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Affinity war: forging immunoglobulin repertoires
Teng Zuo, Avneesh Gautam and Duane R Wesemann

B cell immunoglobulin (Ig) repertoire composition shapes
immune responses. The generation of Ig diversity begins with Ig
variable region exon assembly from gene segments, random
inter-segment junction sequence diversity, and combinations
of Ig heavy and light chain. This generates vast preemptive
sequence freedom in early developing B lineage cell Ig genes
that can anticipate a great diversity of threats. This freedom is
met with large restrictions that ultimately define the naive (i.e.
preimmune) Ig repertoire. Activation-induced somatic
hypermutation (SHM), which further diversifies Ig V regions, is
also met with strong selection that shapes Ig affinity
maturation. While individual repertoire features, such as affinity
for self and competition for foreign antigen, are known to drive
selection, the selection filters themselves may be subject to
regulation. Large sequence freedom coupled with strong
selection for each diversification process provides flexibility for
demand-driven regulation to dynamically balance antigen
recognition capacities and associated autoimmune risks
according to host needs.
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Introduction

A diverse repertoire of antibodies contributes to immu-
nity against a vast number of potential pathogenic threats.
Antibodies diversify through two distinct pathways,
which can be described as primary and secondary diver-
sification. Primary diversification involves combinatorial
assembly of Immunoglobulin (Ig) heavy (H) and light (L)
chain variable region (V) exons during B cell develop-
ment from small gene segments to form the antigen
recognition piece of the B cell receptor (BCR), initially
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expressed as IgM on immature B cells. The second
diversification pathway involves somatic hypermutation
(SHM) of V exons and affinity-based selection of acti-
vated B cells in germinal centers (GCs). Clones with
mutated V exons that encode higher affinity Ig win
limiting cognate T cell help, leading to antibody affinity
maturation [1]. The primary and secondary diversification
systems collaborate to provide protective antibody
responses. In addition to providing an immediate wave
of innate-like, low affinity antibodies in response to
infectious challenge, the primary (i.e. pre-immune) rep-
ertoire is the substrate upon which initial pathogen rec-
ognition takes place to initiate secondary antibody evo-
lution toward development of high affinity antibodies and
protective humoral memory responses. In this regard, the
GC system is thought to only ripen antibodies that engage
in chance recognition of antigen provided by the antici-
patory pre-immune Ig repertoire.

Dependence on robust representation of anti-pathogen
specificities in the primary repertoire can be a problem, as
in cases where the unmutated germline ancestors of
antibodies with potential to become highly protective
can be low affinity and/or poorly represented in the
pre-immune Ig repertoire. This is the case with some
classes of broadly neutralizing antibodies (bnAbs) to HIV-
1 [2,3]. As a consequence, naive B cells with bnAb
potential are often at a competitive disadvantage to
non-neutralizing, strain-specific specificities that domi-
nate in abundance or affinity within primary Ig reper-
toires. These problems have intensified awareness of
knowledge gaps regarding what regulates primary reper-
toire architecture and what the requirements are for B
cells to enter the SHM and affinity maturation process.

While all the recent advances in this area cannot be given
due treatment here, we discuss a few recent findings
related to the structure of the primary Ig repertoire in
terms of its determination and plasticity and its interface
with entry into the SHM diversification system. We also
speculate on a model of plasticity built into the Ig reper-
toire system upon which demand-driven regulation can
operate according to host needs for naive, as well as
experienced Ig repertoires.

Structure of the primary Ig repertoire

While deep sequencing studies have enabled unprece-
dented advances in understanding sequence structure
and clonal dynamics of Ig repertoires, technical limita-
tions keep a full understanding of its true binding
capacity beyond our grasp. Studies quantifying the fre-
quencies of naive B cells able to bind selected antigens

Current Opinion in Immunology 2019, 57:32-39

www.sciencedirect.com


mailto:dwesemann@bwh.harvard.edu
http://www.sciencedirect.com/science/journal/09527915/57
https://doi.org/10.1016/j.coi.2019.04.006
https://doi.org/10.1016/j.coi.2018.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coi.2018.12.002&domain=pdf
http://www.sciencedirect.com/science/journal/09527915

Affinity war: forging immunoglobulin repertoires Zuo, Gautam and Wesemann 33

in mice have revealed an important feature that is not
predicted by general textbook immunological knowl-
edge—namely, that frequencies of naive B cells that
can bind a given antigen is reasonably consistent
between individuals.

