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Figure 2. A new paradigm for integrating genotypic information into the study of the Ab mediated response in disease and clinical phenotypes. In the proposed
paradigm, a population pr cohort is partitioned into subgroups based on functional genotypes/haplotypes that are directly associated with subgroup-specific signatures in the
expressed repertoire and other relevant phenotypes associated with the Ab response to a given antigen/epitope (e.g., Ab titer). This partitioning can be used to inform
tailored clinical care and treatment (e.g., vaccination regime).

www.nature.com/scientificreports/

3Scientific RepoRts | 6:20842 | DOI: 10.1038/srep20842

mean values for F/L and L/L groups, respectively with a similar trend in their median values (Supplementary 
Fig. 2a). The post-vaccination hemagglutination inhibition titers (HAI) and the ELISA titers for H1CA0709 and 
H1CA0709 HA proteins were shown to not significantly differ from one another among the three IGHV1-69 
genotypic groups (Supplementary Fig. 2b,d,e). In addition, when HAI and MN titers were compared within indi-
viduals, there was also a trend toward lower HAI/MN ratios for the F/F and F/L groups compared to the L/L 
individuals (Supplementary Fig. 2c). Supplementary Fig. 3 shows that stem binding activity originally boosted by 
H5VN04 vaccination was generally maintained within each genotypic group over the 4-year period. The similar 
trends observed in the analysis of the F10 competition studies, MN titers, and HAI/MN ratios supports the con-
cept that IGHV1-69 germline polymorphism has an effect on the profile of the HA-directed Ab response, with 
expression from F-alleles leading to a higher Ab response to the stem domain.

Effect on IGHV1-69 polymorphism on germline gene utilization and expressed HV1-69-sBnAb 
repertoires. To assess the role of IGH locus polymorphism on expressed IGHV1-69 germline gene reper-
toires ≥ 5 ×  106 PBMCs (circa 10% B cells) were analyzed from the blood samples of 18 individuals (F/F =  4, 
F/L =  11, L/L =  3), collected 4 years following the H5N1 vaccine trial. The IGHV-gene frequencies from inde-
pendent V(D)J rearrangements were rendered non-redundant, and IgM and IgG class determinations were made 
by analyzing the PCR products obtained from reverse priming with IG constant region primers. Figure 2 shows 
that in both the unmutated IgM (naïve) and all IgG (memory) V-segment datasets, IGHV1-69 usage was at the 
highest frequency in the F/F group (7.7% IgM, 3.9% IgG), intermediate frequency in the F/L group (4.7% IgM, 3% 
IgG), and the lowest frequency in the L/L group (1.8% IgM, 1.4% IgG). The significance of the ~3-fold difference 
in IGHV1-69 usage between the F/F and L/L groups was further demonstrated by noting that, in the F/F group, 
IGHV1-69 was the 4th and 7th most frequently used IGHV germline gene in the unmutated IgM and IgG datasets, 
respectively, whereas in the L/L group IGHV1-69 was ranked 18th and 23rd (data not shown). This variation in 
IGHV1-69 germline gene utilization was also seen for putative HV1-69-sBnAbs with the highest frequencies and 
correlation coefficients in individuals with F/F alleles and across the IgM B cell subset (Supplementary Fig. 4a–d). 
We have been able to further delineate some of these HV1-69-sBnAbs signatures through functional analyses 
(Supplementary Fig. 5 and text). These results demonstrate that F-allele individuals have higher levels of circulat-
ing IGHV1-69 Ab and HV1-69-sBnAb repertoires than L-allele individuals.

Differential effects of IGHV1-69 genotype on B cell expansion, somatic hypermutation (SHM) 
and evolution to HV1-69-sBnAb clones. We next investigated if other B cell functions were affected by 
IGHV1-69 genotype. Analysis of the naive and memory IGHV1-69 datasets within each individual’s repertoire 
revealed additional variation in clonal expansion, SHM frequency, and IgG-to-IgM ratios among each geno-
typic group. For example, the frequency of highly expanded IGHV1-69 clones (frequency >  1e-4) was greater 
for L/L than the F/L or F/F genotypic groups (Supplementary Fig. 6a). However, the clones of the F/F group, of 
which there were fewer highly expanded clones, were also significantly more mutated than those of the L/L group 
(Supplementary Fig. 6b). Additionally, we note that IGHV1-69 is unusual among V-genes in that these BCRs 
appear at a lower frequency in memory B-cells than in naïve B-cells (Supplementary Fig. 6c) (an approximately 
40% reduction)14. Interestingly, this effect was strongest in individuals of the F/F genotype. These results suggest 
that the capacity of the IGHV1-69 B cells to undergo expansion, SHM and Ig class switching may be different 
among the genotypic groups.

