtained sets of DEGs were also used for hierarchical k-means clustering and z-scaled averaged gene expression per subject for each cell type separately were visualized in heatmaps using pheatmap. Ranked DEGs per cell type were subjected to Gene Set Enrichment analysis (GSEA) using the clusterProfiler package in R (30). Reactome pathways were used (31). Average gene expression of significant pathways was calculated using AddModulescore and were correlated to neutralizing antibody titers. Cell-Cell communication analyses were done using the R packages CellChat (32) and NicheNet (33). A per-cell motif binding site activity score is calculated using chromVAR, utilizing a collection of 746 transcription factors from the JASPAR database. To assess chromatin accessibility changes between the two vaccine conditions, differentially accessible regions (DARs) were identified using the FindMarkers function with the LR test for ATAC data in Signac. Regions with significant differences in accessibility were visualized using heatmaps to highlight vaccine-specific regulatory elements. Motif enrichment analysis was performed on DARs using FindMotifs, identifying overrepresented transcription factor binding motifs that may play a role in vaccine-induced immune responses. The top enriched motifs were visualized using MotifPlot, displaying sequence logos that represent nucleotide conservation at these regulatory elements. To further explore transcriptional regulation, CoveragePlot was used to integrate chromatin accessibility and gene expression at key loci. ATAC-seq peaks at this locus suggested potential regulatory elements and links between regulatory regions and gene promoters were overlaid to infer chromatin interactions.







Statistical analysis


Geometric means of neutralizing antibody titers were calculated for each vaccine at each timepoint. Log10 transformed titers are presented in boxplots (median and IQR). The Mann-Whitney U test was used to evaluate differences in neutralizing antibody titers at day 187. To assess the overall difference in neutralizing antibody titers of all HPV types between twin sisters, the Euclidian distance was calculated as follows:
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Where a and b are the neutralzing antibody titers for each HPV type. HPV6 was not included in this calculation due to an anticipated increase in Euclidian distance, stemming from significantly higher neutralizing antibody titers following Gardasil-4 (which includes HPV6 antigen) compared to Cervarix (which does not contain HPV6). Cytokine concentrations were log10-transformed and tested for significant differences using the Kruskal-Walis test. Pearson correlation coefficients were calculated to evaluate associations between cytokine levels and HPV-type specific neutralizing antibody titers. Differences between the vaccines in relative frequencies of different cell types were analyzed using the Wilcoxon rank-sum test with Bonferoni correction for multiple comparisons. Differentially expressed genes were identified using the Wilcoxon rank-sum test and p-values were adjusted for multiple testing using the Benjamini-Hochberg false-discvery rate (FDR) procedure. Statistical significance was defined as an adjusted p-value ≤ 0.05 and a log2-fold-change > 1. Correlation analyses between module scores of genes in enriched pathways and HPV neutralizing antibody titers were conducted using Kendall’s rank correlation coefficients using the cor.test function in R. Hierarchical clustering was performed on the correlation matrix to group similar rows based on pairwise distances. The Euclidean distance was computed using the dist function, and the hclust function with the complete linkage method was applied for clustering. Continuous data are presented as mean (±SD) or median (IQR), while categorical data are shown as N (%). P-values< 0.05 were considered statistically significant. All analyses were done using R and R Studio.








Results






AS04 enhances neutralizing antibody responses


To investigate the effect of AS04 on antibody responses and its molecular mechanisms, six female homozygotic twins (n = 12), were vaccinated with either Cervarix, containing AS04, or Gardasil-4, containing alum. All participants were naive for HPV and received the vaccine at the recommended age of 9-13 years in Belgium. Each regimen consisted of 2 doses, 6 months apart (day 0 and day 180) (
Figure 1A
). Serum was collected at day 0 and 7 days post-second dose (day 187), while blood for peripheral blood mononuclear cell (PBMC) isolation was collected at day 187 only. The neutralizing antibody response was measured using a pseudovirion-based neutralization assay (22). Both vaccines target the L1 protein of HPV16 and 18 and successfully induced neutralizing antibodies (
Figure 1B
), with a marked increase observed from day 0 to day 187 (
Supplementary Table 1
). Gardasil-4 additionally targets HPV6 and 11 (type 11 not measured). Neutralizing antibodies against HPV31, 33, 52 and 58 (closely related to HPV16) and HPV45 (closely related to HPV 18) were also increased by day 187 (
Figure 1B
). On day 187, neutralizing antibody titers against HPV18 were significantly higher in participants vaccinated with Cervarix, consistent with previous studies demonstrating Cervarix’s superior response to HPV18 compared to Gardasil-4 (
Figure 1C
; 
Supplementary Table 1
). Additionally, a trend (p<0.2) towards higher neutralizing antibody titres against HPV45 and HPV52 after Cervarix vaccination was observed. Conversely, titers against HPV6 were significantly higher following Gardasil-4 vaccination, as this antigen is included in Gardasil-4 but not in Cervarix (
Figure 1C
). While titers against HPV16 and other related types (31, 33, and 58) showed no significant differences between vaccines, a limited trend favoring Cervarix was observed (
Figure 1C
). Overall, these findings confirm that Cervarix has a greater capacity to enhance cross-protective antibody responses compared to Gardasil-4, thereby broadening the immune response. On day 187, no differences in serum cytokine concentrations were observed between vaccines, likely reflecting the expected return of the inflammatory response to baseline by this time (
Figure 1G
; 
Supplementary Table 1
).
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Figure 1 | 
Cervarix induces higher neutralizing antibody titers against closely related HPV types and enhances DC and Memory cell frequencies in peripheral blood. (A) Study design: Six female homozygotic twins (n = 12) were vaccinated with either Cervarix, containing AS04, or Gardasil-4, containing alum. All participants were HPV-naive and received the vaccine at the recommended age of 9-13 years in Belgium. Each regimen consisted of two doses administered six months apart (day 0 and day 180). Serum samples were collected on day 0 (pre-vaccination) and seven days after the second dose (day 187), while blood for PBMC isolation was collected on day 187 only. (B) Neutralizing antibody titers: neutralizing antibody titers against HPV6, 16, 18, 31, 33, 45, 52 and 58 were measured using a pseudovirion-based neutralizing assay in all participants at both timepoints. Geometric mean titers (GMT) were calculated for each HPV type and vaccine. The line graph presents log-transformed GMT on day 0 and day 187 for each vaccine separately, with colored line representing specific HPV types. (C) Neutralizing antibody levels on day 187: Boxplots display the median (IQR) log-transformed neutralizing antibody titers on day 187 for each HPV type, grouped by vaccine (orange: Cervarix, green: Gardasil-4). (D) Single cell RNA sequencing analysis: A total of 79,817 cells were analyzed using single-cell RNA sequencing. The UMAP plot visualizes all single cells after dimensionality reduction, clustering, and annotation. (E) A subset of all DCs and B cells were selected for further investigation. The UMAP plot visualizes the subset of single cells after dimensionality reduction and re-clustering. (F) Cell frequencies: Boxplots show the median (IQR) of relative cell frequencies per vaccine. (G) Cytokine concentrations: Boxplots show median (IQR) for each measured cytokine. Mono, monocytes; NK, Natural Killer cells; cDC1/cDC2, conventional dendritic cells type 1 or type 2; pDC, plasmacytoid dendritic cell; CD4, CD4+ T cells; CD8, CD8+ T cells; GMT, geometric mean titer; HPV, human papilloma virus; significance was assessed by the actual p-values by Wilcoxon rank test.









AS04 is associated with increased frequencies of dendritic cells


Next, we investigated the differential effect of AS04 on transcriptional and epigenetic changes in PBMCs. Four twins (n = 8) representative of the biggest differences in neutralizing antibody titers across all types of HPV, except HPV6, were selected by calculating the Euclidian distance (
Supplementary Figure 1A
). Nuclei from these eight PBMC samples collected on day 187 were subjected to multi-ome single cell RNA and ATAC sequencing (10X Genomics). In total, 79,817 cells were sequenced, and 71,767 high-quality cells were retained for analysis, including clustering and annotation using the Azimuth PBMC reference (
Figure 1D
; 
Supplementary Figures 1B–M
). Relative frequencies of all major cell types are shown in 
Supplementary Figure 2A
 (
Supplementary Table 2
). AS04 has previously been shown to activate DCs, resulting in better antigen presentation, rather than directly activating CD4+ T cells (20). We selected all cells annotated as DC, monocyte or B cell thorugh automated annotation using Azimuth and subsequently reclustered them (
Supplementary Figure 2B
). The annotation of each cell type was verified by plotting the average expression of common dendritic cell markers (
Supplementary Figure 2C
) or monocyte markers (
Supplementary Figure 2D
). We observed that the DC population was well defined and distinctly clustered apart from the monocytes. In contrast, the monocyte population was more heterogenous, which could potentially impact the accuracy of the results. Therefore, we focused on DCs and B cells to investigate mechanisms underlying cross-protective humoral immune responses. Finally, all annotated DCs and B cells were selected and reclustered (
Figure 1E
). A statistically significant difference in relative frequencies of conventional DCs type 1 (cDC1) was found using Wilcoxon Rank-sum test (
Figure 1F
). Cervarix showed a limited trend towards higher proportions of cDC2 and plasmacytoid dendritic cells (pDC). Although not statistically significant, a higher proportion of memory B cells was observed following Cervarix vaccination, but a decreased proportion of plasmablasts compared to Gardasil-4 (
Figure 1F
; 
Supplementary Table 2
).