Binding data from several recent studies show concor-
dance between individuals within genetically inbred
strains. For example, C57BL/6 mice that are naive to
phycoerythrin (PE) or allophycocyanin (APC) were found
to have about 20 000 PE-specific naive B cells (1 in 5000)
and 4000 APC-specific (1 in 25000) naive B cells by flow
cytometry [4]. In contrast, BALLB/c mice are reported to
have 1400 (1 in 71 000) PE-specific naive B cells while
harboring a similar number of APC-specific naive B cells
as B6 mice [5°]. ELISA evaluation of single clone cultures
showed naive B cell frequencies for Bacillus anthracis
protective antigen (PA) and influenza hemagglutinin
(HA) are 1 in 8000, and 1 in 18000, respectively [6°°].
The frequency of naive B cells specific for the small
molecule hapten 4-hydroxy-3-nitrophenyl acetyl (NP)
was reported at 1 in 4000 by flow cytometry [7]. Through
single B cell sorting and Ig sequencing, naive B cell
precursors of the VRCO1-class of broadly neutralizing
anti-HIV-1 antibodies in humans have recently been
determined to be present at a frequency of 1 in
2400000 B cells with reasonable consistency between
individuals [8].

Consistent binding frequencies between individuals are
not necessarily expected, at least for large complex anti-
gens, because despite findings that V gene usage frequen-
cies are consistent between individuals when examined
with adequate sequence depth [9,10], V gene segments
only encode for two of the three complementarity deter-
mining regions (CDRs) that make up the majority of the
antigen binding surface of the antibody. Junctions
between assembled gene segments that make up V region
exons generate the CDR3 region, which has been argued
to encode for diversity sufficient for most antibody spe-
cificities [11]. A substantial contribution of stochastically
generated CDR3 to Ig repertoire binding capacity would
predict large variability between individuals. The consis-
tency of antigen binding frequencies in naive B cell
populations between individuals could be due to germ-
line encoded CDR1 and 2 playing a more dominant role
in antigen recognition than anticipated. Alternatively, Ig
developmental selection filters may mold Ig repertoires to
roughly predetermined architectures, offering opportu-
nities for regulatory control to adapt the protective utility
of Ig repertoires according to host needs. Understanding
how baseline Ig repertoires are shaped is important
because antigen recognition frequencies significantly
influence immune responses, including immunodomi-
nance [12°] quality of the initial response [13°°,14] as
well as the fate characteristics of the memory and recall
responses [5°].

What shapes Ig repertoires?

It has been known for decades that selection plays a
major role in shaping the Ig repertoire as the original V
gene segment usage frequencies selected for V(D)J
recombination differ from usage frequencies found in
mature naive B cells [15]. As discussed in a recent
review [16], tolerance control processes negatively
select out Ig specificities with strong self-reactive
potential. Positive selection also occurs, but the nature
of the antigens driving positive selection, and where
and how these processes take places are not fully
defined [17]. The innate-like B1 cell repertoire is
relatively oligoclonal-enriched in specificities for self
and common components of bacteria [18]. The B1 Ig
repertoire undergoes age-dependent shifts that occur
independently of microbiota, possibly through timed
exposures to self-antigens [19]. The B2 repertoire is
more diverse, but also appears to contain a positive
selection process for targets that presumably would
provide beneficial specificities [17].

