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Design of Experiments (DoE) for library preparation optimization  

Based on pilot experiments we determined four potential critical process parameters: 1) quantity of input cDNA copies, 2) 

number of cycles in the 1st-step multiplex-PCR, 3) quantity of DNA copies input into 2nd-step adapter-extension-PCR, and 4) 

number of sequencing reads analyzed. Therefore we designed a Design of Experiments central composite design with two 

center points (10 individual sample preparations, fig. S6) based on the three experimental factors: 1, 2, and 3 (above). We 

then used in silico subsampling of reads (following CLC Genomics Workbench pre-processing and quality-filtering of 

merged reads) used as an input into the MAF pipeline. The final product yield generated after the 2nd-step PCR was designed 

to be constant to ensure enough material for NGS, while not subjecting the sample to over-amplifcation (PCR chimeras are 

more likely when the template:primer ratio is high, fig. S4). Therefore the correlated ddPCR-qPCR data was used to guide 

the amount of input copies from the purified product of 1st-step multiplex-PCR into the 2nd-step adaptor-extension-PCR 

reaction. This analysis was performed on RNA extracted from hyperimmunized splenocytes from a single mouse with the 

new TAK multiplex-PCR primer set for mouse VH (excluding TAK_612). 13 spike-in clones (excluding IGHV1S81*02 

clones) were analyzed to illustrate the influence of sample preparation on clonal frequency accuracy. The dataset S16 

produced a lower number of reads and only the lowest read sampling level was used for analysis. All three-way interactions 

and curvature effects were analyzed to determine significant effects using the software platform JMP 11 (figs. S7A, S8A, and 

S9A). Then only the significant factors were used to generate modeled data (figs. S7B-C, S8B-C, and S9B-C). 

Nominal Logistic Regression Modeling to Predict Immune Status of Clones  

Nominal logistic regression modeling analyzes multivariate data that is categorically labeled with different statuses (e.g. sample 

material from hyperimmunized or untreated mice). This process generates a model that predicts based on the individual data 

points (clonotypes) which category (hyperimmunized or untreated) best fits. On a global level the average degree of separation 

may be used to compare the similarity (and difference) of immune status. While on the clonotype level, the separation represents 

if a given clonotype was responsive to immunization or antigen exposure. The top 100 ranked clonotypes (based on frequency) 

of all data sets, n = 3 samples from three separate hyperimmunized mice (IM_1a, IM_2, and IM_3) and n = 3 samples from 

untreated mice (UM_1, UM_2, and UM_3), were analyzed based on three parameters: log (MAF bias corrected frequency), 

intraclonotype diversity index (IDI), and non-silent somatic hypermutations (SHM (ns)). The model factors consisted of all 

main effects, curvature of main effects, secondary interactions, and the tertiary interactions (Supplementary fig. S19B). The 

significant factors were found to be (in order of importance): log(frequency), IDI, SHM (ns), and log(frequency)*IDI. In 

contrast the uncorrected data (fig. S19A) did not find the main effect of log(frequency) to be significant, likely due to inaccurate 

frequencies. The overall model performance of the MAF corrected data was improved, represented by an area under the curve 

of the receiver operating characteristic (AUC of ROC) of 0.94, in contrast AUC was 0.78 for the uncorrected data (fig. S20A-

B). The models were then reduced to the significant factors of the MAF corrected data (fig. S20C-D), which maintain similar 

AUC values (figs. S20C-D). The probabilities of the reduced modeled data were plotted  with each parameter used in the model, 

as well as the non-modeled clonotype rank (by frequency) (fig. S21). The uncorrected data showed a clear correlation of 

probability with SHM (ns), while the MAF corrected data has the strongest correlation with IDI. The same reduced factors 

were used to perform three training-test models using the following data sets: model 1) training: (IM_2, IM_3, UM_2, UM_3) 

test: (IM_1a, UM_1); model 2) training: (IM_1a, IM_3, UM_1, UM_3) test: (IM_2, UM_2); model 3) training: (IM_1a, IM_2, 

UM_1, UM_2) test: (IM_3, UM_3). The results of the test data are presented in Figure 6B.   
 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 
 

 
 