AS04 enhances NOTCH signaling through gene expression in cDC1, stimulating cell cycling in memory B cells, which correlates with breadth of neutralizing antibodies


To further investigate the function of immune cells, differentially expressed genes (DEG) in each cell type were identified and analyzed using gene set enrichment analysis (GSEA) (
Supplementary Table 3
). Ribosomal genes were among the most differentially expressed genes and genes related to RNA translation, cell metabolism and cell proliferation pathways were enriched in the Cervarix group, which indicates an enhanced cellular machinery for protein synthesis and can support a more robust immune response by facilitating the activation and proliferation of immune cells.


In cDC1 and pDCs, there was increased expression of genes involved in RNA translation, protein folding and cell-cycling, -development, and -apoptosis (
Supplementary Figures 2E–F
). In memory B cells ribosomal genes were also the most overexpressed genes in B cells following Cervarix, compared to Gardasil-4 (
Supplementary Figure 2G
). Overall, cervarix increased the expression of genes involved in RNA translation, cell metabolism and cell proliferation pathways in DCs and B cells (
Figure 2A
). DCs showed enrichment of cell recruitment and cell signaling pathways, while memory B cells showed enrichment of cell survival and proliferation pathways (
Figures 2A, B
). Interestingly, NOTCH2 signaling, important in cell differantion and an important regulator of Th2 immunity, was one of the three enriched pathways identified in cDC1, and possibly involved in the observed increase in cell proliferation (
Figures 2A, B
). Indeed, genes and transcription factors involved in the NOTCH2 signaling, including NOTCH2, MAML2, and RBPJ (
Figures 2A–C
) showed increased average gene expression in subjects receiving Cervarix.
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Figure 2 | 
Cervarix induces transcriptional responses in DCs and memory B cells that correlate with antibody titers. (A) Clustered heatmap of all genes involved in identified enriched pathways in cDC1, pDC, and B memory cells. Color represents column-wise z-scores. (B) Heatmap of normalized enriched scores (NES) for significantly enriched reactome pathways in cDC1, pDC, and memory B cells. All pathways that were enriched in any of DC subsets are shown. Additional pathways enriched in B cell subsets are included in 
Supplementary Table 3
. (C) Boxplot showing the median (IQR) of average gene expression of NOTCH2 signaling pathway genes in cDC1, grouped by vaccine. (D) Scatter plots showing correlation between the module score of NOTCH2 signaling pathway per participant with neutralizing antibody titers against all measured HPV types. cDC1, conventional dendritic cells type 1; cDC2, conventional dendritic cells type 2; pDC, plasmacytoid dendritic cell; NES, normalized enrichment score.




Moreover, transcription factors and genes involved in cell cycling, cell survival and anti-apoptosis such as CDK7, CYC1, MICA, and OPA1, were among the top expressed genes in memory B cells (
Supplementary Figure 2G
). Indeed, mRNA translation, protein folding, and cell cycling were pathways significantly enriched after Cervarix across cell types.


We next sought to determine whether the identified pathways in cDC1, pDC, and B memory cells correlated with higher neutralizing antibody titers, independent of the vaccine. First, Module scores, which is the average expression level of all genes of the respective pathway, for all significantly enriched pathways were calculated. Then, Kendall’s rank correlation coefficients were calculated between the module score and neutralizing antibody titers for various HPV types (
Supplementary Table 4
). Hierarchical clustering based on pairwise distances was performed, and the resulting dendrogram was used to order rows in the heatmap (
Supplementary Figure 2H
). Clustering revealed the two groups of HPV types: HPV18-45-52-58, and HPV31-33 based on correlation coefficients, which mostly correspond to the A7 (HPV18-45) and A9 (HPV16-31-33-52-58) HPV groups. HPV6 and HPV16 clustered seperately. The pathways upregulated after Cervarix vaccination, primarily those related to cell cycle and RNA translation, positively correlated with neutralizing antibody titers for HPV18-45-52-58, aligning with the higher neutralizing antibody titers observed for these types after Cervarix. Ribosomal gene expression in all cells and Slit-Robo signaling in pDCs and memory B cells, also showed weaker positive correlations with neutralizing antibody titers for other HPV types. Conversely, pathways primarily associated with immune responses, such as B cell receptor activation, were upregulated after Gardasil-4 vaccination and positively correlated with neutralizing antibody titers for HPV6-16-31-33. Most interesting, NOTCH2 signaling, correlated positively with HPV18-45-52-58 and HPV16 (
Figure 2D
).


To further explore differences in gene expression based on the breadth of neutralizing antibody responses, subjects were categorized as “high breadth responders” [n=4 (Cervarix: n=3, Gardasil-4: n =1)] and “low breath responders” [n=4 (Cervarix: n=1, Gardasil-4: n =3)] based on the sum of neutralizing antibody titers across all HPV types, with the median serving as threshold. Differential gene expression analysis (
Supplementary Figures 3A, B
; 
Supplementary Table 4
) and GSEA identified similar enriched pathways (
Supplementary Figure 3C
; 
Supplementary Table 4
). High breadth responders showed increased ribosomal gene expression and enrichment of pathways related to RNA translation, cell metabolism and development in DCs and B cells.


These findings suggest that Cervarix promotes cell differentiation and maturation via DC signaling, persisting at least until day 7, with a greater reliance on memory cells compared to Gardasil-4. Moreover, NOTCH2 signaling by cDC1 appears to enhance cell proliferation and development of memory B cells. This induced NOTCH2 signaling seems to favor memory B cell lineage commitment over plasmablast differentiation. Consequently, the resulting immune profile supports long-term, cross-neutralizing humoral responses rather than short-lived plasmablast expansion. However, this conclusion is based solely on gene expression data. Memory B cells were not quantified using conventional flow cytometry, and the observed cell cycling and differentiation were not confirmed with established proliferation markers such as Ki-67 or CD69.







AS04 increases chromatin accessibility of NOTCH-related genes in cDC1s


To investigate epigenetic changes in DCs induced by AS04, we performed single cell ATAC sequencing on PBMCs collected on day 7 after the second dose. In cDC1 and pDCs, we analyzed genomic regions with increased chromatin accessibility, which may indicate prior training of these cells. The top 200 differentially accessible regions (DARs) in Cervarix compared to Gardasil-4 are shown in 
Figure 3A
 for cDC1 and 
Supplementary Figure 4A
 for pDC (
Supplementary Table 5
). Interestingly, several NOTCH-related genes exhibited increased accessibility after Cervarix (
Figure 3B
). Thes genes included promotor regions of EGR4, HES5, HEY1, and NOTCH1, as well as distal regions of DLL4 and EEG2. The top six enriched motifs in these NOTCH-related DARs (KLF15, TFDP1, ZBTB14, NRF1, SP2, and E2F6) (
Figure 3C
) correspond to transcription factors involved in cell recruitment, gene regulation, cell differentiation and mitochondrial biogenesis. While DARs associated with NOTCH genes were identified in pDCs, the differences were less pronounced (
Supplementary Figure 4B
). The top six enriched motifs in NOTCH-related DARs in pDCs (KLF15, EGR1, SP14, ZBTB14, NRF1, and EFR2) were also implicated in cell recruitment, gene regulation and cell differentiation (
Supplementary Figure 4E
) (34–37). Indeed, the NOTCH2 locus showed more open chromatin in cDC1 after Cervarix vaccination (
Figure 3D
), and chromatin accessibility of NOTCH-related ligands (NOTCH1, DLL4, JAG1) in cDC and pDC clusters, and of NOTCH-related target genes (HEY1, HES5, ELK1) in the B cell cluster (
Figure 3D
). While loci of NOTCH-related ligands (NOTCH1, NOTCH2, NOTCH3, NOTCH4, DLL4, and JAG1) showed more peaks indicating more open chromatin after Cervarix, this was more pronounced in conventional than plasmacytoid DCs (
Figure 3D
; 
Supplementary Figure 4F
). The enhanced chromatin accessibility, primarily in promotor regions of NOTCH genes in DCs, aligns with increased transcription and may suggest prior training of these cells by the first dose, although this cannot be definitively confirmed.