Figure 2. Analyzing IGHV1-69 V-segment gene utilization among the three IGHV1-69 genotypic groups. 
(a) The frequency of IGHV1-69 IgM clones defined by unmutated V-segments (b) the frequency of IGHV1-69 
IgG clones. Error bars represent standard error of mean.
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Genomic characterization of the immunoglobulin heavy chain variable gene locus in individuals of African, 
Asian, and European descent reveals elevated haplotype diversity 

Problem: A major barrier to genetic & functional studies in IGH is
the current paucity of genomic data in the region.
àThe full ~1Mb IGH V, D, and J gene region (excluding IGHC)
has only been sequenced two times2,5.
àThe current community IGH allele database, IMGT, is known to
be incomplete, and ethnically biased2,4,6,7,8.
Solution: Build a comprehensive map of sequence variation in
IGH based on 16 complete IGH haplotypes assembled from 8
fosmid libraries of diverse ethnic origins

Building a Diverse Set of Reference 
Assemblies for the Human IGH locus
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Diploid Resolution of IGHBackground Methods

Future Directions
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The human immunoglobulin (IG) gene regions are among the most structurally
complex and polymorphic regions of the genome. IG genes recombine in B cells
to produce antibodies. (Figure A). The IG heavy chain (IGH) harbors ~50-60
IGHV, 23 IGHD, 6 IGHJ, and 9 IGHC functional/ORF genes, with >250 known
coding alleles (Figure B). It is highly enriched for large complex structural
variations up to 75 Kb in size (Figure B and C). Extreme haplotype diversity
(Figure C) has hindered the use of high-throughput genomic assays in the
region and the lack of the data has had impacts in disease association studies
and functional studies (Figure E). However, targeted studies of IGH variants
have been shown to associate with antibody expression and function, and higher
–level phenotypes in clinical cohorts3. (Figure D).
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- For fosmid library construction, genomic DNA from each individual was sheared and size 
selected; 40 kb fragments were cloned into fosmid vectors9. Sanger sequences generated from 
the ends of ~1 million clones per library were mapped to the reference genome assembly, 
allowing for compilation of clone tiling paths across IGH. Fosmids are then sequenced using 
Pacbio to generate a total of 16 ethnically diverse IGH reference assemblies from this fosmid
resource. Geographic origins of the 8 individuals previously sampled for fosmid library 
construction are shown. 

Fosmids representing the diploid 
genome of a single individual are 
partitioned into pools of ~20-25 clones 
comprising non-overlapping tiling paths.

Each fosmid pool is sequenced 
independently on the PacBio RSII, 
generating a dataset of ~170,000 long 
reads per pool.

Reads are then partitioned and 
assigned to their respective fosmid prior 
to assembly. This is done by using 
Sanger end-sequences for each of the 
fosmids as anchors to recruit fosmid-
specific reads and separate from the 
fosmid vector backbone. Once 
partitioned, fosmid-specific reads are 
then assembled using Canu.

Assembled fosmids are then phased 
into haplotypes manually, compared to 
hg19 and hg38 reference genome 
assemblies, and annotated with respect 
to genes/alleles, as well as locus-wide 
SNPs and SVs.

Table 1. Statistics for fosmids for ABC10, ABC11 and ABC12 libraries

Figure 1. Read length distributions for ABC10, ABC11 and ABC12.

Figure 2. Comparing haplotype sequence across the three samples. Colored regions represent identical 
tracks of sequences. Across all the samples (“ALL”), the mean length of identical haplotype sequences is 
335 bp and the max length is 8,861 bps. Between the European and Asian sample (“EUR x ASN”), the 
mean length is 610 bp and the max length is 37,344 bp. Between the African and European sample 
(“AFR x EUR”), the mean length is 376 np and the max length is 8,681 bp, and between the African and 
Asian sample (“AFR x ASN”), the mean length is 591 bp and the max length is 35,597 bp. The relatively 
small blocks of shared haplotypes suggests high levels of haplotype diversity between individuals

Figure 3. Annotation of genes in the IGHV haplotypes across all samples and reference genomes, hg38 
and hg19. Each column is the gene and it is color coded by the allele type. The African haplotype (AFR) 
has 55 genes, the European haplotype (EUR) has 42 genes, and the Asian haplotype (ASN) has 48 
genes. There were 8, 2, and 5 novel alleles in African, Asian, and European haplotypes, respectively.

Results (Cont’d)

Figure 4. (A) The overlap of SNPs between the African, Asian and European individuals. A large 
proportion of SNPs are unique to each individual. (B) The SNP density in different regions of the IGHV 
locus and chromosome 14, revealing a greater density of SNPs in IGHV, particularly in segmental 
duplications and genic regions.
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Figure 5. Overlap between SNPs called in fosmids and those called as part of the 1000 Genomes 
Project reveals low concordance between datasets.
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Figure 1. Using the sequence haplotypes to build a more effective genotyping assay. Current assays are 
inadequate for comprehensively genotyping IGH variants (SNPs and SVs) in a high-throughput manner. 
By having more sequence resolved haplotypes, we can build better tools and analysis pipelines for 
accurately genotyping the locus. We developed a pilot capture-PacBio sequencing protocol that uses the 
NimbleGen SeqCap EZ system combined with PacBio sequencing. 

CHM1/HG38 assembled with capture data

Figure 2. We tested our capture panel on a haploid hydatidiform mole sample, CHM1, the same 
individual we previously used to reconstruct the first IGHV locus haplotype from a single chromosome; 
this now serves as the representation for IGHV in the hg38 reference assembly. Reads CHM1 
sequenced for this experiment were assembled and mapped back to hg38, identifying only 42 SNPs and 
4 large INDELs.

Figure 3. Using the assembled haplotypes in combination with capture data from clinical cohorts, we can 
start to link genetics to antibody expression/function and disease.
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