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Abstract

Antibodies (Abs) produced by immunoglobulin (IG) genes are the most diverse proteins expressed 

in humans. While part of this diversity is generated by recombination during B cell development 

and mutations during affinity maturation, the germline IG loci are also diverse across human 

populations and ethnicities. Recently, proof-of-concept studies have demonstrated genotype-

phenotype correlations between specific IG germline variants and the quality of Ab responses 

during vaccination and disease. However, the functional consequences of IG genetic variation in 

Ab function and immunological outcomes remain underexplored. Here we outline 

interconnections between IG genomic diversity and Ab expressed repertoires and structure. We 

further propose a strategy for integrating IG genotyping with functional Ab profiling data as a 

means to better predict and optimize humoral responses in genetically diverse human populations, 

with immediate implications for personalized medicine.

The molecular basis for antibody diversity

Antibodies (Abs) have long been appreciated as key constituents of the adaptive immune 

response. Their function is to enable selective recognition and mediate immune responses to 

novel foreign antigens. This is accomplished through the somatic generation of vast 

repertoires of hundreds of millions of unique Ab receptors that can be selected, matured and 

ultimately participate in the formation of long-term memory during B cell development and 

activation. As a consequence of this diversity, even after nearly a century of research, the 

complexity of the Ab response within and between individuals is only beginning to be 

delineated at the molecular and genetic level.
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Hundreds of variable (V) and dozens of diversity (D) and joining (J) immunoglobulin (IG) 

germline gene segments across three primary loci in the human genome comprise the 

necessary building blocks of the expressed Ab heavy and light chain repertoires [1]. 

Whereas the heavy chain is encoded by genes at the IG heavy chain locus (IGH), the light 

chain can be encoded by genes at either the IG kappa or lambda chain loci (IGK; IGL) [1]. 

The naive Ab repertoire is formed by assembling variants of these building blocks using a 

specialized V(D)J recombination process that somatically joins various V, D, and J segments 

(or V and J at IGK and IGL), with the introduction and deletion of P-and N-nucleotides at 

V(D)J junctions, dramatically increasing diversity, and ultimately by the pairing of different 

heavy and light chains (Figure 1) [2]. Considering these processes alone, a given baseline or 

primary naive repertoire can theoretically sample from 1015 different Abs [3]. The 

extraordinary diversity of the naive repertoire ensures that it will likely contain a naive Ab 

with at least weak initial binding against a vast array of antigens.

Even so, this impressive baseline diversity can be subsequently augmented when a B cell 

encounters and is stimulated by antigen to undergo somatic hypermutation (SHM; Figure 1), 

resulting in lineages of tens of thousands of clonally derived affinity maturation variants of 

the initial Ab. Specifically, SHM introduces somatic mutations throughout the variable 

portion of the Ab, including targeted hotspots residing within the antigen-contacting 

hypervariable complementarity-determining regions (CDRs). This process ultimately 

increases the affinity and specificity of the Ab for binding the target epitope, facilitating a 

highly focused antigen-specific response.

While the prevailing paradigm for investigating B cell and Ab-mediated responses has 

placed emphasis on the importance of the unique molecular mechanisms cited above in the 

generation of key functional antibodies, there is a growing appreciation for the fact that IG 

genes are highly variable at the germline level, exhibiting extreme allelic polymorphism and 

gene copy number variation (CNV) between individuals and across populations [4–9]. 

Recent studies have begun to highlight that, in addition to diversity introduced during V(D)J 

recombination, heavy and light chain pairing, and SHM, IG germline variation (e.g., allelic 

variation; Figure 1) play a part in determining the development of the naive repertoire, with 

downstream impacts on signatures observed in the memory compartment, and the capacity 

of an individual to mount an Ab response to specific epitopes [10–16].