[image: Heatmap A and B display gene expression across different vaccines, CERVARIX and GARDASIL, categorized by region type. Column C shows sequence logos for KLF15, TFDP1, ZBTB14, NRF1, SP2, and E2F6 motifs. Panel D includes plots of genomic positions for NOTCH1, NOTCH2, NOTCH3, NOTCH4, DLL4, and JAG1, compared between the two vaccines, highlighting frequency scores.]
Figure 3 | 
Cervarix enhances chromatin accessibility of NOTCH genes in cDC1. (A) Heatmap showing normalized chromatin accessibility at the top 200 DARs in cDC1 for each subject. Regions were classified as follows: promoter −2,000 bp to +500 bp; distal −10 kbp to +10 kbp – promoter; trans< −10 kbp or > +10 kbp. (B) Heatmap of normalized accessibility of NOTCH-related DARs in cDC1 for each subject. (C) The top enriched motifs identified from NOTCH-related DARs in cDC1. (D) Chromatin accessibility at the locus of NOTCH ligands (NOTCH1, NOTCH2, NOTCH3, NOTCH4, DLL4, JAG1) in cDC1 grouped per vaccine. The coverage tracks represent the aggregate signal of transposase-accessible regions, with peaks indicating open chromatin regions. The plot extends 50 bp upstream and 10 kb downstream of the gene to capture potential regulatory elements. cDC1, conventional dendritic cells type 1; cDC2, conventional dendritic cells type 2; pDC, plasmacytoid dendritic cell.









AS04 enhances signaling from DCs to adaptive immune cells and drives cell survival


We next sought to examine in detail the molecular signals mediating communication from DCs to adaptive immune cells. Using the CellChat package (32), we analyzed cell-cell interactions, defined as ligand-receptor interactions inferred from the gene expression matrix and compared to a literature validated database of ligand-receptor interactions, between DCs and B cells after Cervarix and Gardasil-4 vaccination. A comparison of interaction strength, as a measure of communication quality, between DCs and B cells cells revealed stronger interactions following Cervarix vaccination (
Figure 4A
). Specifically, interactions between cDC1/pDC and B cells were stronger after Cervarix, whereas interactions between cDC2 and B cells predominated after Gardasil-4 (
Figure 4B
). Stronger interactions to memory B cells occurred after Cervarix vaccination.


[image: Panel A shows a bar graph comparing interaction strength for two vaccines, Gardasil (4.92) and Cervarix (7.76). Panel B presents a heatmap depicting differential interaction strength of sources like pDC, cDC1, and cDC2 with various B cell subsets. Panels C and D display outgoing signaling patterns for Cervarix and Gardasil-4, respectively, with heatmaps showing relative strengths. Panel E illustrates ligand activity with a heatmap, highlighting prioritized ligands. Panel F shows predicted target genes with a heatmap, indicating regulatory potential of various ligands, associated with genes BCL2, JUNB, and CD40.]
Figure 4 | 
Enhanced signaling by DCs via NOTCH after Cervarix vaccination. (A) Bar plot showing the total strength of interactions per vaccine. (B) Heatmap comparing the differential strength of interactions between Cervarix and Gardasil-4. Rows represent sending cells (y-axis), while columns indicate receiving cells (x-axis). Red denotes stronger signaling in Cervarix, while blue indicates stronger signaling in Gardasil-4. The heatmap is clustered based on the differential strength of interactions. Bar plots along the rows and columns indicate the total strength of signals sent or received, respectively.C-D. Heatmaps showing outgoing signals for each cell type in Cervarix (C) and Gardasil-4 (D). “Outgoing” refers to signals sent by the specified cell types. Signals are ranked by ‘importance’ and the extent to which cells utilize them. Bar plots on the columns represent the total number of signals sent by each cell type, while the bar plots on the rows indicate the total number of signals sent overall. Green highlights the relative strength of the outgoing signal. E-F NicheNet analysis of DC signaling to memory B cells. (E) Ligand activity plot highlighting the most important ligands sent by cDC1 and pDC to memory B cells. (F) Target gene heatmap showing the influence on expression of BCL2, JUNB and CD40 in memory B cells (columns) by the top ligands sent by DCs (rows). cDC1/cDC2, conventional dendritic cells type 1 or type 2; pDC, plasmacytoid dendritic cell; AUPR, area under the precision recall curve.




For both vaccines, pDCs were identified as the primary ligand-sending cells, with MHC-I and MHC-II being the most frequently used ligands (
Figures 4C, D
). However, after Cervarix vaccination, cDC1 and cDC2 played a more prominent role in sending signals. These signals included ligands that are important in recruitment, adhesion, and activation of cells (SELPLG, PECAM1, ADGRG, BAFF). Interestingly, several of these ligands, BAFF, CD86, and PECAM1, strongly impact B cell survival. Additionally, MHC-II presented by cDC1 and cDC2 was more important after Cervarix vaccination compared to Gardasil-4 (
Figures 4C, D
).


To further investigate the functional outcomes of these interactions, we used NicheNet to identify genes differentially expressed after Cervarix vaccination in recipient cells (memory B cells) upon receiving these signals from DCs. Similarly, signaling from DCs to memory B cells was evidenced by the activity of several ligands involved in recruitment and adhesion (SELPLG, ADGRE5, APP) of B cells and allowing for stable synapses needed for effective communication.


Again, ligands, including PSEN1, MFNG (NOTCH signaling), CD6 (co-stimulation), BAFF, and APRIL (B cell activating factor), that stimulate cell proliferation and survival signals in memory B cells were found, (
Figure 4E
). These ligands further enhanced memory B cell survival by inducing the expression of survival-associated genes like BCL2, CD40 and JUNB (
Figure 4F
; 
Supplementary Figure 5
). Although we did not quantify these ligands at the protein level, overall, the gene expression data overall suggest that, in addition to increased NOTCH signaling by DCs, these cells facilitate the recruitment, proliferation, and survival of B memory cells, thereby enhancing the adaptive immune response.







Cervarix enhances NOTCH signaling by T helper cells


Since the NOTCH signaling pathway appears to play an important role, we investigated whether this also leads to the activation of Th2 cells, as NOTCH signaling is a hallmark feature of these cells. To investigate whether Cervarix impacts T helper cells, potentially facilitating broader help and extended affinity maturation, we re-clustered all CD4+ T cells (
Figure 5A
). For each cluster, the average expression of common T cell markers was plotted and clusters were manually annotated as Th1, Th2, Th17, follicular helper T cells (Tfh), regulatory T cells (Treg), or other CD4+ T cells. No notable difference in T helper cell frequencies were observed (
Figure 5B
; 
Supplementary Table 6
), but several NOTCH pathways were significantly enriched in Th2 andTh1 cells, after Cervarix vaccination, confirming the involvement of NOTCH signaling in Th2 and Th1 functionality (
Figure 5C
).


[image: Panel A shows a UMAP plot of CD4+ T cell subtypes, each type colored differently. Panel B displays box plots comparing the proportions of Th1, Th2, Th17, Treg, and Tfh cells between CERVARIX and GARDASIL vaccines. Panel C features a bubble plot illustrating gene set enrichment scores for Th1 and Th2 cells with varying sizes and colors indicating gene ratios. Panel D presents a heatmap of differential interaction strengths among cell types, with intensity denoting interaction levels. Panel E displays a heatmap of prioritized ligands against predicted target genes, with shading representing regulatory potential.]
Figure 5 | 
T help via NOTCH signaling to B memory cells. (A) UMAP projecting displaying all CD4+ T cells after dimensionality reduction and clustering and manual annotation of T helper subsets. (B) Boxplots representing the median (IQR) relative frequencies of CD4+ T cell subsets, stratified by vaccine (orange: Cervarix, green: Gardasil-4). (C) Dotplot showing significantly enriched pathways related to NOTCH signaling in Th1 and Th2 cells. Positive NES indicates a pathway enriched in Cervarix. (D) Heatmap showing the differential strength of interactions between cell types. Rows represent sender cells (y-axis), and columns represent receiver cells (x-axis). Blue indicates stronger signaling in Cervarix group, and red indicates stronger signaling in Gardasil-4 group. The heatmap is clustered by the differential interaction strength, with bar plots on the rows and columns indicating the weight of signals sent or received, respectively. (E) NicheNet analysis of Th2 signaling to memory B cells. Target gene heatmap showing the expression of genes in memory B cells (columns) influenced by several cytokines sent by Th2 cells (rows). (F) Boxplots showing the median (IQR) of average expression of Immunoglobulin-related genes in B memory cells, stratified by vaccine. Tfh, follicular T helper cell; Th, helper T cell; Treg, regulatory T cell.




