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It is becoming evident that B-cell responses to particular epitopes or in particu-
lar contexts can be highly convergent at the molecular level. That is, depending
on the epitope targeted, persons of diverse genetic backgrounds and immuno-
logical histories can use highly similar, stereotyped B-cell receptors (BCRs)
for a particular response. In some cases, multiple people with immunity to a
particular epitope or with a type of B-cell neoplasia will elicit antibodies
encoded by essentially identical immunoglobulin gene rearrangements. In
other cases, particular VH genes encode antibodies important for immunity
against pathogens such as influenza and HIV. It appears that the conserved
antibody structures driving these stereotyped responses are highly limited
and selected. There are interesting and important convergences in the types
of stereotyped BCRs induced in conditions of immunity and B-cell-related
pathology such as cancer and autoimmunity. By characterizing and under-
standing stereotyped B-cell responses, novel approaches to B-cell immunity
and in understanding the underlying causes of B-cell pathology may be dis-
covered. In this paper, we will review stereotyped BCR responses in various
contexts of B-cell immunity and pathology.

1. Introduction

It has long been appreciated that immunization of particular mouse strains
with simple hapten antigens such as arsenate (Ars) [1-5] or 4-hydroxy-3-
nitrophenylacetyl (NP) [6—9] would induce canonical immunoglobulin responses;
that is, responses that induce essentially identical immunoglobulins from different
mice, despite the massive potential diversity of VDJ rearrangement. For example,
B-cell responses of C57BL/6 mice to NP select for canonical antibodies encoded by
V186.2 recombined to DFI 16.1 D segment and the JH1 ] segment that are paired
with VA1 light chains. It had been assumed that the simplistic nature of the hapten
antigens in combination with the inbred mice led to the highly limited possibilities
to generate anti-NP antibodies, and thus the canonical immunoglobulins. Thus, it
has been surprising in recent years to observe stereotyped responses with highly
similar immunoglobulins in humans, despite having highly unique genetic back-
grounds, diverse immunological histories and against complex antigens. Notably,
however, most of these stereotyped responses resemble in a number of ways the
canonical responses of inbred mice. That is, although the entire antigen molecules
targeted are complex, the stereotyped responses typically target small discrete
individual epitopes (when the epitopes have been identified). Thus even in com-
plex outbred immune responses, certain epitopes are so unique that there are
likely few means in which a human antibody can be formed from variable
genes to target these epitopes.

Importantly, a number of these stereotyped responses have been identified
because the antibodies bind conserved epitopes on pathogens that can escape
immune protection because they are highly adaptable, including human
immunodeficiency virus (HIV), influenza virus, hepatitis C virus (HCV) and
malaria. Further, there are stereotyped immunoglobulin responses that are
associated with B-cell cancers, neoplasms and with autoimmune diseases that
may provide insight into the underlying causes of B-cell pathology or novel
treatment options. Strikingly, there are commonalities between both the stereo-
typed protective responses to infectious diseases and to the neoplastic and
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autoimmune diseases, such as a tendency to use a particular
immunoglobulin heavy chain variable region gene: VH1-69.
Another type of stereotyped immunoglobulin occurs in dis-
crete B-cell subpopulations. Elucidation of the specificity of
these stereotyped responses will provide insights into the
function of these types of B cells. In this article, we will dis-
cuss various examples of stereotyped immunoglobulin
responses that occur in humans and speculate on the causes
of these responses.

2. Molecular characteristics of stereotyped B-cell

receptors

Stereotyped B-cell receptors (BCRs) as described herein refer
to B cells from different individuals that share characteristic
sequence elements. On one end of the spectrum, these charac-
teristics can be a tendency to be encoded by a particular
variable gene with little other to distinguish the receptors.
This is often the case with antibodies to conserved epitopes
on viruses, for example, or for BCR tendencies expressed
by particular functional subsets of differentiated B cells. On
the other end of the spectrum are antibodies with almost
identical usage of variable, diversity and junctional gene
segment rearrangements and even highly selected particular
somatic hypermutations, but isolated from various people.
Such receptors have been noted for certain B-cell lymphomas,
for example. Most of the examples of stereotyped receptors
described fall somewhere between these two extremes, with
tendencies of B cells from different individuals having similar
variable genes and also other characteristic amino acids
introduced by usage of particular D or ] gene segments, by
junctional diversity, or by somatic hypermutation. In general,
one can consider as stereotyped B cells with similar immuno-
globulins that have undergone convergent selection for a
particular response or associated with a subset or condition.