IG loci haplotype diversity in the human population

Recent genomic sequencing indicates that IG loci, specifically IGH, may be among the most 

polymorphic in the human genome [17]. Across IGH, IGK, and IGL, there are currently 

>420 alleles catalogued in the ImMunoGeneTics information system database (IMGT) [18–

21] that have been described from germline DNA in the human population, with an 

enrichment of non-synonymous variants (Table 1). Although the validity of some alleles in 

IMGT have been called into question [22], the number of polymorphic alleles continues to 

grow [11,23,24], especially as IG gene sequencing is conducted in increasing numbers of 

non-Caucasian samples [7,9,25]. A recent study conducted in 28 indigenous South Africans 

identified 122 non-IMGT IGHV alleles [9]. In addition to IG allelic variation and single 

nucleotide polymorphisms (SNPs), CNVs, including large deletions, insertions and 
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duplications (~8–75 Kb in length), are also prevalent in IG regions (Table 1). Using IGH as 

an example, up to 29 of the 58 functional/ORF IGHV genes may vary in genomic copy 

number [4,6,7,11,26–28]; CNVs of IGH D (“diversity”) and constant (C) region genes are 

also known [11,12,29]. Until recently, primarily due to technical difficulties caused by the 

complex genomic architecture of the IG loci, none of the known CNVs in IGHV had been 

sequenced at nucleotide resolution [7]; many likely remained undescribed at the genomic 

level.

The high prevalence of IG allelic and locus structural diversity translates into extreme levels 

of inter-individual haplotype variation [4–7]. For example, recent comparisons of the two 

available completed assemblies for the IGHV gene region revealed that two human 

chromosomes can vary by >100 Kb of sequence, with >2,800 SNPs, and CNVs of 10 IGHV 

functional/ORF genes [7,17]. In population sequencing experiments, extreme examples of 

heterozygosity have been noted, with evidence of some individuals carrying >1 allele at 

every IGHV coding gene [9]. Supporting earlier genetic mapping data [4,5], more recent 

analysis of inferred haplotypes from Ab repertoire data surveyed in 9 individuals revealed 

that all 18 haplotypes characterized were unique [6]. Furthermore, at the population level, of 

the few SNPs and CNVs screened within IGH, allele and genotype frequencies have been 

shown to vary considerably between ethnic backgrounds [7–9,15], with evidence of 

selection [7]. Despite the support for elevated germline diversity, genomic resources for IG 

loci continue to lag behind other regions of the genome [26]. Because of this, the 

comprehensive and accurate genotyping of IG polymorphisms remains a significant 

challenge [26,30], and as a result, the full extent of IG polymorphism and implications for 

human health are yet to be uncovered [26]. However, it is plausible that population level 

diversity in the IG loci, particularly in IGH, will rival that of other complex immune gene 

families, such as the human leukocyte antigen (HLA) and killer cell immunoglobulin-like 

receptor (KIR) genes. These genes are also characterized by extreme haplotype diversity, 

due to CNV and coding region variation [31,32]; HLA genes, for example, have thousands 

of known alleles [31]. In contrast to IG genes, HLA and KIR have been studied more 

extensively across human populations, and have demonstrated critical roles in disease 

[31,32].

The influence of IG germline diversity in the expressed antibody repertoire 

and Ab function

Our limited knowledge of IG population diversity has hindered our ability to 

comprehensively test for direct connections between IG germline polymorphisms, variation 

in the repertoire generated after recombination, amino acid variation in the Ab produced, 

and ultimately Ab function. However, advances in high-throughput sequencing technology 

now enable extensive characterization of the expressed Ab repertoire [33–35], creating 

opportunities for beginning to investigate the heritability of the Ab response at fine scale 

resolution. Applications of these methods, collectively referred to as repertoire sequencing 

(“IgSeq” or “RepSeq”), have already led to a wealth of new discoveries in a range of 

contexts [33,36]. These include general observations that key features of the Ab repertoire 

show extensive variability between healthy individuals [10,11,13,14,37], and a limited 
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overlap of BCR clones between individuals, even monozygotic (MZ) twins [10,13,14]. 