Fig S1. The 5UTR lengths of mouse IGHV transcripts. The 5UTR lengths of transcribed mouse IGHV genes were 

identified using the Immunogenetics Database (IMGT) website: http://www.imgt.org/genedb/. Several transcripts show very 

long 5UTRs, for these genes it would not be possible to sequence a full-length VDJ region using a template-switching reaction 

[5' rapid amplification of cDNA ends (5' RACE)] (5RACE) followed by PCR with a uniform primer. Full-length sequences 

that are returned by 5RACE may be due to early termination products of 1st-strand synthesis, which would have their own 

inherent biases.  
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Fig. S2. Antibody synthetic spike-in genes. (A) All 16 synthetic spike-in clones were designed to have a 5 constant region 

used for singleplex PCR controls, a spike-in identifier region for ddPCR and bioinformatic sorting (following Ig-seq), and a 

partial region corresponding to mouse IgG constant region. The 16 spike-in clones have 16 unique CDR3 amino acid (a.a.) 

sequences, 7 different V-genes, designed positions of somatic hypermutation (SHM). More details on spike-in design can be 

found in Materials and Methods. (B) Workflow for library preparation of spike-ins for control experiments. A reverse 

transcription (RT) step is performed with mouse IgG-specific primer (TAK_402) to generate first-strand cDNA with an RID 

and IA overhang. Singleplex PCR is performed with constant forward primer with an FID and IA overhang (TAK_472) and 

constant reverse primer specific for IA (TAK_423), followed by adapter-extension PCR with constant forward primer 

(TAK_424) and reverse primer with Illumina index sequence (e.g., TAK_531_IDX1). A complete list of primer sequences can 

be found in table S4. FID regions were used for error correction on RID regions (see Materials and Methods). (C) Spike-in 

frequencies are shown as means  STD (based on RID-counts or Read-counts) obtained from replicate libraries (n = 5) 

generated by singleplex PCR from a master stock pool (see Materials and Methods); datasets used are J1-J5 (see table S1). For 

all further analysis singleplex PCR spike-in frequencies were RID-count-based mean values. 



 

 

 

 

 
 

Fig. S3. Nucleotide sequence logos of the primer-binding regions of selected spike-in clones. A high diversity of nucleotides 

is observed in spike-in positions corresponding to both degenerate positions and non-degenerate positions in primers, 

suggesting the substantial mispriming is taking place during amplification. Mispriming appears to be systematic as different 

spike-ins sharing the same V-gene (e.g., IGHV 3-2) have similar nucleotide degeneracy in their primer binding regions.    Ig-

seq data are from multiplex PCR library preparation from mouse splenic cDNA with synthetic spike-ins (dataset Reddy-PS-1 

was used, see table S2). 
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Supplementary Figure 3 Nucleotide sequence logos of the primer-binding regions of selected spike-in 

clones.  

 

A high diversity of nucleotides is observed in spike-in positions corresponding to both degenerate 

positions and non-degenerate positions in primers, suggesting the substantial mispriming is taking place 

during amplification. Mispriming appears to be systematic as different spike-ins sharing the same V-gene 

(e.g., IGHV 3-2) have similar nucleotide degeneracy in their primer binding regions.   

 

Ig-seq data are from multiplex-PCR library preparation from mouse splenic cDNA with synthetic spike-ins 

(dataset Reddy-PS-1 was used, see Supplementary Table 2).

GATGTGCAGCTTCAGGAGTCGG

GAKGTRMAGCTTCAGGAGTC
Closest Degenerate Primer

Template Sequence 

(IGHV 3-2 - CARSIMANW)

A

B
GATGTGCAGCTTCAGGAGTCGG

GAKGTRMAGCTTCAGGAGTC

Template Sequence 

(IGHV 3-2 - CARTARIKYW)

Closest Degenerate Primer

GAGGTTCAGCTGCAGCAGTCTG

GAGGTBCAGCTBCAGCAGTC

Template Sequence 

(IGHV 14-3 - CARMARKW)

Closest Degenerate Primer

C

CAGGTGCAGCTGAAGGAGTCAG

CAGGTGCAGCTGAAGSASTC

Template Sequence 

(IGHV 2-9 - CARSKYLARW)

Closest Degenerate Primer

D



 

 
 

 

Fig.  S4. Precise library quantification by linking qPCR to ddPCR. qPCR was used to visualize when reaction saturation 

occurs based on template amount and number of cycles, this data was then correlated to a ddPCR assay (using a synthetic 

minigene) which had a full natural antibody gene and Illumina adapters. This correlation allowed us to determine the proper 

number of cycles to use for the 2nd-step adapter-extension PCR reaction based on the desired number of ddPCR quantified 

copies of 1st-step multiplex PCR product. More details can be found in Materials and Methods. 
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Supplementary Figure 4 Precise library quantification by linking qPCR to ddPCR.  