We next examined which helper T cells provided enhanced help to B memory cells after Cervarix vaccination. Differences in communication between Th cells and B cells between the two vaccines were again assessed using the Cellchat package. This analysis revealed stronger interactions between all Th cells, except Th1, and B memory, B intermediate and B naive cells after Cervarix compared to Gardasil-4 (
Figure 5D
). Conversely, Th1 signaling was proportionally stronger after Gardasil-4 (
Figure 5D
). Using NicheNet, we analyzed next which cytokines were being sent by Th cells to induce target gene expression genes in memory B cells. Indeed, a broad set of genes relating to several CD4+ T helper subsets, were identified as ligands. These cytokines were found to stimulate the expression of genes that were upregulated in B memory cells following Cervarix vaccination, including BCL2, JUNB and CD40 (
Figure 5E
). Additonally, ligands other than cytokines - such as Nothc-related genes like ADAM12 (involved in NOTCH cleavage) and CD6 (a co-stimulatory molecule) - were sent by Th cells, highlighting the role of NOTCH signaling in T cell help (
Supplementary Figure 5
). Overall, these findings suggest that Cervarix also induces NOTCH signaling in Th cells, which may contribute to the enhanced activation of memory B cell.







NOTCH signaling, cell cycling and survival gene signatures are associated with antibody breadth in other vaccines


Lastly, we aimed to investigate whether the gene signature identified here, including NOTCH signaling and increased cell survival, could be associated with breadth of the antibody response to other vaccines. The ImmuneSpace database was searched for studies investigating vaccine-induced immune responses that included both gene expression (RNA sequencing/microarray) and antibody titers (ELISA, microneutralization, or functional assays). The Gene Expression Omnibus (GEO) database was searched for publicly available gene expression data that also included antibody titers across multiple strains or types of the pathogen. Two relevant studies were identified, data on antibody titer measurements were not available for the other studies. (
Figure 6A
). The first study assessed a conjugated polysaccharide vaccine against meningococcus, with serum bactericidal antibody titers available for MenA and MenC (38). The second study examined the gene signatures of an mRNA COVID-19 vaccine and its relationship with neutralization antibody titers against two SARS-CoV-2 strains (39). For both studies, titers across strains were summed, and subjects were classified into high and low breadth groups based on the median value. Indeed, the top 20 significantly enriched pathways in high-breadth versus low-breadth responders after meningococcal vaccination included cell cycling and RNA translation processes (
Figure 6B
; 
Supplementary Table 7
). After COVID-19 vaccination, the top 20 significantly enriched pathways included B cell receptor activation and cell migration pathways (
Figure 6C
). Furthermore, almost all the significantly enriched pathways after Cervarix identified in our dataset were also enriched in high-breadth responders for both vaccines (
Figure 6D
). These findings partially validate our results in this small population.


[image: Diagram with four sections comparing data from meningococcal conjugated polysaccharide and COVID-19 mRNA vaccines. Section A shows study designs for GSE52245 and GSE169159 with antibody titers. Section B presents a bar chart with normalized enrichment scores in green for GSE52245. Section C displays a similar bar chart in purple for GSE169159. Section D illustrates a heatmap comparing pathway activations between the two vaccines, using a color gradient from blue to red indicating different levels.]
Figure 6 | 
NOTCH signaling and cell cycling and survival gene signatures are associated with antibody breadth in other vaccines. (A) The Gene Expression Omnibus (GEO) database was searched for publicly available gene expression data that included antibody titers across multiple strains or pathogen types. Two relevant studies were identified. The first examined a conjugated polysaccharide vaccine against meningococcus, with serum bactericidal antibody titers available for MenA and MenC. The second study analyzed gene signatures of an mRNA COVID-19 vaccine and their relationship with neutralization antibody titers against two SARS-CoV-2 strains. For both studies, titers across strains were summed, and subjects were categorized into high and low breadth groups based on the median value. (B-C). Bar charts displaying the top 20 enriched pathways in high- vs. low-breadth subjects for GSE52245 (B) and GSE169159 (C). (D) Heatmap showing the NES of pathways commonly enriched in both vaccines, clustered per vaccine. NES, normalized enrichment score; GEO, gene expression omnibus; nAB, neutralizing antibodies; SBA, serum bactericidal assay.










Discussion


In this study, we analyzed blood samples collected before first vaccination and 7 days after the the second vaccine dose administered to six homozygotic twin sisters. Our aim was to investigate the molecular mechanisms by which Cervarix, containing the adjuvant system AS04, induces a stronger cross-protective antibody response to oncogenic HPV types not included in the vaccine compared to Gardasil-4. Both vaccines generated high neutralizing antibody titers against HPV16 and HPV18. However, Cervarix elicited significantly higher neutralizing antibodies against HPV18 with a trend toward higher titers against HPV31, 33, 45, 52 and 58, compared to Gardasil-4.


At the cellular level, this response was associated with an increased relative frequency of DCs and memory B cells. Functionally, we observed enhanced DC recruitment and NOTCH signaling by cDC1, leading to active cell proliferation and survival of memory B cells, even seven days after the second dose. These findings correlated with higher neutralizing antibody titers and a broader humoral response. This was accompanied by heightened cell-cell communication between Th cells and B memory cells, which stimulated the expression of cell survival genes, potentially facilitating prolonged affinity maturation.


Consistent with previous research, our findings confirm that Cervarix induces higher neutralizing antibody titers against HPV18 and the closely related HPV45 and HPV52 as compared to Gardasil-4 (15, 18). Studies attribute this superior response to the enhanced immunogenicity of the AS04 adjuvant (40, 41). AS04 has been shown to increase both the magnitude and durability of immune responses induced by HPV and hepatitis B vaccines (42). In preclinical models, AS04 was shown to activate APCs through TLR4, without directly targeting CD4+ T cells or B cells (20). Our study corroborates these findings by showing recruitment of cDC1 and pDCs which play a pivotal role in bridging innate and adaptive immunity. The activation of Toll-like receptor 4 (TLR4) by AS04 accounts for these robust DC responses, as TLR4 stimulation is well-recognized for enhancing antigen presentation and subsequent T-cell activation (43).


The upregulation of NOTCH-related genes in cDC1 cells in our dataset further suggests a role for NOTCH signaling in shaping adaptive immunity via antigen-presenting cells. Indeed, it has been shown that NOTCH signaling optimizes cDC1 differentiation in vitro, leading to better antigen presentation (44). In mice, NOTCH-ligand expressing DCs were found to better regulate T-cell effector functions leading to reduced tumor growth (45). Moreover, it was shown that NOTCH1 signaling increased antigen responsiveness in CAR-T cells (46). NOTCH signaling has also been shown to be critical for the differentiation of B cells to antibody-secreting cells, as its’ signaling enhances CD40 expression, as was seen in our cell-cell communication analyses, thereby supporting long-term humoral immunity (47). NOTCH signaling is well known to contribute to both T and B cell activation and differentiation (47–49). Thus, the contribution of NOTCH signaling to higher cell survival and proliferation on day 187, could allow extended time for affinity maturation, enhancing the vaccine’s capacity to generate cross-protective responses against related HPV types. This nuanced immune modulation by Cervarix may be a critical factor differentiating its overall immunogenicity profile.


Notably, gene regions associated with NOTCH signaling also exhibited greater accessibility in cDC1, indicating that the first dose of AS04 or prior antigenic encounters may have epigenetically primed these cells, which could contribute to enhanced responsiveness upon vaccination. Although, this aligns with other adjuvants such as AS03, inducing trained immunity (50), we cannot confirm this due to the lack of baseline samples. However, such epigenetic modifications may facilitate a more robust adaptive immune response, potentially explaining the differential vaccine-induced memory B cell activation observed in our study.


While the role of Th1 and pro-inflammatory responses in antiviral immunity is well-established, our findings demonstrate that AS04-driven Th activation and enhanced memory cell recruitment offer a complementary pathway for achieving cross-protection. the robust interaction between Th cells and B cells, highlighted by our cell-cell communication analysis, underscores the critical role of Th-dependent immune pathways. This process may enhance the breadth of neutralizing antibody responses and distinguish Cervarix from Gardasil-4.


Additionally, systems serology analyses have highlighted the importance of qualitative antibody attributes, such as Fc-mediated effector functions, in determining vaccine efficacy (19, 51, 52). Compared to Alum, AS04 has been shown to enhance antibody avidity, Fc-receptor functions, and memory B cell recall, although to a lesser extent than some other adjuvant systems (19, 51). More recently, studies have demonstrated that both Cervarix and Gardasil-4 elicit robust Fc-effector functions. However, Cervarix was found to coordinate these responses more effectively, resulting in higher antibody-dependent complement activating responses (52).