However, RepSeq studies have also revealed that these inter-individual differences are not 

necessarily random, but likely have a strong underlying genetic component, providing initial 

support for the importance of germline IG polymorphism in determining the naive and Ag-

stimulated Ab repertoire. For example, several recent studies have revealed that V, D, and J 

gene usage in the naive repertoire is much more highly correlated between MZ twins than 

between unrelated individuals [10,13,14], and that IG gene usage patterns are consistent 

across time points within a given individual [38]. A role for genetic factors can be seen for 

other repertoire features in twins as well, including the degree of SHM [13], and the 

distribution of CDR-H3 length and clone convergence [10,13,14]. Intriguingly, although 

existing data suggest that features in the memory compartment are more stochastic, likely 

reflective of random recruitment and transient proliferation, certain genes and repertoire 

features exhibit predictable patterns even in memory B cells [39,10,13,14].

Studies of repertoire heritability are consistent with a number of examples for which 

germline IG polymorphisms have been explicitly linked to features in the expressed Ab 

repertoire [12,15,40–42] (hypothetical examples of IG genotype effects on the repertoire are 

shown in Box 1, Figure IA). Sasso et al. [40] reported the first direct connection to IG 

genotype, reporting that CNV of IGHV1-69 was tightly correlated with its relative usage in 

tonsilar B cells. Our own work has also demonstrated this relationship, but uncovered 

associations for IGHV1-69 coding and potentially non-coding polymorphism as well as 

CNV [15]. Inferred deletions of IGHD genes have also been shown to associate with 

variation in D-J pairing frequencies, demonstrating that germline effects on the repertoire 

extend beyond V genes [12]. An interesting aspect of IGH CNVs is that, in addition to 

observed effects of these variants on the genes within the CNV event, they also can impact 

the usage of genes elsewhere in the locus [12,15]. For example, we recently observed 

apparent long-range effects of IGHV1-69 CNV in the naive and memory repertoire, in that 

individuals with fewer IGHV1-69 germline copies and reduced usage showed consistently 

higher usage of IGHV genes over 200 Kb away [15]. The mechanisms underlying the 

observed effects of CNVs in human IG loci remain technically difficult to assess 

experimentally, but it has been speculated that these large changes in locus architecture (i.e., 
deletions and insertions) could alter regulatory systems related to V(D)J recombination 

[12,15], for example, by modifying the chromatin landscape, cis-regulatory elements and 

transcription factor binding, and/or the physical locations of IG V, D, and J genes. All of 

these factors are known to be key determinants of IG gene accessibility and usage 

frequencies in the mouse [43,44].

Box 1

The influence of IG germline polymorphism on Ab repertoire variation and 
functional Ab structural residues

- Although the roles of IG germline variants have not been comprehensively 

studied there is now convincing evidence that they can influence Ab 

repertoire variation and function in two main ways (A & B). In addition, 
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known functional variants exhibit allele frequency variation between human 

populations (C):

- (A) Gene copy number changes and coding/non-coding SNPs in 

IGHV genes have been shown to correlate with gene usage patterns 

in the naïve repertoire, the memory repertoire, patterns of SHM, 

class-switch frequency, and circulating Ab titres (Figure IA).

- (B) There are now many examples that provide evidence for 

functional effects of germline variants encoded in CDR-H1 and 

CDR-H2, many of which are polymorphic and vary between human 

populations. Based on known IGHV alleles in the IMGT database, 

residues within CDR-H1/H2 that have a higher probability of 

making Ag contact, are also more likely to be associated with a 

polymorphic allele (Figure IB).