 

qPCR was used to visualize when reaction saturation occurs based on template amount and number of 

cycles, this data was then correlated to a ddPCR assay (using a synthetic minigene) which had a full natural 

antibody gene and Illumina adapters. This correlation allowed us to determine the proper number of cycles to 

use for the 2nd-step adaptor-extension-PCR reaction based on the desired number of ddPCR quantified 

copies of 1st-step multiplex-PCR product.  

 

More details can be found in Materials and Methods.



 
 

Fig. S5. Annotated example of biological sequence obtained from MAF library preparation.     

 

Annotated colors correspond to the following:    
White: Antibody sequence annotations 

Dark grey: Bioinformatic annotations 

Pale blue: RID tagged RT gene specific primer 

Teal: 1st-step PCR primers 

Dark blue: 2nd-step PCR primers 

Green: ddPCR primers   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

 

Fig. S6. Design of experiments (DoE) for library preparation optimization. A DoE, response surface central composite 

designed experiment was used to determine how several factors influenced library preparation and Ig-seq data. Factors shown 

are: 1) quantity of input cDNA copies, 2) number of cycles in the 1st-step multiplex PCR, 3) quantity of DNA copies input into 

2nd-step adapter extension PCR, and 4) number of reads analyzed (based on in silico random sampling prior to bioinformatics 

pipeline analysis). For more information on DoE see Supplementary Materials and Methods.  

 

  



 
 

Fig. S7. Response surface methodology analysis of clonal frequency bias with uncorrected data. The R2 values correlating 

spike-ins multiplex PCR vs. control singleplex PCR library preparation are based computing frequencies using uncorrected 

read counts. For more information on DoE see Supplementary Materials and Methods.   



 
Fig. S8. Response surface methodology analysis of CDR3 diversity. The CDR3 diversity reported is based on MAF 

corrected data that removes flagged hotspot errors and clones that have less than three RIDs with three reads each. For more 

information on DoE see Supplementary Materials and Methods. 

  



 
 

Fig. S9. Response surface methodology analysis of clonal frequency bias with MAF-corrected data. The R2 values 

correlating spike-ins multiplex PCR vs. control singleplex PCR library preparation is based on MAF bias corrected 

frequencies. For more information on DoE see Supplementary Materials and Methods.  

 

 

 

 

 

 

 



 
 

Fig. S10. Comparison of V-gene coverage using new reduced primer set (TAK) and previously published primer set 

(Reddy-2010). TAK primer set has a smaller number of primers but is still able to cover the majority of V-genes covered by 

Reddy-2010. Ig-seq was performed on samples from library preparation with the same starting material (immunized mouse 

splenic cDNA with ~10% spike-ins), but using TAK or Reddy-2010 primer sets for the multiplex PCR step. 650k 

preprocessed sequences for each data set were processed in the MAF bioinformatic pipeline. Datasets used are Reddy-PS-

Compare and TAK-PS-Compare, see table S2. A complete list of primer sequences can be found in table S5. 

 

  



 
 

Fig. S11. Schematic of multistage error correction pipeline. For simplicity, Illumina adaptor regions are not shown. Further 

details of error correction methods can be found in Results and Materials and Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. S12. Flow chart of multistage error correction pipeline. Ig-seq read numbers and statistics correspond to representative 

MAF library preparation from immunized mouse splenic cDNA with ~10% synthetic spike-ins (dataset used is IM_1a, see 

table S7). 