While self-ligands play a role in B cell selection, recent
studies have shown that symbiotic microbes influence
both the primary Ig and memory IgM repertoires in
conventional B2 cells. Germ-free mice colonized with
microbial symbionts at weaning age developed increased
bacterial symbiont recognition frequencies in naive fol-
licular B cells with an IgM*"IgD"CD73~CD80~ pheno-
type. This occurs in a T cell-independent manner and
early in weaning age [20°°]. Frequencies of B cells that
recognize symbiotic microbes were notably high. Limit-
ing dilution analysis found a frequency of approximately
1/58 naive follicular B cells in germ-free mice reactive to
intestinal bacteria that increased to approximately 1/33
after conventionalization [20°°]. How microbial sym-
bionts lead to enrichment of naive cells is not fully
understood. Sequencing studies indicated that some Ig
repertoire changes were already apparent in naive transi-
tional B cells, which represent new bone marrow emi-
grants—indicating that microbial colonization may influ-
ence early B cell selection. In addition, microbial
symbionts have also been shown to influence the Ig
repertoire via B cell receptor editing for a small amount
of B cells that develop in the intestinal lamina propria
during weaning age [9].

An AID reporter mouse model, in which memory cells are
labeled, revealed that microbial symbionts also influence
baseline IgM memory cell repertoires in unimmunized
mice [21°°]. In this system, cells become and remain
YFP* when exposed simultaneously to AID and tamoxi-
fen. Reactivity to gut luminal antigens by YFP" memory
cells was enriched in conventional, but not germ-free
mice [21°°].  YFP® memory cells expressed
IgM*CD73"CD80" and their accumulation occurred for
several months and was dependent upon T cells and toll-
like receptor signaling pathways [21°°]. Colonization with
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microbiota was also required for the induction of systemic
IgA concentrations in serum [22].

In terms of functional consequence, the influence of
symbiotic microbes on the primary and memory IgM
repertoires led to increased anti-bacterial vaccine
responses in both cases [20°°,21°°]. Microbe-dependent
IgA in the serum was shown to protect against microbial
sepsis due to symbiont-dependent anti-bacterial plasma
cells that can cross-react to bacteria more generally [22].
The functional impact of symbiotic microbes on Ig reper-
toires has been shown to have important implications for
antibody immunodominance in humans. An example of
this is the finding that accumulation of memory B cells
specific for symbiotic microbes was shown to influence
immunodominance toward non-neutralizing gp41 epi-
topes on the HIV-1 envelope protein complex [23°].

The influence of both tolerance to self and symbiotic
microbes in affecting baseline Ig repertoires and disease
outcomes is illustrated in the example of antibodies
against the Gala1-3GalB1-(3)4GIcNAc-R (a-gal) glycan.
Some bacteria, and most mammals produce a-gal due to
the action of the UDP:galactose:B-galactoside-al,3-
galactosyltransferase gene (1,3GT). A notable mamma-
lian exception to a-gal production is old world primates,
including humans, due to inactivation of 1,3GT. Toler-
ance-related negative selection downregulates anti-a-gal
antibodies in a-gal-producing mammals, but they are
allowed to accumulate in the absence of functional
1,3GT through a mechanism that is dependent upon
a-gal-producing microbial symbionts [24]. Because
Anti-a-gal antibody levels correlate with protection from
malaria in endemic regions [24,25], malaria was likely a
driving force for evolutionary loss of 1,3GT in old world
primates [24,26]. Gut colonization withZ. co/i O86:B7, an
a-gal-producing bacterial strain, induced anti-a-gal anti-
bodies in a1,3Gt™'~ mice, and this was associated with
reduction in Plasmodium infection [24]. Colonization
with Escherichia coli K12 bacteria, which do not express
a-gal, neither induced anti-a-gal IgM antibodies, nor did
it not block Plasmodium infection. How anti-symbiont
glycoform antibodies are induced remains to be fully
elucidated, but may include some of the pathways
described above. Notably, while inhibition of Plasmo-
dium was dependent upon anti-a-gal IgM antibodies, it
was not dependent upon somatic Ig mutation [24], indi-
cating that either naive and/or memory B cell anti-micro-
biota Ig enrichment pathways may contribute.