- (C) Several positions in IGHV genes that encode residues critical 

for antigen binding are polymorphic and exhibit different genotype 

frequencies between human populations and ethnicities (Figure IC).
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Figure I. Impacts of IG germline polymorphism on Ab repertoire/structural diversity
(A) Hypothetical examples of associations between IG gene region CNV (V gene 1 

insertion/deletion) and SNP (non-coding regulatory variant, A/C) genotypes and V gene 

usage frequencies in the expressed Ab repertoire. (B) Violin plot showing non-

synonymous polymorphism rates in CDR positions with high (>0.6; “High”, blue) or low 

(<0.25; “Low”, red) frequency of contact with antigen, as labeled on the X-axis. The Y-

axis records, for each CDR-H1 and CDR-H2 position, the number of IMGT IGHV genes 

that have alleles with nonsynonymous polymorphisms at that position. The positional 

probability of antigen contact was calculated for each CDR position as the percentage of 

150 crystal structures of antibody-antigen complexes from the protein database (PDB) 

where any atom of that residue is within 5 Angstroms of any antigen atom. Allelic 

variation is enriched in antigen-contact sites, in that the number of IGHV genes with 

alleles containing nonsynonymous polymorphisms is greater for high contact probability 

positions. (C) Genotype frequency differences between five human ethnic groups 

(Africans, AFR; East Asians, EAS; South Asians, SAS; Central/South American, AMR; 

and Europeans, EUR), published by the 1000 Genomes Project [80]*, at two SNPs in 

IGHV1-69 that have been shown to encode functional residues critical for neutralizing 

Abs against the influenza HA stem (F54 and L54 amino acid associated alleles; SNP 

rs55891010; left panel), and “NEAT2” domain of Staphlyococcus aureus (R50 and G50 

alleles; SNP rs11845244; right panel). In the left panel, the F allele encodes the 

functional critical phenylalanine residue, and in the right panel, the primary glycine 

residue is encoded by the G allele. Interestingly, in both cases, the frequency of 

individuals lacking alleles encoding the critical residues varies among populations, with 

the L/L and R/R genotypes showing the lowest frequencies in Africans, and the highest 

frequencies in South Asians. rs55891010 and rs11845244 are in linkage disequilibrium, 

and thus R50 and L54 amino acids (and likewise, G50 and F54) tend to co-occur in 

alleles of IGHV1-69. This explains similarities in genotype frequency estimates between 

the two SNPs in each population. *Although these genotypes may contain error due to 

confounds of unrepresented CNV information, they can provide insight into potential 

population differences.

A role for non-coding polymorphisms is also strongly supported by early work conducted in 

the human IGK region that directly showed that a variant associated with Haemophilus 
influenza infection susceptibility in the recombination signal sequence (RSS) of IGKV2-29 
significantly decreased gene rearrangement frequency [42]. RSSs, which are critical for the 

recruitment of RAG1/2 genes have also been demonstrated to impact IgHV gene usage in 

mice [43,44]. Moreover, extensive work in the murine IG gene loci have uncovered 
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important roles for other key cis-regulatory sequences and transcription factors as well 

[45,46]. Such analyses have not yet been comprehensively conducted in humans, and as a 

result our knowledge of the IG regulatory elements involved in the formation of the 

expressed Ab repertoire is restricted to canonical RSS, promoter, enhancer elements, and 

class switch regions (CSRs). However, even for these well-known non-coding regulatory 

regions, limited data on human population-level variation exists, and thus the broader 

consequences of polymorphism in these elements on Ab repertoire variability has not been 

explored.

Although direct links between repertoire variability and human IG CNVs and non-coding 

polymorphisms remains limited to the few examples discussed above, additional evidence 

from expressed Ab repertoire studies in unrelated individuals also highlights the clear 

potential for these variants to have pervasive impacts on Ab repertoire features, particularly 

gene usage in the naïve compartment. Most demonstrable is the fact that many of the genes 

with the most variability in naïve repertoire usage across individuals are also known to be in 

CNV, including examples of the complete absence of genes in the expressed Ab repertoires 

of some donors [6,10–12]. In addition, allele-specific usage in the naïve Ab repertoires of 

individuals heterozygous at a given IGHV gene has been demonstrated, also clearly 

suggesting a role for non-coding variation and CNV [11]. Moreover, although effects of 

germline IG polymorphism may be most evident on a per gene basis, it is worth discussing 

that findings from MZ twins demonstrating that certain CDR-H3 features are highly 

heritable [13,14] indicate that even strong genetically determined biases on individual V, D, 

and J gene usage (and thus their non-random combination during V(D)J rearrangement), 

could also be directly linked to variation observed within CDR-H3. This is an important 

point given that CDR-H3 variation has classically been considered independent of the 

germline [13,14].

