
How specific is too specific? B-cell responses to viral infections
reveal the importance of breadth over depth

Nicole Baumgarth
Center for Comparative Medicine and the Department of Pathology, Microbiology & Immunology
University of California, Davis, Davis, CA 95616

Summary
Influenza virus infection induces robust and highly protective B-cell responses. Knowledge gained
from the analysis of such protective humoral responses can provide important clues for the design
of successful vaccines and vaccination approaches and also provides a window into the regulation
of fundamental aspects of B-cell responses that may not be at play when responses to non-
replicating agents are studied. Here I review features of the B-cell response to viruses, with
emphasis on influenza virus infection, a highly localized infection of respiratory tract epithelial
cells, and a response that is directed against a virus that continuously undergoes genetic changes to
its surface spike protein, a major target of neutralizing antibodies. Two aspects of the B-cell
response to influenza are discussed here, namely polyreactive natural antibodies and the role and
function of germinal center responses. Both these features of the B-cell response raise the question
of how important antibody fine-specificity is for long-term protection from infection. As outlined,
the pathogenesis of influenza virus and the nature of the antiviral B-cell response seem to
emphasize repertoire diversity over affinity maturation as driving forces behind the influenza-
specific B-cell immunity.
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Introduction
The influenza virus ‘lifecycle’ is intricately linked to the induction and presence of highly
protective antibodies in an otherwise susceptible human population. Influenza infections of
mice provide a highly relevant model to study the dynamics and the mechanisms underlying
successful influenza-induced B-cell responses following virus-induced pneumonia, a
response that is shaped significantly by the influenza virus replication cycle. Influenza virus
employs a ‘hit-and-run’ strategy, allowing it to evade much of the immune responses
mounted against it. Influenza virus infects and rapidly replicates in the epithelial cells of the
respiratory tract, with peak replication occurring within 2-3 days of infection. At that time,
the infected human host is highly infectious but often does not show overt signs of disease,
and the virus is aerosolized and infects other susceptible individuals. Once peak viral loads
are reached in the respiratory tract, the virus is usually relatively quickly cleared by a large
number of innate and adaptive immune mechanisms that are triggered by the infection,
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including the activation of antigen-specific B cells, CD4+ and CD8+ T cells, but also innate
responses such as type I interferon (IFN), natural killer (NK) cells, and B-1 cells, to name
but a few.

Given the rapid dissemination to other susceptible humans, clearance of the virus from an
infected host at that point thus does little to impact viral transmission. Instead, what does
greatly impact the viral transmission efficiency is the existence of neutralizing antibodies on
mucosal surfaces or in the serum, which can prevent reinfections. It is thought that the
increased presence of neutralizing antibodies in a population of previously exposed
individuals effectively interrupts the yearly influenza epidemics when susceptible hosts are
no longer available and the virus is stopped in its cycle of transmission and replication.

The failure of the immune system to prevent future infections of an individual with ‘the flu’
is due to ongoing point mutations in the genes encoding the virus's surface receptors,
hemagglutinin (HA) and neuraminidase (N), a process termed ‘antigenic drift’; larger
exchanges of entire gene segments made possible by the fact that this virus contains its
genetic information in 8 gene segments that can reassort in cells infected with two different
types of influenza viruses simultaneously, a process termed ‘antigenic shift’. These shifts
seem to occur roughly every 10–50 years (1). The most recent shift occurred in 2009 and led
to the Swine flu pandemic of 2009/2010.

These processes emphasize the effectiveness of antibodies in preventing repeat infections
with the same homotypic influenza strain but also the apparent shortcomings of the adaptive
immune system in anticipating the virus’ changing antigenic face. Here we review the
current literature regarding the induction and maintenance of the highly effective B-cell
response to homotypic influenza virus and raise the possibility that the B-cell responses to
this virus may indicate an evolutionary strategy, albeit imperfect, for protection from
pathogens whose antigenic composition changes over time.

IgM and polyreactive B-cell responses to influenza
Polyreactive IgM protects from influenza infection

Many of the circulating IgM antibodies in the serum are directed against self-antigens.
These antibodies form the pool of ‘natural IgM’, i.e. antibodies that are generated
constitutively in the absence of antigenic challenge. In mice their source was shown to be a
small subset of B cells termed B-1 cells. A poorly understood mechanism ensures the
continued generation of natural poly-reactive IgM antibodies, independent of antigen-
challenge (2-4). B-1 cells (CD5+ B-1a and CD5– B-1b) are distinct in development,
phenotype, and tissue location from conventional (B-2) B cells (5-8), indicating fundamental
differences in their biology that might be at the heart of their antigen-independent
regulation. However, the origins of natural IgM in human and non-human primates are less
well understood (8, 9).