3. B-cell subpopulations can express stereotyped

B-cell receptors

It has long been appreciated that certain B-cell subpopulations
in mice, such as B1 cells, have stereotyped BCRs. For B1 cells,
it is known that the cells encode antibodies that are more
analogous to pattern recognition receptors such as Toll-like
receptors. Thus, these populations are often referred to as
innate-like B cells. The stereotyped BCRs likely bind to ‘natural
epitopes’; that is, epitopes which particular variable genes have
evolved to recognize. An example is bacterial phosphorylcho-
line bound by the T15 idiotype encoded by stereotyped VH1
and Vk22 heavy and light chains [10,11]. It is not clear if Bl
cells develop with preferential rearrangements of particular
BCRs or if B cells with particular BCRs will interact with bac-
teria or with a ‘self’ molecule and then be driven to
differentiate into Bl cells (figure 1a). Notably, insertion of a
BCR transgene from a Bl B cell so that all B cells in the
mouse express that single specificity, causes most of the B
cells to mature as B1 cells [12]. Thus, B1 cell specificity appears
to drive its differentiation.

A human B-cell subset with stereotyped BCRs is the un-
usual CO class-switched, or the CO-CS B-cell subset.
Typically, immunoglobulins of the IgD class are generated as
a transcript splice variant of a single transcript extending

from the variable gene through the IgM gene (Cp) and then [ 2 |

through the IgD gene (C0). Thus, naive B cells express both
IgM and IgD simultaneously through differential splicing of
the VDJ-Cpn—C0 transcript. However, in humans, there is a
class switch recombination signal sequence located between
Cp and CO that can be used to permanently class switch the
cells to IgD through deletion of the IgM gene at the DNA
level, similarly to class switching to IgG, IgA and IgE [13].
This Co—-CS population of B cells represents around 1% of per-
ipheral blood B cells and has been demonstrated to secrete IgD
class antibody in the lung, which then activates baso-
phils through an IgD Fc receptor [14]. Antibody from these
cells tends to be polyreactive, binding many antigens non-
specifically with low affinity [15]. It is believed that CO—-CS B
cells are the primary source of secreted IgD in human blood.
These cells have a highly stereotyped BCR repertoire in which
90% of the cells use lambda light chains [16], and half of
these cells have BCRs encoded by either VH3-30 [17] or VH4-
34 [15,18] heavy chains (figure 2a versus b). CO—CS BCRs are
also preferentially encoded by the JH6 gene segment
[15,16,18]. Notably, these CO—CS variable genes are extensively
adapted by somatic hypermutation [16].

The particular epitope or antigen bound by these stereotyped
receptors is unknown, though almost certainly the epitope/anti-
gens bound dictate the functional specialization of CO—-CS B
cells. The stereotyped BCRs may be selected as a prerequisite
for differentiation to CO—CS B cells (class switch to IgD); that
is, B cells destined for the CO—CS lineage preferentially rearrange
particular variable genes. Alternatively, activation in the context
of a particular kind of immune response typified by particular
BCR specificities may drive selection of stereotyped BCRs
as well as class switch to IgD and the CO-CS phenotype
(figure 1a). In order to understand the function both of the stereo-
typed receptors as well as the C9 —CS B-cell subset, on the whole,
current research efforts aim to identify the antigens and epitopes
targeted by these receptors.

4. Human B cells specific for conserved epitopes
on infectious antigens can have stereotyped
B-cell receptors

A second instance where stereotypic BCRs are seen more and
more commonly is in B cells from different individuals that
are selected for binding to a particular epitope. An important
aspect of vaccinology is the search for epitopes that are broadly
conserved on the surfaces of pathogens which evade immunity
through diversification of their surface molecules. For example,
HIV evades antibody-mediated immunity in infected patients
by encoding its genome with an error-prone polymerase such
that its envelope proteins can rapidly evolve away from anti-
body targeting. Influenza similarly evades immunity through
‘antigenic drift’, introducing point mutations to its critical
receptor haemagglutinin, or more dramatic antigenic shifts
through gene segment exchange with disparate strains when
both co-infect the same host [19]. Thus, as technologies
advance to isolate monoclonal antibodies, the vaccine commu-
nity is searching for rare B-cell specificities that are conserved
despite antigenic drift and shift. This has led to the realization
that B cells binding such conserved and typically inaccessible
epitopes require highly restricted immunoglobulins which
are often quite similar in overall structure. Antibodies against
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Figure 1. Proposed mechanisms for inducing stereotyped B-cell responses in various contexts. (a) Potential mechanisms causing stereotyped BCRs in particular B-cell
subsets or differentiations. (b) Potential mechanism for causing stereotyped BCRs against conserved epitopes. Example of epitopes located on the stalk portion of the
influenza HA. () Escape from immune tolerance by particular autoreactive B cells may account for stereotyped B(Rs associated with autoimmune specificities.
(d) Various mechanisms may account for stereotyped BCRs associated with B-cell cancers.