In addition to effects of IG polymorphism on gene usage, functional CDR variants can also 

be directly encoded in the genome. For example, across the ~267 coding alleles catalogued 

in IMGT for functional and ORF IGHV genes, 60% of the 382 polymorphic positions are 

non-synonymous (Table 1), including sites located in CDR-H1 and CDR-H2 with predicted 

relevance to Ab functional residue diversity (Box 1; Figure IB). Although the CDR-H3 loop, 

formed at the V(D)J junction, is the most diverse region of an antibody and is a principal 

determinant of specificity [47,48], there is a growing appreciation for the importance of 

residues outside of CDR-H3 in antigen recognition and binding [15,49–51]. For example, 

recent analyses have shown that the median length of CDR-H2, which is solely encoded by 

germline V gene sequence, is substantially longer than that of CDR-H3, and typically forms 

the same number of interactions with antigen [52]. Specifically, analyses of antigen binding 

residues (ABRs; which roughly correspond to CDRs, but differ slightly in their boundaries) 

have shown that Abs contain a median of 6, 6, and 4 contact residues in the heavy chain 

CDR-H3, H2, and H1 ABR regions, respectively. In addition, the overall percentage of 

energetically important Ag-binding residues within each ABR follows the same rank order, 

with circa 31%, 23% and 14% for H3, H2 and H1, respectively. Similar trends were noted 

for light chain ABRs as well [52]. In addition, considering that many known non-

synonymous sites reside outside of CDRs (Table 1), it is worth highlighting the fact that 
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there are also examples demonstrating indirect effects of framework region variants on Ag-

binding [53,54].

The identification of shared Ab immune response signatures across 

individuals

A critical question is whether the germline effects on the repertoire outlined above can also 

partially account for inter-individual variation of the Ab-mediated response in disease and 

clinical phenotypes. The initial observation from RepSeq studies that essentially no antibody 

clones were shared among individuals, including MZ twins, posed a challenge to 

comparative Ab repertoire analysis: how could correlates of protection be identified in the 

Ab repertoire if every individual was responding with different antibodies? However, an 

answer began to emerge with the observation that in multiple settings, including viral and 

bacterial infection, different individuals have been shown to respond to a given antigen with 

antibodies that share convergent amino acid signatures [13,49,55–57,54,58]. These 

convergent antibodies are often encoded by common V genes or sets of V genes, and 

specific amino acid residues in their CDRs enable them to converge upon a common binding 

solution against a shared antigen. Critically, in some cases evaluated, convergent signatures 

include amino acid residues that are directly encoded in the germline. The occurrence of 

such convergent antibody responses highlight the potential for tracking common immune 

responses across individuals, and understanding the role of genetic factors, even when each 

individual creates unique antibodies. Importantly, the implications of this line of thinking 

could be broad, as IG gene biases have been observed in contexts other than infection, 

including autoimmunity and cancer [59,60]. Moreover, IG gene biases may also extend to 

usage patterns of D and J genes, light chain genes, and heavy and light chain V gene pairing 

frequencies [56,61,62].