Initial work on these cells and natural antibodies had focused on their self-reactivity and
potential to induce autoimmunity (10-12). More recent studies now provide evidence that
these antibodies bind also to pathogen-associated antigens (reviewed in 13). This is due to
their overall polyreactivity, i.e. the ability of an individual IgM molecule to bind to multiple
antigens (14), including the recognition of all tested influenza virus strains (15).

The airways contain significant amounts of natural IgM, which can neutralize influenza
virus (16) and are likely transported to mucosal surfaces via the poly-Ig receptor (17).
Influenza virus neutralization by natural IgM can also be achieved via destruction after
complement activation (18). Natural IgM-mediated virus inactivation is a surprisingly
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powerful immune mechanism, as in the selective absence of natural IgM survival from
infection influenza infection is compromised (19). This effect of polyreactive natural IgM is
not restricted to protection from influenza infection. Infections of mice selectively lacking
secreted (s)IgM with numerous other pathogens have shown a similar role for natural IgM in
immune protection (13). Thus, production of natural IgM serves as a crucial barrier against
unchecked pathogen replication prior to the establishment of specific immune responses.

One caveat about these studies comes from early findings in mice lacking secreted IgM
(sIgM–). These mice showed some abnormalities on B-cell development, such as increased
peritoneal cavity B-1 cell numbers (20-22), increased marginal zone B cells, and reduced
populations of follicular B cells (23). In support, recent reports have linked expression of a
recently identified FcμR to normal B-cell development (24). Our own recent studies
confirmed such a non-redundant role for sIgM in normal B-cell development (T. Nguyen,
R.A. Elsner and N. Baumgarth, unpublished data). Since numerous studies have based their
conclusions on a significant role for sIgM exclusively on data obtained from comparing
results in infected wildtype and sIgM–/– mice, those studies may have to be re-evaluated in
light of the data that demonstrate a more pervasive effect of sIgM on the functionality of the
entire B-cell compartment. Nonetheless, studies with influenza (19), LCVM, and VSV (25)
showed a protective effect of short-term transfer of sIgM on viral loads and survival, thus
clearly identifying IgM as capable and important in ameliorating viral infections.

Properties and functions of antiviral IgM
The importance of natural and antigen-induced IgM in immunity to the various infections is
somewhat surprising, given that B cells switch towards production of IgG and/or IgA
following a brief period of IgM secretion. IgM production occurs very early during an
immune response, possibly preceding the development of class-switched IgG/A responses
following infection or vaccination (reviewed in 26). In addition, long-term IgM secreting
plasma cells are not induced. Given the relatively short half-live of IgM, about 7 days, IgM
secretion peaks early and then disappears within a few weeks of infection, while IgG
responses do not usually return to baseline levels. For that reason, measurements of IgM
responses are not usually made when determining correlates of immune protection in
vaccine trials.

All jawed vertebrates produce IgM, and IgM is the first immunoglobulin isotype produced
in ontogeny, including following infections, where IgM secretion occurs as early as the
second trimester of development of a human fetus, despite the fact that pathogen-specific
IgG can enter the fetus via maternal blood flow (27) and provide protection. These findings
indicate unique contributions of IgM to immunity and to the host's interactions with its
environment. As discussed above, one such function seems to be linked to ensuring normal
B-cell development, but other causes are likely. The presence of at least two FcR for IgM on
B cells (FcμR and Fcμ/αR) is intriguing and could suggest regulatory feedback properties
of IgM (28-30).

Because IgM is generated prior to the establishment of germinal centers, most antigen-
induced IgM antibodies carry few if any mutations, and much, but not all, of the natural
antibody repertoire appears germ-line encoded (31). Natural antibodies bind antigens with
overall low affinities (10−3 – 10−5 M−1). However, due to the pentameric structure and its
10-binding sites, its high valency increases the avidity of natural and non-mutated IgM
antibodies to a wide range (10−3 to 10−11 M−1). Average values range between 10−6 and
10−7 M−1, about the same values above which increased in vivo protection from a virus
infection was no longer observed (32). Yet, the overall binding properties and the kinetics of
production have led to IgM– antibodies and IgM-secreting cells being mainly ignored as
inferior cousins of the more heavily mutated IgG (and IgA)-secreting B cells that are the
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product of germinal center responses. Given the more recent data and the high degree of
evolutionary conservation, it seems clear that we do not yet have all the answers regarding
the non-redundant functions of IgM and IgM-secreting B cells.