the HIV envelope protein tend to be encoded by VH5-51 when
against one type of conserved epitope, the V3 loop [20], but by
VH1-69 when against conserved portions of the gp41 glyco-
protein [21-23]. Against influenza, most antibodies bind
haemagglutinin (HA), the sialic acid binding protein that
attaches virions to cells upon infection. Most neutralizing anti-
bodies bind to the ‘globular head” of HA where the sialic acid
binding site is located. However, epitopes in the stalk portion
of HA that attaches the protein to the viral envelope are
highly conserved between most influenza strains. Interestingly,
antibodies to the HA stalk are preferentially encoded
by VHI1-69 and the highly similar VH1-18 gene segments
(figure 2c) [19,24-28]. Such antibodies were preferentially
induced in individuals infected or vaccinated with the 2009
pandemic HIN1 influenza strains such that, in some cases,
half of all neutralizing antibodies induced were encoded by
VH1-69 or VHI1-18 [29-31]. We hypothesize that expansion
of these stereotyped BCRs occurred through selection of

memory B cells to past strains because of the highly conserved
nature of only the HA-stalk epitopes, for which stereotyped B
cells existed (figure 1b).

An analysis by high-throughput immunoglobulin vari-
able gene sequencing also identified stereotyped responses
to the HA head that was encoded by VH3-7/JH6 variable
genes with a conserved 18 amino acid CDR3 and that arose
independently in multiple individuals [32]. Analyses of
historical data by Jackson and colleagues identified VH3-7/
JH6 immunoglobulin arising in past studies also [30,32,33].

Antibodies reactive to rotavirus envelope proteins have
restricted repertoires that differ depending on whether they
were isolated from resting naive or memory B-cell subsets
in which there is a biased usage of the VH1-46 gene [34],
versus whether they were isolated from gut mucosal
plasma cells in which VH4-39 is over-represented [35].

In patients infected with hepatitis C (HCV), there is often
stereotyped usage of the VHI1-69 gene in various contexts
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Figure 2. Examples of biased usage of VH immunoglobulin genes by (a,b) particular B-cell subpopulations or (c.d) B cells targeting particular epitopes.

such as in HCV-associated immunocytomas [36]. HCV reactive
VH1-69- and VH4-34-encoded immunoglobulins are common
in patients with mixed cryoglobulinaemia [37] and in
HCV-associated nodal marginal zone B-cell lymphoma [38].

Bacterial antigens can also induce stereotyped antibody
responses. For example, antibodies reactive to Streptococcus
pneumoniae capsular polysaccharides have a restricted reper-
toire, with biased usage of VH3-7 and VH3-15 rearrangements
[39]. Interestingly, a clonal population of splenic and circulat-
ing IgM + IgD 4 CD27 + marginal zone B cells harbouring
this restricted repertoire has been identified in vaccinated
children [40].

Another way that particular VH types can be expanded is
through superantigen activation. For example, plasmablasts
activated in patients with Staphylococcus aureus express
predominantly VH3-encoded variable genes because the viru-
lence factor staphylococcal protein A binds to VH3-encoded
antibodies, activating these cells non-specifically [41].

The tendency for epitopes targeted by stereotyped receptors
to be broadly conserved in mutagenic pathogens such as HIV
and influenza has caused an increased focus on the cells expres-
sing these genes. Thus, current research efforts are aimed at
preferentially activating naive or memory B cells with stereo-
typed receptors, such as use of VH1-69. Other efforts aim to
identify B cells expressing these receptors using anti-idiotypic
antibodies. Efforts are also underway to identify circumstances,
such as vaccination conditions, that will preferentially activate B

cells with stereotyped BCRs with the aim of increasing the
frequency of broad protection.