  



 
 

Fig. S14. Bias correction using MAF V-gene bias factor. R2 correlation values of spike-in clonal frequencies with multiplex-

PCR versus singleplex-PCR. Evaluation of the MAF V-gene bias factor (F3+) on uncorrected reads from different datasets (see 

Materials and Methods). Correction of uncorrected reads was performed by using the MAF V-gene bias factors from the same 

data set (IM_1a) and a technical replicate (IM_1b). Correction using MAF V-gene bias factors (from IM_1a) on biological 

replicates (separate hyperimmunized mice and untreated mice). Uncorrected reads and MAF clonal bias correction from dataset 

IM_1a are shown for reference. Ig-seq data are from library sample preparations of splenic cDNA with synthetic spike-ins from 

hyperimmunized mice (n = 3) and untreated mice (n = 3) (datasets used for hyperimmunized are IM_1a, IM_1b, IM_2, IM_3; 

datasets used for untreated mice are UM_1, UM_2, UM_3, see table S7). Singleplex spike-in frequencies are mean values 

obtained from replicate libraries (n = 5) generated by singleplex-PCR (see fig. S2 and table S1). 

 

  



 
 

Fig. S15. Comparison of bias correction with new reduced primer set (TAK) and previously published primer set 

(Reddy-2010). R2 correlation values of spike-in clonal frequencies with multiplex PCR versus singleplex PCR using 

different primer sets and different bias correction methods. MAF clonal bias correction with TAK primer set achieves the 

highest accuracy. Ig-seq was performed on samples from library preparation with the same starting material (immunized 

mouse splenic cDNA with ~10% spike-ins), but using primer set Reddy-2010 or primer set TAK for the multiplex-PCR step. 

650k preprocessed sequences for each data set were processed in the MAF bioinformatic pipeline. Datasets used are Reddy-

PS-Compare and TAK-PS-Compare, see table S2. A complete list of primer sequences can be found in table S5. Singleplex 

spike-in frequencies are mean values obtained from replicate libraries (n = 5) generated by singleplex-PCR (see fig. S2 and 

table S1). 

   



 
 

Fig. S13. Error correction effects on various bias correction methods. R2 correlation values of spike-in clonal frequencies 

from multiplex-PCR versus singleplex-PCR using different versions of bias correction and different stages of error correction 

and filtering. Based on fig. S12, UID Corrected is stage 6; Chimera Corrected is Stage 13, and Full Correction is product of the 

full pipeline. Unrestricted (F0+) and restricted (F3+) refers to unfiltered productive sequences and filtering out sequences 

belonging to RID groupings with less than three reads, respectively. (A) Comparison of read counting based frequencies to 

MAF clonal. Raw reads are based on non-consensus built Ig-seq data. Consensus built reads correspond to clonal frequencies 

computed by reads counts after consensus RID building. (B) Comparison of RID counting methods to determine clonal 

frequencies. RID-count simply computes the RID count based on the total number of unique RIDs associated with a clone. The 

non-parametric species richness estimators take into account the total number of unique RIDs as well as the number RIDs with 

very few reads (e.g. a single read (Chao1 and 1st-order Jackknife) or a single and two reads (2nd-order Jackknife). Acevar was 

computed with k=10 and uses the traditional ACE if CVrare ≤ 0.8 or ACE-1 if CVrare > 0.8. (C) MAF bias factor (FID / RID) 

was calculated with either median biological V-gene MAF bias factors (MAF V-gene) or individual clonal-based MAF bias 

factors (MAF Clonal) (see Materials and Methods). In all cases the MAF clonal bias correction achieves the highest accuracy. 

Also other methods of bias correction such as RID-counting or non-parametric species richness estimators benefit substantially 

by the MAF error correction pipeline. Ig-seq data are from replicate library sample preparations (n = 3) from mouse splenic 

cDNA with ~10% synthetic spike-ins (data are presented as means  STD and are from replicate datasets IM_1a, _1b,_1c, see 

table S7). Singleplex spike-in frequencies are mean values obtained from replicate libraries (n = 5) generated by singleplex 

PCR (see fig. S2 and table S1).    