High polyreactivity in immature Ig repertoires:
bug or feature?

While many antibodies appear to be highly specific for a
unique antigen-binding site, polyreactive antibodies can
recognize multiple structurally unrelated antigens. Poly-
reactive antibodies are often self-reactive. In a sense, it is
intuitive that an antibody reactive to multiple unrelated

targets is more likely to include self-antigens among those
targets. There may also be a contribution of technical bias
arising from the use of self-antigen among the panels used
to test polyreactivity in studies.

The primary repertoire in developing bone marrow B
cells is composed of Ig specificities that are extraordi-
narily polyreactive and self-reactive. Self/polyreactivity
comprises up to well over half of early B lincage Ig
repertoire in humans [27], a surprisingly high level
thought to be due to inadvertent byproducts of agnostic
Ig diversification. However, there are autoreactive VH
gene segments encoded in the genome that have stood
the test of evolutionary time. An example in humans is
VH4-34, which recognizes human erythrocyte surface
antigens [28] and symbiotic microbes [29]. Mouse studies
have uncovered examples of V gene segments that, not
only have a high degree of intrinsic self-reactivity, they
are preferentially utilized during V(D)] recombination in
early B lineage development [30,31], indicating that self/
polyreactivity in the pre-selected immature Ig repertoire
may be a deliberate feature. As B cells mature, tolerance
check points suppress polyreactive and self-reactive spe-
cificities, such that they ultimately comprise 20-30% [32]
as measured by binding studies of cloned soluble anti-
bodies. In addition, a BCR signaling reporter mouse
indicated that most mature naive B cells exhibit some
degree of self-ligand recognition capacity across a broad
range of signal strength [33].

While self/polyreactive antibodies are usually considered
unfavorable for host health, they can offer the benefit of
providing superior defense capabilities in the context of
recognition, neutralization, and clearance of pathogens
[34,35]. In this regard, the greater part of antibodies that
are broadly neutralizing for challenging vaccine targets,
such as HIV-1 and influenza, are inherently polyreactive
[36-39]. Thus, B cell tolerance filters can be seen, para-
doxically, as a barrier to host health under certain infec-
tious conditions [40°]. In addition, polyreactivity was
reported to be enriched among IgA B cells, suggesting
that increased polyreactivity may be beneficial in the gut
environment [41°] (Figure 1). Thus, despite the potential
cost of self-reactivity, the immune system may draw upon
polyreactive antibodies in times of need, implying a
potential role for dynamic regulation of tolerance filter
stringency.

We speculate that high polyreactivity of freshly assem-
bled bone marrow Ig repertoires (i.e. pre-tolerance fil-
tered) may be a proactive storehouse of innateness,
instead of solely an undesirable byproduct of agnostic
Ig diversification. Polyreactive-loaded progenitors enable
the recognition capacity of the BCR repertoire to swiftly
expand in conditions of stress (i.c. persisting infection) by
tolerance filter loosening, thus providing a more prompt
response compared to reshaping Ig recognition capacity de
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Figure 1
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Polyreactivity in the B cell system.

Schematic of the B cell development and literature-based representations of general locations of tolerance checkpoints and polyreactivity of
associated B cell subsets. Shown are two B cell tolerance checkpoints. Tolerance checkpoints in the bone marrow are designated central
tolerance, and those in the periphery are designated as such. Immature (imm.), transitional (trans.), mature naive (IgM IgD), and IgA B cells (green)

are indicated.

novo. This would allow the system to dynamically tune
tolerance filters to provide levels of Ig polyreactivity to
the optimal place on the cost/benefit scale to adapt to
changing host conditions (Figure 2).

An analogy is a factory conveyer belt meant for product
inspection and quality control of newly made products.

BCRs/antibodies are deliberately manufactured in a
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Infection
alert level

D Low

Mature
naive

Regulated
Filter stringency

Early e »
B lineage

N~

. Polyreactivity

[:] Moderate

(] High

Current Opinion in Immunology

Physiologic control of B cell tolerance filter stringency may be a
demand-driven process.

