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Extended Data Figure 1. Isotype-specific enzyme-linked immunosorbent assay (ELISA) on serum. A. OVA-
specific ELISA was performed using IgG, IgA, IgM, and IgK detection antibodies. Serum was incubated with 
1:5 serial dilutions of pre-diluted (1:100) serum. Unimmunized (naïve) serum served as control. B. OVA-
specific ELISA on serum using 1:20 dilution. Supernatant from an IgG2c-expressing OVA-specific hybridoma 
cell line was used as a control.  
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Extended Data Figure 2. Single-cell sequencing statistics. a. Total number of paired sequencing reads per 
mouse (black, left axis) and mean paired sequencing reads per cell (grey, right axis) for all mice. b. Number 
of all sequenced cells per mouse (black) and number of cells with one productive, full-length heavy- and light-
chain pair (grey). c. Number of sequenced productive cells (black) and clones (grey) with isotype resolution 
for each mouse. Clonotype definition is based on unique CDRH3-CDRL3 amino acid combination. 
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Extended Data Figure 3. Rarefaction and sampling estimates of profiled repertoire. a. Investigation of 
how under sampling the number of cells influences various species diversity metrics (species richness, 
Shannon diversity, Simpson diversity) for each immunized repertoire (s1-s5, indicated by color). Species 
richness refers to the number of unique clones. Dotted line indicates extrapolated diversity when sampling to 
50,000 cells whereas solid line indicates sampled diversity. b. Recon estimates of the number of missing 
clones from each individual repertoire (s1-s5). Clone size refers to the number of cells within each clone. 
Recon suggests that sampled repertoire and predicted repertoire converge for clone sizes above 
approximately clone size = 2. 
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Extended Data Figure 4. Clonal frequency distributions for all clones within each repertoire. Each bar 
indicates the number clones supported by a particular number of unique cell barcodes.   
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Extended Data Figure 5. Clonal expansion profiles for the 50 most expanded clones per mouse. a. 
Clonal expansion profiles based on isotype majority. Isotypes are indicated in grey (IgM), green (IgG) and red 
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(IgA) respectively. Pie-chart inlet indicates the numbers of isotype clones among the top 50 clones shown. b. 
Clonal expansion profiles indicating all clonal amino acid sequence variants per clone and their respective 
isotype assignment. Separate clonal sequence variants are shown in stacked bar plots ordered by their 
respective size from bottom to top. Whenever a smaller sized bar of different isotype origin intersects two 
bigger bars, this indicates that these cells belong to the clonal variant below. Coloring scheme according to a 
with unassigned isotype cells shown in white. 
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Extended Data Figure 6. Intraclonal amino acid sequence variants for the 30 most expanded clones 
per isotype. a. Total number of intraclonal amino acid sequence variants per individual clone per isotype for 
all mice. b. Mean number of intraclonal amino acid sequence variants per isotype for all mice. 
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Extended Data Figure 7. Profiling of expanded IgM clones of MS-1. a. Characteristics of chosen clones. 
b. Heatmap indicating the number of cells per mouse with identical clonal CDRH3-CDRL3 amino acid 
sequence per chosen clone. Clone ID follows a. c. Sandwich ELISA results of 3-fold serially diluted stable 
hybridoma cell culture supernatant of engineered cell lines expressing selected clones as IgGs. Plots on the 
left indicate IgG expression levels and plots on the right show binding to OVA. For each sample, two technical 
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replicates were analysed and a four-parameter logistical curve was fitted to the data by nonlinear regression. 
Data are presented as the mean and error bars indicate standard deviation. Supernatant of a hybridoma cell 
line that does not express antibody served as negative control (NC, black) for the expression ELISA (left) and 
supernatant of an OVA specific inhouse cell line was used as positive control (PC, orange) for the antigen 
ELISA (right). d. Sandwich ELISA results of 3-fold serially diluted transient HEK-293 cell culture supernatant 
of cells expressing selected clones as IgM following c. Supernatant of IgM reformatted RSVF specific inhouse 
antibody served as negative control (NC, black) and supernatant of IgM reformatted positive clone from c 
served as positive control (PC, orange). e. Sandwich ELISA results on transient HEK-293 cell culture 
supernatant of cells expressing selected clones as IgM for binding to MPLA adjuvant. 
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Extended Data Figure 8. Profiling of expanded IgA clones of MS-1. a. Characteristics of chosen clones. 
b. Sandwich ELISA results of 3-fold serially diluted stable hybridoma cell culture supernatant of engineered 
cell lines expressing selected clones as IgGs. Plot on the left indicates IgG expression levels and plot on the 
right shows binding to OVA. For each sample, two technical replicates were analysed and a four-parameter 
logistical curve was fitted to the data by nonlinear regression. Data are presented as the mean and error bars 
indicate standard deviation. Supernatant of a hybridoma cell line that does not express antibody served as 
negative control (NC, black) for the expression ELISA (left) and supernatant of an OVA specific inhouse cell 
line was used as positive control (PC, orange) for the antigen ELISA (right). 
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Extended Data Figure 9. Profiling of top and low expanded IgG clones per mouse. a. ELISA profiling 
results of all top expanded clones tested per mouse. Clones were denoted binders if ELISA signal was >0.2 
(3-fold above background; red dotted line). Binders are shown in orange, whereas clones that did not bind 
OVA or could not be expressed are shown in green and grey respectively. b. Overview of tested top expanded 
clones of MS-3 and -4. + denotes ELISA signal >0.2. c. ELISA profiling results of all low expanded MS-1 clones 
tested. d. Table indicating binding of low expanded clones as well as number of cells and corresponding IgG 
and total clone ranks within MS-1 repertoire. 
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Extended Data Figure 10. Profiling of antibodies with known specificity against OVA. ELISA profiling 
results of ten antibodies with known specificity to human TNFR2 compared to ten antibodies determined as 
OVA-specific.  
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Extended Data Figure 11. Correlation between apparent dissociation constant (KD