Structural residues critical for Ag binding and involved in biased gene 

usage are encoded in the germline and exhibit population variability

There are now many instances for which functional contributions of biased IG genes have 

been traced back to specific germline encoded residues, including sites that are polymorphic 

in the human population [15,16,50,53–55,63–65]. These examples illuminate a direct role of 

the IG germline in disease-associated Ab responses. In the case of stem-directed broadly 

neutralizing Abs (BnAbs) against influenza hemagglutinin (HA), the most prevalent Abs use 

the heavy chain gene IGHV1-69 [66,67,67–70]. These IGHV1-69 BnAbs recognize an 

overlapping epitope of group 1 influenza A viruses and only amino acids from IGHV make 

contact with HA. Importantly, of the 14 known alleles at IGHV1-69, only those encoding a 

critical phenylalanine at position 54 (F54) within CDR-H2 have a major role in shaping the 

BnAbs response [16,15,55,71]. Although IGHV1-69 F54-encoding alleles are dominant, 

there is a growing list of additional HA-directed BnAbs that also show IG germline biases 

[51,56,72–74], including those also known to be polymorphic with respect to coding variants 

and CNVs.
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Interestingly, there are additional instances of biased IGHV1-69 allele usage in other disease 

contexts, with both overlapping and contrasting patterns to that observed for influenza. For 

example, F54 alleles are predominately observed by IGHV1-69 associated with CLL, 

whereas alleles encoding a leucine (L54) at this position are primarily used by non-

neutralizing anti-gp41 Abs in HIV-1 [63,64]. Moreover, it has been shown that IGHV1-69 
F54 alleles, in comparison to L54 alleles, have lower usage in the memory B cell pool 

[10,15]. This observation may be similar to trends noted for IGHV4-34, which is also 

significantly underrepresented in the memory compartment of healthy individuals [10], 

presumed to reflect a selective pressure against autoreactive Abs [75,76].

Other polymorphic positions in the framework regions of IGHV1-69, in conjunction with 

CDR-H2 54, have also recently been shown to influence Ab binding of MERs-CoV [53] and 

the Staphylococcus aureus NEAT2 (NEAr iron Transporter 2) domain [54]. In the example 

of NEAT2, neutralizing Abs encoded by IGHV1-69 alleles carrying an arginine (R) at 

position 50 in place of glycine (G) showed significantly reduced NEAT2 binding [54]. 

Interestingly, based on publically available data, the frequencies of critical alleles within 

polymorphic positions of IGHV1-69 vary across populations (Box 1; Figure IC).

A strategy for defining relationships between IG polymorphisms, expressed 

Ab signatures, and functional outcomes

Considering the evidence above, we argue that the antigen-specific Ab repertoire is likely 

influenced by host genotype. Although the genetic basis for repertoire and germline gene 

biases have not been comprehensively investigated, several recent studies provide a strategy 

for systematically integrating data on IG polymorphism and Ab responses at the population 

and molecular level to provide unique insight into Ab signatures associated with disease.

We have begun to explore this idea in detail at the IGHV1-69 locus in the context of 

influenza vaccination [15]. Providing strong proof-of-concept, by initially focusing on 

observed IGHV1-69 allelic usage bias against a critical broadly neutralizing epitope, we 

genotyped the IGHV1-69 Phe54/Leu54 allele and copy number frequencies in a cohort of 85 

H5N1 vaccinees, including 18 individuals with accompanying Ab repertoire data [15]. 

Drawing directly on aspects of repertoire heritability reviewed above, we found robust 

connections between these polymorphisms and repertoire gene usage in both the unmutated 

IgM (naive) and IgG memory repertoires, with IGHV1-69 germline gene usage increasing 

with the number of copies of F54 alleles. In addition to usage frequencies, IGHV1-69 
genotype also associated with IGHV1-69 B cell expansion, SHM, and Ig class switching. It 

is important to note that, these genotype effects extended to levels of circulating anti-HA 

stem BnAbs post-vaccination, with individuals carrying only germline-encoded CDR-H2 

L54 alleles having lower IGHV1-69 BnAbs. Furthermore, with direct repertoire sequencing 

of all subjects, we were able to specifically demonstrate that IGHV1-69 convergent anti-

BnAb sequence group members were only effectively elicited in carriers of the F54 allele. 

These results are bolstered by similar observations recently made by two other groups that 

also carried out IGHV1-69 F54/L54 allele genotyping in their cohorts [16,55]. Altogether, 
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these data demonstrate that genetically determined baseline differences in the Ab repertoire 

can set the stage for disease-related responses.