Schematic representation of our hypothesis that plasticity of B cell
developmental checkpoint stringency is an adaptive feature, balancing
risks of infection and autoimmunity to host needs.

form that maximizes recognition capacity (i.e. polyreac-
tive form) and pass through screening for removal by
tolerance checkpoint workers at various points along the
way. In the absence of high-level infectious threats,
careful and tight screening produces a relatively limited,
but high tolerance repertoire sufficient to maintain low-
threat host:pathogen homeostasis. A stronger inflamma-
tory stimulus, such as chronic infection or barrier breach,
could swiftly be met by an increase in Ig recognition
capacity by simple cost-efficient mechanisms, such as
altering the environment to conditions where selection
against polyreactivity is less stringent. In the analogy,
increasing conveyer belt speed or slowing removal could
accomplish this. These or other mechanisms may
quickly limit tolerance checks whose work is to remove
already-present polyreactivity. The implication is that
certain inflammatory signals may be a contributing
upstream cause of deliberate crescendos in pre-immune
Ig polyreactivity. This may be a contributory etiology for
the observation that a variety of inflammatory conditions
are associated with polyreactivity [34], and opens the
possibility that, in terms of autoimmune disease, self-
reactive Igs may be both chicken and egg.

Collaboration of the diversification systems

SHM and associated B cell selection can both ripen Ig
affinities toward foreign antigen while redeeming prom-
ising Ig specificities from autoreactivity. SHM-mediated
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Ig redemption has been shown to be able to occur with
swifter kinetics compared to affinity ripening toward
foreign antigens [42°°]. Redemption before ripening
allows the retention of self-reactive clones in the primary
Ig repertoire [42°°], thus maximizing the recognition
capacity of the Ig system. SHM and the GC selection
system may also pressure Ig toward less polyreactivity due
to improved competitive fitness of B cells that can con-
centrate peptide from a single entity to present to limiting
cognate T cells. A very broad net can, therefore, be cast
before affinity focusing.

How much Ig affinity ripening is possible from SHM and
GC selection? In other words, what is the minimum
affinity required for entry into the SHM-mediated Ig
evolution process? Recent binding studies of B cells
activated for SHM-mediated diversification reveal that
a surprisingly substantial proportion of B cells have
undetectable affinities for immunizing antigens by stan-
dard iz vitro measures. This was shown by measure-
ments of affinities from GC B cells to immunizing
antigen [6°°,43°°], as well as assessing B cells undergoing
SHM-mediated affinity maturation in an extra follicular
context upon challenge with Sa/monella typhimurium
[44°°]. In the latter study, diminished IgG responses
were found when the BCR repertoire was artificially
restricted, highlighting the importance of a diverse rep-
ertoire [44°°]. In addition, antibodies with detectable
salmonella antigen binding had more V region mutations
compared to the great majority that had no detectable
binding, and this binding was lost when reactive Igs were
reverted back to germline configuration—consistent
with the proposed model of iz vivo recognition by B
cells whose binding ability cannot be detected iz vitro
[44°°]. Thus, under certain immunization or infectious
conditions, many B cells may recognize antigen with
initial binding affinities that are undetectable by con-
ventional assays, which typically involve iz vitro binding
assays with soluble antibody.

These examples shed light on the collaboration between
the primary and SHM diversification systems. They
illuminate the ability of the SHM system to do some
heavier-than-expected lifting in the antigen-recognition
process, enhancing some Igs from very low—in some
cases, undetectable—to high affinity. This raises the
possibility that the SHM system may do more than just
ripen Ig affinities already present in the preimmune
repertoire (Figure 3).

How is it that Ig with undetectable affinity can be
activated to evolve through SHM? Mechanisms include
the concept that GC B cells can bind immunizing antigen
with affinities which are biologically relevant 7z vivo, but
undetectable with usual 7z vitro assays. This is supported
by robust, albeit indirect, evidence [43°°,44°°]. A non-
mutually exclusive alternative model is that some B cells

Figure 3
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Acquisition of de novo recognition capacities from concealed Ig
diversity.