 
 

Fig. S16. Comparison of V-gene (germlines) before and after MAF correction. Ig-seq read numbers and statistics 

correspond to representative MAF library preparation from mouse splenic cDNA with synthetic spike-ins (dataset used is 

IM_1a, see table S7). 
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Fig. S17. The MAF bias factor across V-genes. (A) The MAF bias factor (FID / RID) of spike-in V-genes or all V-genes 

(B) shows grouping within and across replicate datasets. MAF bias factor across all V-genes for replicate IM_1a can be 

found in Fig. 5E. Ig-seq data are from replicate MAF library sample preparations (n = 3) from mouse splenic cDNA with 

synthetic spike-ins (datasets used were IM_1a, _1b, _1c, see table S7). 
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Supplementary Figure 18 Correlation of MAF bias correction factor across datasets.  
 
(A) Clonal- (B) and V-gene-based MAF bias correction ratio (FID / RID) of MAF replicate library 
preparations. 
Ig-seq data are from replicate MAF library sample preparations  (n = 3) from mouse splenic cDNA with 
synthetic spike-ins (datasets used were IM_1a, _1b, _1c, see Supplementary Table 7).



 

Fig. S18. Correlation of MAF bias correction factor across data sets. (A) Clonal- (B) and V-gene-based MAF bias factor 

(FID / RID) of MAF replicate library preparations. Ig-seq data are from replicate MAF library sample preparations (n = 3) 

from mouse splenic cDNA with synthetic spike-ins (datasets used were IM_1a, _1b, _1c, see table S7). 

 

  



 
 

 

Fig. S19. Nominal logistic regression modeling based on Ig-seq clonotype measurements. The parameter estimates for 

nominal logistic regression models (trained with data sets: IM_1a, IM_2, IM_3, UM_1, UM_2, UM3) are shown for factors 

using uncorrected (A, C) and MAF corrected (B, D) data. First all factors were used in the models (A, B). The models were 

then reduced to the significant factors determined for the MAF corrected data (C-D). For more information, see Supplementary 

Materials and Methods.    



 
 

Fig.  S20. Comparison of the sensitivity and specificity of the nominal logistic regression models.  The receiver operating 

characteristics and area under the curve (AUC) for nominal logistic regression models (trained with data sets: IM_1a, IM_2, 

IM_3, UM_1, UM_2, UM3) are shown for factors using uncorrected (A) and MAF-corrected (B) data. For more information, 

see Supplementary Materials and Methods.   
  



 
 

Fig. S21. Comparison of factor correlations with prediction probabilities of the nominal logistic regression models. 
The probabilities of clonotypes belonging to the hyperimmunized group from the nominal logistic regression models (trained 

with data sets: IM_1a, IM_2, IM_3, UM_1, UM_2, UM3) based on only MAF corrected significant factors are plotted with 

parameters used in the model (frequency, intraclonotype diversity index (IDI), and median non-silent somatic hypermutations 

(SHM (ns)), along with the non-model parameter rank based on clonotype frequency. Models fro both uncorrected (A) and 

MAF corrected (B) data are shown. The data sets for hyperimmunized mice (n=3) is shown on top and the data sets for the 

untreated mice (n=3) is shown on the bottom. For more information see Supplementary Materials and Methods.  

 

  



 
 

Fig. S22. Various immune profiling metrics from MAF-corrected Ig-seq data. Ig-seq data are from library sample 

preparations of splenic cDNA with synthetic spike-ins from hyperimmunized mice (n = 3) and untreated mice (n = 3) (datasets 

used for hyperimmunized are IM_1a, IM_2, IM_3; datasets used for untreated mice are UM_1, UM_2, UM_3, see table S7). 

Only clonotypes (>80% CDR3 a.a. similarity with matching CDR3 lengths, V and J genes) with the majority of reads being 

IgG 1, IgG2a, and IgG2b were used for analysis. The Evar index (A) was used (top 500 clonotype frequencies of each data set) 

to determine the extent of polarization. Values closer to 1 represent more evenly distributed clonotype frequencies within a 

data set, while values closer to 0 represent more skewed clonotype frequencies. The majority isotype of each clonotype (top 

500 clonotype frequencies of each data set) was assigned to the clonotype frequency to determine the relative amounts of each 

isotype in the data sets (B). The median non-silent somatic hypermuations (SHM) for each of the top 100 clonotypes (based on 

frequency) for each data set were compared based on immune status (C). The intraclonotype diversity index for each of the top 

100 clonotypes (based on frequency) for each data set were compared based on immune status (D). P values less than 0.001 

and less than 0.0001 are represented by (***) and (****), respectively.      