5. Self-reactive antibodies often use stereotyped

B-cell receptors

Another class of stereotyped or restricted BCRs is those
that bind to self- or autoantigens. One of the most famous
examples of stereotyped autoantibodies are those encoded
by the VH4-34 gene segment that are the sole cause of
cold-agglutinin disease [42-44]. VH4-34-encoded antibodies
have also been associated with lupus [45] and autoimmune
B-cell populations [18]. VH4-34 binds to particular glycans
known as polylactosamines or il antigens. Polylactosamines
are expressed on the surface of many human cells including
erythrocytes such that VH4-34 antibody responses will tend
to cause painful and dangerous red blood cell agglutination
and/or anaemia (cold-agglutinin disease). However, polylac-
tosamines also have structural similarities to many pathogen
glycans and are therefore likely to be ‘natural antibodies’
evolved to target particular pathogen epitopes. Thus, despite
having an autoimmune potential, B cells expressing VH4-34
or other stereotyped BCRs that are autoimmune associ-
ated may escape immune tolerance mechanisms. That is,
the importance for protection of certain specificities that
pose a risk for autoimmunity may have outweighed the
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danger of allowing these specificities to persist in the B-cell
repertoire, leading to stereotyped responses to these autoan-
tigens (figure 1c). By being encoded by only certain BCRs,
these specificities could be preferentially maintained in the
repertoire despite the risk.

Other stereotyped autoantibody responses include anti-
desmoglein antibodies in pemphigus patients which tend to
be from B cells with highly similar variable region gene
rearrangements encoded by VH1-46 and with highly similar
CDR3s [46,47]. B-cell clonal expansions found in the salivary
glands of patients with Sjogren’s syndrome tend to use one
of three VH genes, including the pervasive VH1-69 gene in a
third of the isolates [48]. We have reported that there is a
highly restricted usage of the VH5-51 gene in autoreactive B
cells reactive to transglutaminase-2 from coeliac disease
patients (figure 2d) [49]. Interestingly, antibodies from coeliac
disease patients that bind to gluten proteins (such as gliadin)
are also stereotyped, and preferentially encoded by two
heavy/light chain combinations: VH3-23/VLambda4-69 or
VH3-15/Vk4-1 [50]. These stereotyped autoantibody
responses could arise from the mechanism of tolerance
escape described above for VH4-34-encoded cold-agglutinins
(figure 1c). Alternatively, certain B-cell subpopulations that
have stereotyped BCRs (figure 1a) may be more prone to
cause autoimmune diseases.

Current research efforts are directed at identifying the
particular epitopes of autoimmune stereotyped B cells or
exploiting the fact that these cells have structurally unique
surface immunoglobulins. These cells, when causing pathol-
ogy, make an attractive potential target for therapy because
of their conserved nature. It may be possible to reduce path-
ology with anti-idiotypic antibodies used to deplete the
offending cells in a specific manner. Further, by understand-
ing the targets of these stereotyped autoantibodies, measures
can be taken to avoid or control autoimmune pathology.

6. B-cell-related cancers often have stereotyped
B-cell receptors

As many as 30% of patients with chronic lymphocytic leukae-
mia (CLL) have stereotyped BCRs of various types [51]. As
early as 1989, it was appreciated that multiple individuals
could have CLL with BCRs encoded by the VH1-69 gene seg-
ment. Later, the Chiorazzi laboratory [52] and independently
the Burrone group [53] found that the entire VH gene and
CDR3 junction were highly conserved between multiple
people with CLL. Restriction for the light chains encoding
the BCRs in CLL was also noted [54]. In fact, approximately
1% of CLL patients express essentially identical tumour-
associated immunoglobulins [55]. Another study found
restriction for VH4 genes, including the autoreactive VH4-
34 gene in CD5 + IgG + CLL B cells [56]. As described in
§5, VH4-34 is well known for encoding autoreactive BCRs
that bind to polylactosamine [42-44]. A critical observation
was that discrete subsets of patients would have stereotyped
receptors, suggesting that various CLL tumours would have
occurred in an antigen-driven manner [57-60]. For example,
subsets of CLL patients had lymphomas restricted for similar
VH3-21/Iglambda-encoded BCRs [59], or for the VH4-34,
VH4-39 or VHI1-69 stereotyped receptors, each with similar
CDR3s and other identifying characteristics [57-60]. CLLs
have also been demonstrated to be generally autoreactive

[61], binding human antigens, and thus there may be an impor-
tant rule for chronic or repeated exposure to antigens driving the
neoplasia and restricted immunoglobulin usage. Another class
of stereotyped CLL Ig gene has an increased usage of VH3-33
[53] and VH3-21 paired to VLambda2-14 [62]. Marginal zone
lymphoma also has restrictions in the VH and VL repertoire,
particularly for VH1-2 [63,64], and salivary gland mucosa-
associated lymphoid tissue leukaemic B cells also preferentially
have VH1-69-encoded BCRs [65].