A crucial aspect of this story (which is expected to emerge in other cases as well) is that the 

frequency of IGHV1-69 F54 alleles and CNV varies considerably across populations [7,15]. 

Specifically, the number of individuals that would be predicted to lack the capacity to 

generate effective IGHV1-69 BnAbs was much higher in some populations. However, we 

and others have shown that individuals lacking IGHV1-69 F54 alleles likely utilize other 

germline genes in place of IGHV1-69 [51,55]. This finding in particular both highlights the 

complexity of the Ab response, and demonstrates that the integration of genotyping 

information can help provide a more nuanced interpretation of the signatures discovered in 

the expressed repertoire. Moreover, it suggests that efforts should be made to study these 

complex responses in larger and more diverse cohorts, including individuals from presently 

understudied populations.

Building on findings in these initial studies [15,16,55], we propose a framework for 

integrating genotypic information into future studies of the Ab response in wellness and 

disease (Figure 2, Key Figure). The general strategy is as follows: (1) identify IG gene 

biases observed in a disease-related or epitope-specific response; (2) characterize this 

response at the population level by performing comprehensive genotyping of coding, non-

coding, and gene copy number variants at and around the locus of interest (and others if 

there is rationale); (3) perform repertoire sequencing and analysis of the response in all 

relevant B cell subsets to identify all antibody convergence groups with allele bias; and (4) 

evaluate genotype-phenotype linkages of the functional Ab response and specific antibody 

convergence groups.

Concluding Remarks

We see a growing body of evidence to support the link between IG polymorphism and 

phenotype that may have important clinical applications. The most obvious of these 

correlations include potential effects of CNV and SNPs in non-translated and translated IG 

gene regions on the size, type and distribution of Abs expressed within repertoires of naive 

and memory B cell subsets. Some of these polymorphisms could be expected to more 

broadly impact variation in protective antibody responses [77] and quality of the memory B 

cell pool. We anticipate that IG polymorphism will contribute to differences in expression of 

common (public) and unique (private) antibody signatures that are associated with protective 

responses in disease and in response to vaccination. We propose a model for the future in 

which cataloging these public signatures for biased gene use, V(D)J associations, SHMs and 

heavy-light chain pairing in the context of IG germline variation should begin to provide us 

with information to advance our understanding of the immunogenetic potential of an 

individual’s baseline naive repertoire (Figure 2, Key Figure), particularly when more 

complete datasets of biased Ab signatures to specific epitopes become available. Based on 

existing genetic data, it is probable that similar IG haplotypes will associate with 

overlapping signatures in baseline repertoire profiles even if not to the degree of repertoire 

similarity observed in MZ twins. This IG polymorphism, as we and others have begun to 

show, may further influence the evolution of antigen-experienced B cells and plasma cells, 
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where other genetic polymorphisms in the IG loci and environmental exposures come into 

play in continuing to shape affinity, epitope specificity and fate. In addition, class-switched 

memory B cell compartments will vary over time [37], and could be quantitated in the type 

and size of clonotypes with both public and private signatures against immunodominant 

epitopes.

Together, this knowledge should pave the way to using molecular and genetic signatures for 

mapping an individual’s exposure history, current wellness state, and immune potential 

against future antigenic threats. For example, characterization of genotypes that specifically 

lead to common BnAb signatures in the repertoire should be useful for tailoring vaccines to 

responsive genotypes with the goal of achieving 100% “universal vaccine” responsiveness at 

the population level (Figure 2, Key Figure). In addition, such information could lead to 

advances in the use of anti-idiotypic antibody and chimeric antigen receptor (CAR) T cell 

therapies that are directed against germline gene expressing B cell clonotypes that are 

directly involved in auto-immune disease and hematologic malignancies [78,79]. We face 

tall hurdles to moving this paradigm forward, the greatest being the completion of a 

comprehensive human IG haplotype map for the more effective application of genomic tools 

that represent variation across a more diverse set of human populations [26]. However, with 

ever expanding advances in immunologic and genomic technologies, we believe that such 

integrative approaches are within our reach, and have the potential to transform our 

understanding of Ab mediated immune responses in the clinical and research arenas.
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Outstanding Questions Box

- How large of an effect does IG polymorphism have on the development of 

the baseline naïve repertoire, and what types of genetic variation (CNV; 

coding variants; regulatory variants) matter most?