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Fig. S23. Processing time of reads for MAF error and bias correction pipeline. The steps 2-6 of our MAF error and bias 

correction pipeline (see Materials and Methods) were integrated into a single workflow, processing time of this workflow 

scaled directly with the number of sequencing reads. Typically cluster computing enabled parallel processing of several data 

sets (e.g. 16-18 Ig-seq data sets of 1 x 106) at one time.   



 
 

Fig. S24. Effect of the number of reads analyzed using final MAF sample preparation conditions. In silico random 

subsampling of CLC Genomics Workbench pre-processing and quality-filtering of merged reads was used to evaluate the 

effects on (A) clonal frequency bias and (B) filtered clonal diversity. MAF clonal bias corrected data achieved high accuracy 

(R2 correlation of spike-in clonal frequencies to singleplex-PCR) with less reads compared to uncorrected or RID-count based 

data. 

 

 

  



 
 

Table S1. Ig-seq read count statistics for spike-ins following replicate library preparation by singleplex PCR (see fig. S2, B 

and C). Information on bioinformatic preprocessing and annotation (productive reads) can be found in Materials and 

Methods.   



 

 
 

 

Table S2. Ig-seq read count statistics following MAF library preparation by multiplex PCR (See Fig. 2A). Datasets 

Reddy-PS-1, -2, -3 were from replicate MAF library preparation from the same starting material (immunized mouse splenic 

cDNA with ~10% spike-ins) using multiplex PCR step with primer set Reddy-2010 (described previously in Ref. 16). Datasets 

Reddy-PS-Compare and TAK-PS-Compare were from library preparation starting from the same starting material (immunized 

mouse splenic cDNA with ~10% spike-ins), but using primer set Reddy-2010 or newly designed reduced primer set TAK for 

the multiplex PCR step. A complete list of primer sequences can be found in table S5. Information on bioinformatic 

preprocessing and annotation (productive reads) can be found in Materials and Methods.  

 

 

 

  



 
 

Table S3. A comparison of the VDJ annotation tool used in this study (modified from Laserson et al. (12)) with IMGT 

HighV-Quest. The same NGS data was used for both annotation tools, corresponding to 500,000 sequences (randomly selected) 

from dataset IM_2, see table S7. Additional information on bioinformatic preprocessing and VDJ annotation can be found in 

Materials and Methods.   

 

 

 

  



 
 

Table. S4. Ig-seq read count statistics for DoE for library preparation optimization. Information on bioinformatic 

preprocessing and annotation (productive reads) can be found in Materials and Methods. For more information on DoE see 

Supplementary Materials and Methods.  

 

  



Table S5. A complete list of primers and sequences used in this study.  

 

  



Table S5. A complete list of primers and sequences used in this study. (cont.) 

 

  



Table S5. A complete list of primers and sequences used in this study. (cont.) 

 

  



Table S5. A complete list of primers and sequences used in this study. (cont.) 

 

 
 

 

  



 
 

 

Table S6. Error correction statistics for spike in clones. The intraclonal diversity index was determined for each clone by 

dividing the number of intraclonal variants by the clonal count (based on RID-count). Ig-seq data are from replicate MAF 

library sample preparations (n = 3) from mouse splenic cDNA with ~10% synthetic spike-ins (mean values are from replicate 

datasets IM_1a, _1b, 1c, see table S7). Relative spike-in frequencies are mean values obtained from replicate libraries (n = 5) 

generated by singleplex PCR (see fig. S2 and table S1).  

 

 

  



 
Table S7. Expanded Ig-seq processing statistics. Datasets IM_1a, _1b, _1c correspond to replicate library sample 

preparations (n = 3) of a hyperimmunized mouse. Datasets IM_2, IM_3 correspond to 2 different hyperimmunized mice and 

UM_1, UM_2, UM_3 correspond to 3 different untreated mice. All datasets were from MAF library preparation of splenic 

cDNA with ~10% synthetic spike-ins.  

 

  



 
 

Table S8. Synthetic genes used in this study. Synthetic antibody sequences TAK_1-16 were ordered from IDT in the 

pIDTBlue vector (in vitro transcription ready). PCR Control antibody gene with Illumina adaptors was ordered from IDT in 

the pIDTSmart (Amp) vector. 