App) and nucleotide 
distance to germline of clones shown in Fig. 2a, b. 
 
 
 

 
Extended Data Figure 12. IgG similarity network. Global IgG similarity network plot for all IgG clones across 
all mice. Edges represent sequence nodes separated by edit distance of less than four a.a. Only those nodes 
with at least one edge are plotted for visualization purposes. Clones from different mice are indicated in 
different colors respectively. Extent of clonal expansion per clone is reflected by the size of the nodes. 
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Extended Data Figure 13. Selected metrics for binder- and non-binder pools of clones. a. Left: nucleotide 
distance to germline for heavy- and light-chain only as well as across heavy- and light-chain combined. Top: 
ns, not significant (P=0.70); middle: *P=0.02; bottom: ns, not significant (P=0.64); unpaired Student’s t-test. 
Right: amino acid distance to germline for heavy- and light-chain only as well as across heavy- and light-chain 
combined. Top: ns, not significant (P=0.77); middle: ns, not significant (P=0.11); bottom: ns, not significant 
(P=0.69); unpaired Student’s t-test. Analysis encompassed 174 experimentally verified sequences (79 binder 
and 95 non-binder) provided in Extended Data Table 1 and 2 respectively. b. Number of intraclonal amino 
acid sequence variants. *P=0.02, unpaired Student’s t-test. Analysis contained all sequences provided in 
Extended Data Table 1 and 2 except for singlet clones (76 binder and 87 non-binder). c. CDR3 amino acid 
length for CDRH3 and CDRL3 as well as CDRH3/L3 combined. Top: ns, not significant (P=0.44); middle: ns, 
not significant (P=0.49); bottom: ns, not significant (P=0.49); unpaired Student’s t-test. Analysis encompassed 
experimentally verified sequences (79 binder and 95 non-binder) provided in Extended Data Table 1 and 2.  
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Extended Data Figure 14. ELISA screening of multi-isotype clones shown in Fig. 2g. Sandwich ELISA 
results of 3-fold serially diluted stable hybridoma cell culture supernatant of engineered cell lines expressing 
selected clones as IgGs. Plots on the left indicate IgG expression levels and plot on the right shows binding to 
OVA. For each sample, two technical replicates were analysed and a four-parameter logistical curve was fitted 
to the data by nonlinear regression. Data are presented as the mean (n = 2 measurements) and error bars 
indicate standard deviation. Supernatant of a HEL specific hybridoma cell line served as negative control (NC, 
black) and supernatant of an OVA specific inhouse cell line was used as positive control (PC, orange). 
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Extended Data Figure 15. Characteristics of tested intraclonal sequence variants shown in Fig. 3b. a. 
Characteristics of tested variants. Differences in VL gene usage and CDR3 amino acid sequence as well as 
sequences coming from different mice are indicated in red. b. Heavy (top) and light-chain (bottom) amino acid 
sequence alignment of clones with shared V/J genes. Sequence disagreements to germline are highlighted.  
 