Schematic representation of an implication the discovery that non-
cognate B cells can be activated and undergo SHM. Shown is a
hypothetical scenario where new antigen recognition capacities could
be acquired from concealed Ig diversity (i.e. not initially recognized by
immunizing antigen) through SHM. Colored boxes represent Ig variable
(V) region specificities. Thin curved arrows represent affinity maturation
pathways of some V region specificities (asterisked) in B cells that fail
to initially recognize antigen, but gain de novo recognition capacity
through non-specific B cell activation-induced SHM. Shaded areas
represent B gene segments that do not bind a given antigen, but may
have recognition potential.

could be specific for ‘dark antigen’, described to be an
unknown antigen (presumably linked to immunizing
antigen), or non-native form of immunizing antigen
[6°°]. A third non-mutually exclusive pathway is non-
specific activation and SHM-mediated diversification of
non-cognate B cells, which under special conditions, may
generate new specificities not otherwise present in the
primary repertoire [45°°]. This was explored using a
monoclonal B cell system in which BCRs were shown
in multiple ways not to functionally engage with antigen.
The study demonstrated that B cells harbor an intrinsic
permissiveness to participate in SHM-mediated diversi-
fication, which can lead to Ig evolution toward de novo
recognition of multiple distinct epitopes in the absence of
B cell competition and with abundant T cell help [45°°].
Thus, B cell entry into the SHM-mediated Ig evolution
system may not be governed by a particular BCR affinity
requirement for antigen. This is consistent with the
notion that, with regard to receiving SHM-inducing T
cell help, it is not how much antigen a B cell has, but
whether it has more than its neighbors. Non-specific
antigen uptake by basic mechanisms outside of BCR
involvement [46] may be the baseline sufficiency to
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qualify for activated T cell help absent neighbors with
BCR-mediated antigen recognition ability. While it
remains to be seen whether new antigen recognition
can occur through SHM in physiologic settings, low levels
of non-cognate B cells have been shown to undergo SHM-
mediated diversification in a polyclonal B and T cell
setting [45°°].

The fiercely competitive GC environment under typical
experimental conditions renders non-specifically acti-
vated B cells extremely unlikely to survive in the pres-
ence of other cells with some BCR-mediated affinity for
antigen. However, an SHM-mediated somatic Ig evolu-
tion system flexible enough to generate new specificities
to immunizing antigen would be beneficial in situations
where Ig specificities to immunologically important epi-
topes may not be represented in the primary repertoire. If
the primary repertoire provides ineffective antibody pro-
files (e.g. to non-neutralizing epitopes), immunodomi-
nance shifts over time through antibody feedback/epi-
tope masking [47], iteratively exhausting available
repertoire options for some difficult infections. Such a
response would be inherently demand-driven (i.e. effec-
tive antibody responses would resolve lymphoid inflam-
mation). Persistent pathogen-driven lymphoid inflamma-
tion that exhausts available Ig recognition solutions could
still be met by real-time stochastic SHM-mediated diver-
sification of Ig genes. At least with respect to actionable Ig
recognition, this can be analogous to the last soldier
standing, armed with no weapon other than a hyperspeed
version of one of nature’s most powerful innovations—
evolution.

Concluding remarks

Here, we discussed how emerging data might support
new perspectives on how Ig repertoires are shaped. In
addition to being receptive to symbiont influences, we
suggest that B cell biological plasticity allows both Ig
diversification systems access to concealed diversity to
regulate the sensitivity and specificity of humoral
responses. For the naive Ig repertoire—access to deliber-
ately-produced immature B cell polyreactivity, enabling
swift adaption of Ig recognition capacity. For the SHM-
dependent Ig repertoire—de novo epitope recognition
through non-cognate B cell mutation, resulting in
expanded diversity not otherwise functionally available
from the primary Ig repertoire. Future studies promise to
challenge these perspectives, and in so doing will advance
understanding of the depth, flexibility, and utility of
humoral immune responses.
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