Lastly, the robust immune response against HPV18 observed for both vaccines may have clinical implications, given the association of HPV18 with aggressive cervical cancer phenotypes. Higher titers of cross-neutralizing antibodies, particularly against HPV18-related types, are linked to reduced rates of persistent infection and cervical intraepithelial neoplasia (53).


This study leveraged single-cell RNA sequencing to provide a detailed view of cell-type-specific immune responses. The analysis of transcriptional changes offered insights into the molecular pathways activated by Cervarix. The use of homozygotic twins minimized genetic variability, especially in HLA genes, enabling precise comparisons and enhancing the reliability of observed differences. However, some limitations remain. The twin-based design, while strengthening internal validity, involved a small sample size (n = 12), limiting generalizability of the findings. Indeed, a small number of total cells was analyzed, and while relative proportions are within expected ranges, the absolute number of cells is low. However, the validation in public gene expression data confirmed the correlation of these pathways with breadth of antibody responses. Moreover, several studies found an association of gene signatures related to cell cycling and durable antibody responses (50, 54, 55), including the effort of defining a transcriptional atlas of 13 vaccines (56, 57). Next, immune responses were assessed only seven days after the second vaccination, and baseline cellular immune responses were not measured. While all subjects were HPV naive with no expected pre-existing immunity, a baseline PBMC sample would have allowed identification of trained immunity and of vaccine-specific changes over time. Future longitudinal studies are needed to evaluate antibody persistence and long-term immune memory. Lastly, the primary limitation of this study is that neutralizing antibody titers were the sole functional immunological parameter assessed. Cellular immune responses were not confirmed using conventional flow cytometry. Consequently, the findings reflect overall changes in the PBMC compartment and cannot be directly extrapolated to vaccine- or antigen-specific cellular immune responses. Several approaches to detect antigen-specific B cells were explored, including the use of labeled HPV VLPs. While these methods are relatively straightforward for detecting antigen-specific T cells, they were not feasible for B cells in this study, which were of primary interest. The exclusion of such analyses was mainly due to technical challenges, such as the low frequency of B cells within PBMCs and limited knowledge about the frequency of HPV-specific B cells generated by vaccination. However, the primary focus was on the effect of AS04, particularly on the activation of the innate immune response and innate-to-adaptive communication, processes that are inherently nonspecific. Additionally, quantification of various ligands or gene expression levels using conventional techniques, such as ELISA or qPCR, was not performed. For instance, the detection of HPV-specific IgG subtypes 1 to 4 could have provided further insights into both the cell-mediated (Th1/Th2) and humoral (antibody-dependent cellular cytotoxicity) immunity. Although functional validation was not possible, our conclusions are based on gene exression and chromatin accessibility data, which offer deeper insights into molecular mechanisms of HPV vaccines that warrant further investigations.


In conclusion, AS04 increased DC frequencies, with cDC1 in particular exhibiting enhanced NOTCH signaling, evidenced by increased gene expression and epigenetic modifications likely induced by prior training. This signaling promoted cell survival, RNA translation, and proliferation, particularly in memory B cells up to seven days post-vaccination. Additionally, AS04 expanded T cell help, with the resulting adaptive immune response relying more heavily on memory B cells exhibiting higher survival. While these findings should be further validated through functional immunoassays, the single-cell sequencing data suggest a state of immune activation that could facilitate more effective maturation of adaptive immune cells, possibly explaining the observed increased cross-reactivity with Cervarix. These results emphasize the importance of adjuvant selection in optimizing vaccine efficacy and highlight the potential of AS04 to induce robust, long-lasting immunity.
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Supplementary Figure 1 | 
Single cell RNA and ATAC sequencing quality. (A) Euclidian Distances between twin sisters based on neutralizing antibody titers for all HPV types. (B) Bargraph showing the number of doublet cells for each subject identified using the DoubletFinder package. (C-H) Violin plots showing the distribution of six quality metrics across all cells. Quality metrics were number of reads (C), number of transcripts (D), percentage of mitochondrial genes (E), number of ATAC reads (F), nucleosome signal (G), and TSS enrichments score (H). (I) UMAP projection of gene expression data. (J) UMAP projection of ATAC data. (K) Combined UMAP projection. Both gene expression and ATAC data have been integrated using Harmony integration to remove batch effect. A combined UMAP projection has been made using weighted neighbor clustering. (L) Per-cluster cell proportions from both vaccines. (M) Per-cluster cell proportions from each subject.





Supplementary Figure 2 | 
Gene set enrichment analysis in all cells. (A) Cell frequencies of all cells identified in the complete dataset (
Figure 1D
). Boxplots show the median (IQR) of relative cell frequencies per vaccine. (B-D) Volcano plots of differentially expressed genes (DEGs) for cDC1 (B) pDC (C) and memory B cells (D). (E) Correlation plot showing the correlation between all significantly enriched pathways and HPV-type-specific neutralizing antibody titers, with color representing the Kendall’s Tau rank. CD4+ T cells and B cells after Cervarix compared to Gardasil-4. CD14 Mono, classical CD14+ monocytes; CD16 Mono, non-classical CD16+ monocytes; NK, Natural Killer cells; ASDC, AXL+ Siglec-6+ dendritic cells; cDC1/cDC2, conventional dendritic cells type 1 or type 2; pDC, plasmacytoid dendritic cell; CD4 TEM, CD4+ T effector memory cells; CD4 TCM, CD4+ T central memory cells; Treg, regulatory T cells. CD4 CTL, CD4+ cytotoxic T cell; CD8 TEM, CD8+ T effector memory cells; CD8 TCM, CD8+ T central memory cells.





Supplementary Figure 3 | 
Gene expression correlation with breadth of neutralizing antibody response. (A, B) Volcano plots of differentially expressed genes (DEGs) for dendritc cells (A) and B cells (B) of subjects with high breadth of neutralizing antibody titers (higher than median of the sum of titers of all types) compared to cells of subjects with low breadth of neutralizing antibody titers (lower than median of the sum of titers of all types). (C) All enriched pathways in dendritic cells and B cells. Data are stratified by subjects with a high breadth of neutralizing antibody titers (greater than the median sum of titers across all HPV types) versus those with a low breadth of neutralizing antibody titers (less than the median sum of titers across all HPV types). Positive NES indicates a pathway enriched in subjects with high breadth of neutralizing antibody titers. cDC1/cDC2, conventional dendritic cells type 1 or type 2; pDC, plasmacytoid dendritic cell; NES, normalized enrichment score.





Supplementary Figure 4 | 
Epigenetic remodeling and chromatin accessibility in pDC. (A) Heatmap showing normalized chromatin accessibility at the top 200 DARs in pDC for each subject. Regions were classified as follows: promoter −2,000 bp to +500 bp; distal −10 kbp to +10 kbp – promoter; trans< −10 kbp or > +10 kbp. (B) Heatmap of normalized accessibility of NOTCH-related DARs in cDC1 for each subject. (C) Top enriched motifs identified from top 200 DARs in cDC1. (D) Top enriched motifs identified from NOTCH-related DARs in pDC. (E) Top enriched motifs identified from top 200 DARs in pDC. (F) Chromatin accessibility at the locus of NOTCH ligands (NOTCH1, NOTCH2, NOTCH3, NOTCH4, DLL4, JAG1) in pDC grouped per vaccine.





Supplementary Figure 5 | 
Cell-cell communication analysis. Target gene heatmap showing the influence on expression of all inferred target genes in memory B cells (columns) by the top ligands sent by all Th cells (rows). cDC1/cDC2, conventional dendritic cells type 1 or type 2; pDC, plasmacytoid dendritic cell; CER, Cervarix; GAR, Gardasil-4.





