- Do effects of IG genetic variants on the Ab repertoire correspond to known 

biases in disease and/or clinically relevant Ab responses?

- What can population-level data on genetic and expressed Ab repertoire 

signatures tell us about an individual’s exposure history, current wellness 

state, and immune potential against future antigenic threats?

- Can we leverage integrated population-level datasets to inform clinical care, 

and more effective vaccine and therapeutic strategies?
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Trends Box

- Genetic variation in human populations affects how individuals are able to 

mount functional antibody responses

- Some alleles encode convergent binding motif signatures that predispose 

successful responses against specific infections and vaccinations

- Given the complexity of the IG loci and the diversity of the antibody 

repertoire, links between IG polymorphism and antibody repertoire 

variability have not been thoroughly explored

- We present a strategy to mine genotype-repertoire-disease associations
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Figure 1. A basic overview of key elements that contribute to the diversity of naïve and memory 
repertoires
A basic schematic of the germline IGH locus is shown (not to scale), consisting of clusters 

of tandemly arrayed IGH V, D, J, and C gene segments. For a subset of these segments, 

multiple alleles are shown, representing population-level “Allelic Diversity” (see Table 1). 

During the initial formation of the naïve repertoire a single IGH D and J gene segments on 

one of two chromosomes in a given B cell are somatically recombined, followed by an 

additional round of recombination joining the paired D and J segment with an accompanying 

V segment; at each of these steps, P-and N-nucleotides are added at the D-J and V-D 

junctions (“Junctional Diversity”). This process, known as V(D)J rearrangement, is the basis 

for “Combinatorial Diversity”. The recombined V (red), D (orange), and J (maroon) 

segments will then be transcribed, and following splicing, will be paired with a C gene 

(gray). The somatic recombination process also occurs at one of two loci encoding the Ab 

light chain gene segments (IGK and IGL; except it involves only V (yellow), J (maroon) and 

C (light gray) gene segments). Two identical heavy chains and two identical light chains are 

ultimately paired to form a functional Ab; thus, additional diversity in the expressed Ab 

repertoire comes from “Heavy and Light Chain Pairing”. Together, the V, D, and J segment 

depicted comprise the variable domain of the heavy chain of a functional antibody, and 

together with the variable domain of the light chain, encoded by V and J segments, are 

responsible for Ag-binding. The C genes of both heavy and light chains comprise the 

constant domain, providing structural and/or effector functions of the Ab. As shown here for 

the heavy chain, the variable domain is partitioned into four framework regions (FRs) and 

three complementarity-determining regions (CDRs). Following Ag stimulation, “Somatic 

Hypermutation” introduces additional variation in the variable domain of the Ab (vertical 
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purple bars), with the aim of improving binding affinity. While mutations that arise via SHM 

can occur across the FR and CDR regions, these are most prevalent in CDR regions, as 

illustrated by the hypothetical frequency histogram shown between the unmutated and 

mutated IG heavy chain RNA. While the general molecular mechanisms outlined here have 

long been realized as the primary determinants of diversity within a given expressed Ab 

repertoire, there is a growing appreciation for the contribution of “Allelic Diversity” as well, 

particularly as this pertains to repertoire differences observed between unrelated individuals.

Watson et al. Page 18

Trends Immunol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2 (Key Figure). 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 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 (e.g., Ab titer; clinical 

outcome) associated with the Ab response to a given antigen/epitope. This partitioning can 

be used to inform tailored clinical care and treatment (e.g., vaccination regime).
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