As reviewed elsewhere [51,66], stereotyped BCRs in CLL
and other B-cell cancers can be used to subset patients into
different classifications with associated clinicobiological fea-
tures, including associated prognostic relevance. Molecular
identification of the BCRs in various B-cell cancers may also
be of value for tailoring treatment strategies and for under-
standing the underlying causes of these cancers. A number
of causes for stereotyped BCRs in B-cell cancers have been
proposed or can be envisioned (figure 1d). A B-cell subset
or type may be particularly prone to have a stereotyped
BCR as well as to become transformed. For example, the
immunoglobulin somatic mutation factor, activation-induced
deaminase can non-specifically target oncogenes located in
super-enhancers and regulatory clusters depending on the
cell type or differentiation [67]. Thus, a particular B-cell type
that is subjected to repeated or extended mutagenesis of the
BCR by somatic hypermutation during affinity maturation
could be prone to mutation of oncogenes. Independent of
B-cell subset, chronic stimulation of B cells with particular
BCRs by either chronic infection such as HCV [38], or by auto-
antigens due to BCR autoreactivity [61], could lead to
oncogene mutagenesis. Another cause of transformation
could be enhancement of infection by oncogenic viruses
owing to uptake of the viruses by certain BCR types.

Current research efforts aim to identify the antigens and
epitopes targeted by the stereotyped receptors. With identifi-
cation of the antigens, the direct or indirect role of B-cell
specificity, for example, might be the key to understanding
how the cells became transformed. Identifying the antigens
could also be critical for treating or avoiding certain B-cell
cancers associated with stereotyped receptors. For example,
finding a particular viral association could drive further
research into developing a vaccine that would allow avoid-
ance of both infection and transformation. Other research is
aimed at identifying the B-cell precursors that express stereo-
typed receptors but which are not transformed. The
phenotype of these cells may identify therapeutic interven-
tions for the tumour cells. Another possibility is to directly
target stereotyped receptor expressing B cells with either
anti-idiotype antibodies or with identified antigen that
could have both diagnostic and therapeutic potential.

7. Certain B-cell receptors occur frequently in
stereotyped B-cell responses

As readers may have noted, particular VH genes tend to occur
more often in stereotyped BCRs in seemingly divergent con-
texts. VH4-34 has well-known autoimmune characteristics
and is found increased in both CLL and in HCV mixed-
cryoglobulinemia, likely related to this autoreactivity. Of par-
ticular note is VH1-69 that arises in association with various
infectious disease antibody types including broadly protective
antibodies against HIV and influenza as well as expanded
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and pathological antibodies in HCV, and even malaria [68].
VHI1-69 also arises in conditions of autoimmunity, such as
Sjogren’s syndrome, and VH1-69 is the most prevalent VH
gene for stereotyped BCRs in B-cell cancers. It is not clear
what is unique about B cells expressing VH1-69-encoded
BCRs but its common use in stereotyped responses could
relate to the unique molecular structure of VH1-69-encoded
antibodies. VH1-69-encoded antibody proteins have a distinct
hydrophobic region within the antigen-binding site that may
make this antibody type highly unique and important in vari-
ous contexts [24—26]. This unique molecular character could
target a particular class of epitopes shared by different
antigens.

On the whole, there appears to be a balance between import-
ant roles for stereotyped BCR responses in immune protection,
and B-cell-related pathology. The molecular commonalities
of stereotyped receptors associated with protection versus

pathology suggest that there are particular types of epitope
which can only be targeted by BCRs that also pose a health
threat. As technologies for identifying antibodies and character-
izing the B-cell repertoire in a high-throughput manner continue
to advance, we are likely to identify other stereotyped B-cell
responses. Characterizing stereotyped B-cell responses could
provide important understanding of the function of discrete
types of B cells, how to immunize against certain pathogens,
important prognostic indications, and could identify treatment
options for various B-cell-related pathologies.
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