References

	

 Stuart RM, Cohen JA, Abeysuriya RG, Sanz-Leon P, Kerr CC, Rao D, et al. Inferring the natural history of HPV from global cancer registries: insights from a multi-country calibration. Sci Rep. (2024) 14:15875. doi: 10.1038/s41598-024-65842-3, PMID: 38982088





	

 de Sanjose S, Quint WG, Alemany L, Geraets DT, Klaustermeier JE, Lloveras B, et al. Human papillomavirus genotype attribution in invasive cervical cancer: a retrospective cross-sectional worldwide study. Lancet Oncol. (2010) 11:1048–56. doi: 10.1016/S1470-2045(10)70230-8, PMID: 20952254





	

 Muñoz N, Castellsagué X, Berrington de González A, Gissmann L. Chapter 1: HPV in the etiology of human cancer. Vaccine. (2006) 24 Suppl 3:S3/1–10. doi: 10.1016/j.vaccine.2006.05.115, PMID: 16949995





	

 Roden RBS, Stern PL. Opportunities and challenges for human papillomavirus vaccination in cancer. Nat Rev Cancer. (2018) 18:240–54. doi: 10.1038/nrc.2018.13, PMID: 29497146





	

 Aggarwal S, Agarwal P, Singh AK. Human papilloma virus vaccines: A comprehensive narrative review. Cancer Treat Res Commun. (2023) 37:100780. doi: 10.1016/j.ctarc.2023.100780, PMID: 38006748





	

 McCormack PL. Quadrivalent human papillomavirus (types 6, 11, 16, 18) recombinant vaccine (gardasil(®)): a review of its use in the prevention of premalignant anogenital lesions, cervical and anal cancers, and genital warts. Drugs. (2014) 74:1253–83. doi: 10.1007/s40265-014-0255-z, PMID: 25022951





	

 Serrano B, Alemany L, Tous S, Bruni L, Clifford GM, Weiss T, et al. Potential impact of a nine-valent vaccine in human papillomavirus related cervical disease. Infect Agent Cancer. (2012) 7:38. doi: 10.1186/1750-9378-7-38, PMID: 23273245





	

 Wu H, Li L, Fu K, Shen Y, Lu Y, Liao Z, et al. Effects of different-valent vaccines against human papillomavirus (HPV) to prevent persistent HPV16/18 infections and CIN2+ in women: a systematic review and network meta-analysis. Int J Infect Dis. (2024) 151:107363. doi: 10.1016/j.ijid.2024.107363, PMID: 39709117





	

 Hampson IN, Oliver AW. Update on effects of the prophylactic HPV vaccines on HPV type prevalence and cervical pathology. Viruses. (2024) 16(8):1245. doi: 10.3390/v16081245, PMID: 39205218





	

 Lehtinen M, Dillner J. Clinical trials of human papillomavirus vaccines and beyond. Nat Rev Clin Oncol. (2013) 10:400–10. doi: 10.1038/nrclinonc.2013.84, PMID: 23736648





	

 Herrero R, González P, Markowitz LE. Present status of human papillomavirus vaccine development and implementation. Lancet Oncol. (2015) 16:e206–16. doi: 10.1016/S1470-2045(14)70481-4, PMID: 25943065





	

 Schiller JT, Lowy DR. Understanding and learning from the success of prophylactic human papillomavirus vaccines. Nat Rev Microbiol. (2012) 10:681–92. doi: 10.1038/nrmicro2872, PMID: 22961341





	

 Godi A, Bissett SL, Miller E, Beddows S. Relationship between humoral immune responses against HPV16, HPV18, HPV31 and HPV45 in 12-15 year old girls receiving cervarix® or gardasil® Vaccine. PloS One. (2015) 10:e0140926. doi: 10.1371/journal.pone.0140926, PMID: 26495976





	

 Herrin DM, Coates EE, Costner PJ, Kemp TJ, Nason MC, Saharia KK, et al. Comparison of adaptive and innate immune responses induced by licensed vaccines for Human Papillomavirus. Hum Vaccin Immunother. (2014) 10:3446–54. doi: 10.4161/hv.34408, PMID: 25483691





	

 Draper E, Bissett SL, Howell-Jones R, Waight P, Soldan K, Jit M, et al. A randomized, observer-blinded immunogenicity trial of Cervarix(®) and Gardasil(®) Human Papillomavirus vaccines in 12-15 year old girls. PloS One. (2013) 8:e61825. doi: 10.1371/journal.pone.0061825, PMID: 23650505





	

 Einstein MH, Baron M, Levin MJ, Chatterjee A, Edwards RP, Zepp F, et al. Comparison of the immunogenicity and safety of Cervarix and Gardasil human papillomavirus (HPV) cervical cancer vaccines in healthy women aged 18-45 years. Hum Vaccin. (2009) 5:705–19. doi: 10.4161/hv.5.10.9518, PMID: 19684472





	

 Einstein MH, Baron M, Levin MJ, Chatterjee A, Fox B, Scholar S, et al. Comparative immunogenicity and safety of human papillomavirus (HPV)-16/18 vaccine and HPV-6/11/16/18 vaccine: follow-up from months 12-24 in a Phase III randomized study of healthy women aged 18-45 years. Hum Vaccin. (2011) 7:1343–58. doi: 10.4161/hv.7.12.18281, PMID: 22048173





	

 Bissett SL, Draper E, Myers RE, Godi A, Beddows S. Cross-neutralizing antibodies elicited by the Cervarix® human papillomavirus vaccine display a range of Alpha-9 inter-type specificities. Vaccine. (2014) 32:1139–46. doi: 10.1016/j.vaccine.2014.01.008, PMID: 24440205





	

 Loos C, Coccia M, Didierlaurent AM, Essaghir A, Fallon JK, Lauffenburger D, et al. Systems serology-based comparison of antibody effector functions induced by adjuvanted vaccines to guide vaccine design. NPJ Vaccines. (2023) 8:34. doi: 10.1038/s41541-023-00613-1, PMID: 36890168





	

 Didierlaurent AM, Morel S, Lockman L, Giannini SL, Bisteau M, Carlsen H, et al. AS04, an aluminum salt- and TLR4 agonist-based adjuvant system, induces a transient localized innate immune response leading to enhanced adaptive immunity. J Immunol. (2009) 183:6186–97. doi: 10.4049/jimmunol.0901474, PMID: 19864596





	

 Leroux-Roels G, Marchant A, Levy J, Van Damme P, Schwarz TF, Horsmans Y, et al. Impact of adjuvants on CD4(+) T cell and B cell responses to a protein antigen vaccine: Results from a phase II, randomized, multicenter trial. Clin Immunol. (2016) 169:16–27. doi: 10.1016/j.clim.2016.05.007, PMID: 27236001





	

 Sehr P, Rubio I, Seitz H, Putzker K, Ribeiro-Müller L, Pawlita M, et al. High-throughput pseudovirion-based neutralization assay for analysis of natural and vaccine-induced antibodies against human papillomaviruses. PloS One. (2013) 8:e75677. doi: 10.1371/journal.pone.0075677, PMID: 24124504





	

 Zheng GXY, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. Massively parallel digital transcriptional profiling of single cells. Nat Commun. (2017) 8:14049. doi: 10.1038/ncomms14049, PMID: 28091601





	

 Satpathy AT, Granja JM, Yost KE, Qi Y, Meschi F, McDermott GP, et al. Massively parallel single-cell chromatin landscapes of human immune cell development and intratumoral T cell exhaustion. Nat Biotechnol. (2019) 37:925–36. doi: 10.1038/s41587-019-0206-z, PMID: 31375813





	

 Hao Y, Stuart T, Kowalski MH, Choudhary S, Hoffman P, Hartman A, et al. Dictionary learning for integrative, multimodal and scalable single-cell analysis. Nat Biotechnol. (2024) 42:293–304. doi: 10.1038/s41587-023-01767-y, PMID: 37231261





	

 Stuart T, Srivastava A, Madad S, Lareau CA, Satija R. Single-cell chromatin state analysis with Signac. Nat Methods. (2021) 18:1333–41. doi: 10.1038/s41592-021-01282-5, PMID: 34725479





	

 McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: doublet detection in single-cell RNA sequencing data using artificial nearest neighbors. Cell Systems. (2019) 8:329–37.e4. doi: 10.1016/j.cels.2019.03.003, PMID: 30954475





	

 Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al. Comprehensive integration of single-cell data. Cell. (2019) 177:1888–902.e21. doi: 10.1016/j.cell.2019.05.031, PMID: 31178118





	

 Hao Y, Hao S, Andersen-Nissen E, Mauck WM, et al. Integrated Anal multimodal single-cell data. Cell. (2021) 184:3573–87.e29. doi: 10.1016/j.cell.2021.04.048, PMID: 34062119





	

 Yu G, Wang L-G, Han Y, He Q-Y. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS: A J Integr Biol. (2012) 16:284–7. doi: 10.1089/omi.2011.0118, PMID: 22455463





	

 Milacic M, Beavers D, Conley P, Gong C, Gillespie M, Griss J, et al. The reactome pathway knowledgebase 2024. Nucleic Acids Res. (2024) 52:D672–D8. doi: 10.1093/nar/gkad1025, PMID: 37941124





	

 Jin S, Plikus MV, Nie Q. CellChat for systematic analysis of cell-cell communication from single-cell transcriptomics. Nat Protoc. (2024) 20(1):180–219. doi: 10.1038/s41596-024-01045-4, PMID: 39289562





	

 Browaeys R, Saelens W, Saeys Y. NicheNet: modeling intercellular communication by linking ligands to target genes. Nat Methods. (2020) 17:159–62. doi: 10.1038/s41592-019-0667-5, PMID: 31819264





	

 Cheng ZY, He TT, Gao XM, Zhao Y, Wang J. ZBTB transcription factors: key regulators of the development, differentiation and effector function of T cells. Front Immunol. (2021) 12:713294. doi: 10.3389/fimmu.2021.713294, PMID: 34349770





	

 Desterke C, Bennaceur-Griscelli A, Turhan AG. EGR1 dysregulation defines an inflammatory and leukemic program in cell trajectory of human-aged hematopoietic stem cells (HSC). Stem Cell Res Ther. (2021) 12:419. doi: 10.1186/s13287-021-02498-0, PMID: 34294125





	

 Consortium U
. UniProt: P08047 (SP1_HUMAN) (2025). Available online at: https://www.uniprot.org/uniprotkb/P08047/entry (Accessed June 25, 2025).