 
Extended Data Figure 16. Correlation between apparent dissociation constant (KD

App) and nucleotide distance 
to germline. Error bars indicate standard deviation (n = 3-5 measurements of KD).  
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Extended Data Figure 17. Characteristics of tested clones shown in Fig. 3e-g. a. Characteristics of tested 
clones. Differences in CDR3 amino acid sequence are indicated in red. b. Heavy (top) and light-chain (bottom) 
amino acid sequence alignment of tested clones. Sequence disagreements to germline are highlighted.  
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Extended Data Figure 18. Characteristics of tested clones shown in Fig. 3h-j. a. Characteristics of tested 
clones. b. Subnetwork plot of connected IgG clones from all mice shown in Extended Data Fig. 9. Edges 
represent clones separated by edit distance of three or less based on the concatenated CDR3 aa sequence. 
Binders, non-binders, not tested clones as well as newly chosen clones are shown in orange, green, black and 
red respectively. Indicated clone ID according to Extended Data Table 1 and 2. c. Identical network plot as in 
b. Color code indicates differential VH-VL gene usage as indicated. 
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Extended Data Figure 19. Cross-competition epitope binning between clones from different mice. a. 
Heatmaps show competitive antigen binding between top expanded, bin specific (according to Fig. 4b) clones 
from different mice. Antibodies indicated on the left were captured and probe antibodies on top were used to 
determine cross-competition for epitope access. Red indicates no binding of the probe antibody as a 
consequence of epitope blocking by the capture antibody, whereas green denotes binding of the competitor 
antibody. Groups of antibodies that target the same epitope (epitope bins) are highlighted in white squares. 
Brackets indicate clonal variants that share the same VH/VL as well as CDR3 length and only differ in their 
CDR3 amino acid sequence. An anti-RSVF capture antibody, which does not bind the antigen was used as 
negative control for all experiments. Clone ID according to Extended Data Table 1.  b. Characteristics of bin-
specific clones. c Apparent dissociation constant (KD

App) for binders separated by epitope bin.  
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Extended Data Figure 20. Establishment of a bacterial peptide display workflow for linear epitope 
mapping. a. Quality control of the unselected cloned OVA epitope library by NGS. All 372 peptide 15-mer 
windows (one amino acid offset) were observed (left) at comparable frequencies (right). Mean window 
occurrence for the respective NGS run is indicated in red. b. Flow cytometry dot plots show that secondary 
FACS antibody does not lead to unspecific enrichment after two rounds of enrichment. Unstained denotes no 
primary antibody. Positive and negative control primary mAb used were OVA specific mAb Clone 2322 
(Chondrex, 7094) and an inhouse RSVF specific mouse IgG. c. Assay establishment with two OVA specific 
antibodies with known epitope specificity. Top: FACS dot plots show FACS enrichment of cells binding to 
commercial antibodies Clone 2322 (Chondrex, 7094) (left) and Clone 4B4E6 (Chondrex, 7096) (right). Middle: 
NGS results after one and two rounds of FACS enrichment. Bottom: experimentally determined epitope identity 
compared to epitope information provided by the manufacturer. Epitope overlap is indicated in bold red. 
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Extended Data Figure 21. Epitope mapping results of clones with linear epitope specificity as shown 
in Fig. 4e. a. Flow cytometry dot plots indicate FACS enrichment of positive clones for each antibody. b. Deep 
sequencing results of positive FACS output and epitope assignment for each antibody. Numbers correspond 
to the peptide index that was enriched the most. Only peptides with one or more occurrences are shown. 
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Extended Data Table 1. Overview and characteristics of OVA binders. Clone ID corresponds to mouse 
number followed by clone index number corresponding to Fig. 1g. 
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Extended Data Table 2. Overview and characteristics of non-binders. Clone ID corresponds to mouse 
number followed by clone index number corresponding to Fig. 1g. 
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Extended Data Table 2 (continued). Overview and characteristics of non-binders. Clone ID corresponds 
to mouse number followed by clone index number corresponding to Fig. 1g. 
 
 

 
Extended Data Table 3. Primers used for bacterial epitope mapping and NGS library generation. 
 
 
 
 

 
 
Extended Data Table 4. ssODNs for epitope mapping library generation. Cloning overhang sequences 
are indicated in bold. Insert sequence shown in red for exemplary library ssODN encodes for the first 15 a.a. 
of OVA. 
 