	

 Consortium U
. UniProt: Q9UIH9 (KLF15_HUMAN) (2025). Available online at: https://www.uniprot.org/uniprotkb/Q9UIH9/entry (Accessed June 25, 2025).




	

 Li S, Rouphael N, Duraisingham S, Romero-Steiner S, Presnell S, Davis C, et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat Immunol. (2014) 15:195–204. doi: 10.1038/ni.2789, PMID: 24336226





	

 Arunachalam PS, Scott MKD, Hagan T, Li C, Feng Y, Wimmers F, et al. Systems vaccinology of the BNT162b2 mRNA vaccine in humans. Nature. (2021) 596:410–6. doi: 10.1038/s41586-021-03791-x, PMID: 34252919





	

 De Carvalho N, Teixeira J, Roteli-Martins CM, Naud P, De Borba P, Zahaf T, et al. Sustained efficacy and immunogenicity of the HPV-16/18 AS04-adjuvanted vaccine up to 7.3 years in young adult women. Vaccine. (2010) 28:6247–55. doi: 10.1016/j.vaccine.2010.07.007, PMID: 20643092





	

 McKeage K, Romanowski B. AS04-adjuvanted human papillomavirus (HPV) types 16 and 18 vaccine (Cervarix®): a review of its use in the prevention of premalignant cervical lesions and cervical cancer causally related to certain oncogenic HPV types. Drugs. (2011) 71:465–88. doi: 10.2165/11206820-000000000-00000, PMID: 21395359





	

 Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvanticity: A review on adjuvants in licensed vaccines. Semin Immunol. (2018) 39:14–21. doi: 10.1016/j.smim.2018.05.001, PMID: 29801750





	

 Hilligan KL, Ronchese F. Antigen presentation by dendritic cells and their instruction of CD4+ T helper cell responses. Cell Mol Immunol. (2020) 17:587–99. doi: 10.1038/s41423-020-0465-0, PMID: 32433540





	

 Kirkling ME, Cytlak U, Lau CM, Lewis KL, Resteu A, Khodadadi-Jamayran A, et al. Notch signaling facilitates in vitro generation of cross-presenting classical dendritic cells. Cell Rep. (2018) 23:3658–72.e6. doi: 10.1016/j.celrep.2018.05.068, PMID: 29925006





	

 Tchekneva EE, Goruganthu MUL, Uzhachenko RV, Thomas PL, Antonucci A, Chekneva I, et al. Determinant roles of dendritic cell-expressed Notch Delta-like and Jagged ligands on anti-tumor T cell immunity. J Immunother Cancer. (2019) 7:95. doi: 10.1186/s40425-019-0566-4, PMID: 30940183





	

 Wilkens AB, Fulton EC, Pont MJ, Cole GO, Leung I, Stull SM, et al. NOTCH1 signaling during CD4+ T-cell activation alters transcription factor networks and enhances antigen responsiveness. Blood. (2022) 140:2261–75. doi: 10.1182/blood.2021015144, PMID: 35605191





	

 Garis M, Garrett-Sinha LA. Notch signaling in B cell immune responses. Front Immunol. (2020) 11:609324. doi: 10.3389/fimmu.2020.609324, PMID: 33613531





	

 Brandstadter JD, Maillard I. Notch signalling in T cell homeostasis and differentiation. Open Biol. (2019) 9:190187. doi: 10.1098/rsob.190187, PMID: 31690218





	

 Osborne BA, Minter LM. Notch signalling during peripheral T-cell activation and differentiation. Nat Rev Immunol. (2007) 7:64–75. doi: 10.1038/nri1998, PMID: 17170755





	

 Wimmers F, Donato M, Kuo A, Ashuach T, Gupta S, Li C, et al. The single-cell epigenomic and transcriptional landscape of immunity to influenza vaccination. Cell. (2021) 184:3915–35.e21. doi: 10.1016/j.cell.2021.05.039, PMID: 34174187





	

 Budroni S, Buricchi F, Cavallone A, Bourguignon P, Caubet M, Dewar V, et al. Antibody avidity, persistence, and response to antigen recall: comparison of vaccine adjuvants. NPJ Vaccines. (2021) 6:78. doi: 10.1038/s41541-021-00337-0, PMID: 34021167





	

 Roy V, Jung W, Linde C, Coates E, Ledgerwood J, Costner P, et al. Differences in HPV-specific antibody Fc-effector functions following Gardasil® and Cervarix® vaccination. NPJ Vaccines. (2023) 8:39. doi: 10.1038/s41541-023-00628-8, PMID: 36922512





	

 Wheeler CM, Castellsagué X, Garland SM, Szarewski A, Paavonen J, Naud P, et al. Cross-protective efficacy of HPV-16/18 AS04-adjuvanted vaccine against cervical infection and precancer caused by non-vaccine oncogenic HPV types: 4-year end-of-study analysis of the randomised, double-blind PATRICIA trial. Lancet Oncol. (2012) 13:100–10. doi: 10.1016/S1470-2045(11)70287-X, PMID: 22075170





	

 Cortese M, Hagan T, Rouphael N, Wu SY, Xie X, Kazmin D, et al. System vaccinology analysis of predictors and mechanisms of antibody response durability to multiple vaccines in humans. Nat Immunol. (2025) 26:116–30. doi: 10.1038/s41590-024-02036-z, PMID: 39747435





	

 Apps R, Biancotto A, Candia J, Kotliarov Y, Perl S, Cheung F, et al. Acute and persistent responses after H5N1 vaccination in humans. Cell Rep. (2024) 43:114706. doi: 10.1016/j.celrep.2024.114706, PMID: 39235945





	

 Fourati S, Tomalin LE, Mulè MP, Chawla DG, Gerritsen B, Rychkov D, et al. Pan-vaccine analysis reveals innate immune endotypes predictive of antibody responses to vaccination. Nat Immunol. (2022) 23:1777–87. doi: 10.1038/s41590-022-01329-5, PMID: 36316476





	

 Hagan T, Gerritsen B, Tomalin LE, Fourati S, Mulè MP, Chawla DG, et al. Transcriptional atlas of the human immune response to 13 vaccines reveals a common predictor of vaccine-induced antibody responses. Nat Immunol. (2022) 23:1788–98. doi: 10.1038/s41590-022-01328-6, PMID: 36316475













Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.




Copyright © 2025 D’Onofrio, Santana, Pauwels, Waerlop, Willems, De Boever, Müller, Sehr, Waterboer, Leroux-Roels, Sharma, Sékaly and Leroux-Roels. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fimmu-16-1623405-g005.jpg
UMAP2

UMAP1

other CD4

ceeeee
o
-4
3

REACTOME NOTCH2 ACTIVATION AND
TRANSMISSION OF SIGNAL TO THE {
NUCLEUS

REACTOME NOTCH3 ACTIVATION AND
TRANSMISSION OF SIGNAL TO THE
NUCLEUS

REACTOME SIGNALING BY NOTCH1 HD

DOMAIN MUTANTS IN CANCER |

REACTOME SIGNALING BY NOTCH2

REACTOME ACTIVATED NOTCH1 |
TRANSMITS SIGNAL TO THE NUCLEUS

REACTOME KEAP1 NFE2L2 PATHWAY

B. Tht
00254 06250
c 0.020 . &
2 oots{ 2
o o
Ee- 0010 E
| B
0000 000 000
Treg Tth
008 09930 0,020 0.2860
< - =
5 006 § 00154 Vaccine
T T
g oy EE 2 oo é i 1 CERVARIX
& o & oo0s] B3 GARDASIL
000 0.000
D. Differential interaction strength
008
%8
8%
Tih
=
3 Th2
=
o)
L,
= Th17
o3
e
3 Treg
n
L— Thi
% g
3
£ E
8 s
a E
]
E. Predicted target genes
IL4R cD40 BCL2 JUNB
. _—
IFNB1
°
T |
s
2 e
3
=
S
IL17A

REACTOME CELLULAR RESPONSE TO
CHEMICAL STRESS

REACTOME SIGNALING BY NOTCH

Relative values
-_—
s 6
2R

Regulatory potential

0.2
0.1

0.0

NES

20
19
18
17
16

GeneRatio





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Immunology

AS04 drives superior crossprotective
antibody response by increased NOTCH
signaling of dendritic cells and proliferation
of memory B cells





OEBPS/Images/fimmu-16-1623405-g002.jpg
1 T i — )
2 £ o (o o oo P, | Py T T ] Fom i 7 o o i mmm_..mn‘naﬁ%—am* P —=r 5T 2 3
j RN T i i e T T T TR,

i llllﬂ 7]
L]

@g@@@m PR S e

| |
Fessapey by ry
EM 3

Vaccine
I8 CERVARIX
W GARDASIL
B. C.
mnou APH1A CREB1 EP300
REAGTOUE ACTIATION.0F_THE MRNA URCN. BHONG, O TH.CAP BNONG.COUPLEX M. E5 ANO.suBscauenT sivona.To.&s ] [] c 5688 < c P
S — o ° -
REACTOME ANTIGEN PROCESSING CROSS PRESENTATION 3 0.75 5
"REACTOME GELLULAR RESPONSE TO_STARVATION s 0.2 == 0.50 - £ 02
s 3 g% &
© 0.1 2025{ e 0.1
REACTOME EUXARYGTE TARKSLATN FLONGHTON g’ g‘ - §’
'REACTOME EUKARYOTIC_ TRANSLATION_INITIATION 0.0 s <0.00 z 0.0 s
REAGTOME WFLUENZA INFECTION
"REACTOME JRAKI RECRUITS. KK COMPLEX MAML2 NOTCH2 RBPJ
REACTOME_ METABOLISM_OF_AMINO_ACIDS_AND_DERIVATNES. 50.8 0.0636 g 0.1840 _g 0.3760
REACTOME MYOOENESIS
[ —— fosy © | IS
. i goaf [ 30.50
REACTOME NONSENSE MEDIATED_ DECAY_NMD o r
024 = 0.25
REACTOME PTSNTR_SIGNALS VIA NF KB
nescroue proren wenuaron | <00 —— £0.00
rercroue e cemmvaewnaron |
REACTOME REGULATION.OF EXPRESSON_OF SLITS_AND_ROBOS RPS27A UBC
"REACTOME RESPONSE.OF_EIF2AKi_GCN2.TO_AMNOACD_DEFIGIENGY e 04006 < 06 dieas
~REACTOME RRNA PROCESSNG g 0.9 §
—— oy g o ?
nmvmz,smn.ma,m,wovcnzl 203 ° 0.2 Vaccine
NES Scoros oot e PRS- £ § = CERVARIX
i .%& rexcoue s ivenont cormisrousmoren ecerne o vevewe [ 2001 < 00 S & GARDASIL
0 B nave REACTOME TICANMY_RUPY MEDIATED. WK COMPLEX RECRUTMENT
. 2 IB intermediate
- B memory REACTOME_TRANSLATION
Plasmablast
D.
HPV6 HPV16 HPV18
R2=0.005
=0. ~6{ p=0.864 =
5 s & & ]
. LHE—— A
g a g 4 S 4
z T I
3 5 5
92 . o | 2 o2
2 o o
0 0 o
-0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01
NOTCH2 signaling Module Score NOTCH2 signaling Module Score NOTCH2 signaling Module Score
HPV31 HPV33 HPV45
6{ R2=0.337 ¢ ¢
~ | pP=0.131 ~ | R2=0.451 5 | Re=o.148
g . 2.l p=0.0683 g, =0
& % © p =0.356 Vaccine
g 3 g . g
L] s . b g \ g . - « CERVARIX
3, S » S / « GARDASIL
g g o : :
0 0 o
-0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01
NOTCH2 signaling Module Score NOTCH2 signaling Module Score NOTCH2 signaling Module Score
HPV52 HPV58
6 6
R2=0.42
§ | p=0082 g | Re=0.301
a4 4
8 | g | p=0.159
> >
£ - g g .
S . T2 E———
g g :
0 o
-0.02 -0.01 0.00 0.01 -0.02 -0.01 0.00 0.01

NOTCH2 signaling Module Score NOTCH?2 signaling Module Score





OEBPS/Images/fimmu-16-1623405-g003.jpg
C.

TFDP1 ZBTB14

B.
’_’_":!jl e
20
[T vaccine
RPS17 -
JAG1

ELK4 L

SP3 00 SERVSe =

RPS4X g i2dissiaonn T:3i56760m0N1
C E2F6

KLF15

NRF1

20
TCFLS
APH1A 1
FLI1 5
RPS21
EGR4 s A
EIF4A1 0l & = s

123456789101 12345678910M21314151617 1234567 8910111213

KLF14
DLL4
HES5
NOTCH1
EIF3A
KLF11
ELK1
KLF10
RPS11
HEY1
EEF2
RPS15A
=
k<]
>
o)
o
z-score
2
1
0
I-1
-2
Region Type
[ distal
_ promoter
~ trans
Vaccine
[l CERVARIX
B GARDASIL
NOTCH1 NOTCH2 NOTCH3
g cemme h | g e ceman 3] o
i [N Ll 0 - \ Ll 55 L
|- L — L —
§ S Gt 1 S ety R T —
1 RN ‘ 1 R
Ty T T e S
chrd position (bp) chr1 position (bp) chr19 position (bp)
NOTCH4 DLL4 JAG1
250 coman 5 oo comane 25 comane
£ i & o i i i
... \ ... ...
I | L
g e T bttt § » g o
H ct H m—r 55 sy 1 S oy SR
il = S = e i e N

chr6 position (bp) chr15 position (bp) chr20 position (bp)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1623405-g006.jpg
&

D7

Y

D21/30

GSE52245

%ﬁ(f
MenA - SBA
LogFC D30/D0

\m(f
MenC - SBA
LogFC D30/D0

High (> Median) vs. Low (< Median)
B

I oo
S
B

REACTOME_GELL_CYCLE MTOTC

Normalized Enrichment Score (NES)

REACTOME_SIGNALING_BY_BRAF_AND_RAF1_FUSIONS

REACTOME_REGULATION_OF TP53_ACTIVITY_THROUGH_METHYLATION

REACTOME_CYCLIN_D_ASSOCIATED_EVENTS_IN_G1

REACTOME_MAP2K_AND_MAPK ACTIVATION

REACTOME CYCLIN_A_CDK2_ ASSOCIATED_EVENTS AT_S_PHASE_ENTRY

REACTOME_RRNA_MODIFICATION_IN_THE_NUCLEUS_AND_CYTOSOL

REAGTOME_APC_C_CDC20 MEDIATED_DEGRADATION_OF_CYCLIN_8

REACTOME_DNA_DAMAGE_RECOGNITION_IN_GG_NER

REACTOME_SIGNALING_BY_NOTCHS

REACTOME_SAP_DEPENDENT_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE

REACTOME TRANSLATION

REACTOME_EUKARYOTIC_TRANSLATION_INITIATION

REACTOME_RRNA_PROCESSING

REACTOME_EUKARYOTIC_TRANSLATION_ELONGATION

GSE169159

%ﬁ(f
WA1 - nAb
Titer D21

i

L
vV

High (> Median) vs. Low (<

REACTOME_ANTI_INFLAMMATORY_RESPONSE_FAVOURING_LEISHMANIA_PARASITE INFECTION
REACTOME_CELL SURFAGE INTERACTIONS AT_THE VASCULAR WALL
REACTOME SIGNALING 8Y_THE B CELL RECEPTOR_ BCR

~REACTOME FC_EPSILON. RECEPTOR_FCERI SGRALNG

REACTOME_ COMPLENENT_CASCADE

"REACTOME BINONG_AND_UPTAKE OF LIGANOS_BY_SCAVENGER_ RECEPTORS
"REACTOME_FCER MEDATED. NF_K8_ACTVATION

REACTOME FCOAMMA AECEPTOR. FCGR DEPENDENT PHAGOCYTOSIS
~REACTOME PARASITE_INFECTION

"REACTOME INTIAL TRIGGERING_OF COVPLEMENT

REACTOME SCAVENGING OF_HEME_FROM.PLASHA

REACTOME FCGR3A MEDIATED IL10_SYNTHESIS.

'REACTOME_ANTIGEN ACTIVATES.8_CELL RECEPTOR BCR_LEADING.TO_ENERATION_OF SECOND_MESSENGERS

'REACTOME_GREATION. OF_C3_AND.C2 ACTVATORS:
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GSE52245 - Meningococcal conjugated polysaccharide vaccine
GSE169159 - COVID-19 mRNA vaccine
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 Meringococcal conjugated polysaccharide vaccine
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REACTOME_ACTIVATION_OF_THE_MRNA_UPON_BINDING_OF_THE_CAP_BINDING_COMPLEX_AND_EIFS_AND_SUBSEQUENT_BINDING_TO_435
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