Polyreactive antiviral B cells
As indicated above, B-1 cells contribute to protection from influenza virus infection even
prior to any encounter with the virus by generating influenza-binding and neutralizing
natural IgM (15, 33). In BALB/c and C57BL/6 mice, about 10% of spontaneous IgM-
secreting B-1 cells will generate antibodies that can bind to influenza antigen (16). Given
that mice are not natural hosts for influenza, these antibodies must have arisen either by
expansion of mature B-1 cell populations following exposure to a cross-reactive self- or
foreign- antigens or enriched by positively selection during B-1 development. The latter is
supported by data demonstrating the lack of certain specificities in the B-1 cell repertoire if a
particular self-antigen is missing (34). Influenza-binding natural antibodies might be
generated against conformational epitopes on the carbohydrate-rich influenza spike-proteins.
This is supported by the fact that natural antibodies have hemagglutinin-inhibiting qualities
(16), i.e. it is likely that many of the antibodies bind to HA. Western blot analysis with
wildtype mouse serum supports these findings (YS Choi, N Baumgarth, unpublished data).

Obviously these findings contradict the current paradigm of lymphocyte development and
selection, whereby self-reactive clones are deleted to avoid autoimmunity. However, given
that B-1 cell-derived antibodies cross-react with pathogens, it is possible that the self-
antigens that shape the repertoire of B-1 cells serve as templates for the selection of
evolutionary ‘useful’ specificities (35). Such pre-existing template-selected ‘useful’ B-cell
pools ensure the early generation and continuous presence of protective antibodies,
independent of previous antigen encounter and make B-1 cells unique contributors to
immune defense. It also emphasizes the innate-like qualities of B-1 cells. Although no B-1
cell clones have been identified that are as predominant as the invariant CD1d-restricted NK
T cells among that cell population (36), they can be viewed as quite similar to this and other
innate-like lymphocytes that express relatively invariant antigen receptors that arose by gene
rearrangement. Given that this process induces the presence of a pool of potentially auto-
reactive B cells, this highlights the need for special regulatory mechanisms to control their
activation.

Polyreactivity, however, does not appear to be restricted to the pool of innate-like B cells.
Recent efforts have focused on identifying the origins of broadly neutralizing antibodies
against influenza virus as well as human immunodeficiency virus (HIV). Both viruses thwart
ongoing vaccine efforts, by rapidly and frequently mutating and thus by evading antibody-
mediated neutralization. A small subset of humans can generate broadly neutralizing
antibodies to HIV, i.e. antibodies that can neutralize most HIV isolates and these individuals
can control the virus without the need for therapeutic interventions (37). Sera and clones of
broadly neutralizing antibody-producing cells have been studied extensively to determine
why most individuals are unable to mount such a response and also what confers the breadth
of the binding capacity of these antibodies. Initial studies indicated that these antibodies
were not only able to bind to many HIV isolates, mostly within the CD4-binding region,
they also appeared to recognize self-antigens, such as cardiolipin among others, i.e. they
appeared polyreactive (38, 39). Self-reactive B cells are usually selected against during B-
cell development. It is estimated that only 5% of the circulating B-cell pool in humans is self
and/or-polyreactive (40). Thus polyreactive anti-HIV B cells with that specificity may
usually be eliminated from the circulating B-cell pool, providing a potential explanation for
the scarcity with which such antibodies develop.
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A recent elegant study by Nussenzweig and colleagues (41) expanded on those findings,
making the observation that in contrast to the 5% of polyreactivity observed in the normal
antibody pools, 75% of monoclonal antibodies with broadly neutralizing activity against
HIV are polyreactive, i.e. demonstrating the heavy selection of polyreactive clones among
this potent anti-HIV response. Moreover, the study concluded that the development of
polyreactivity helped to overcome one of the limitations of dimeric IgG molecules, namely
their much lower avidity when the antibody binds with only one of the two potential
antigen-binding sites. Given that the target of the polyreactive and broadly neutralizing
antibodies is the gp140 spike-protein of HIV, of which only 10–15 molecules are expressed
per virion, such homotypic, dimeric binding would be rare. The authors proposed that the
polyreactivity of the antibodies allows for one of the two binding-sites to engage with gp140
with high affinity, while the other binds, with low affinity, to an unrelated protein. This
heteroligation was shown to greatly increase antibody-binding avidity to gp140 in Biacore
avidity measurements (41). Thus, consistent with a previous report (42), the data suggest
that polyreactivity and reactivity to auto-antigens can be the result of antigen-driven clonal
expansion and somatic hypermutations of conventional B cells during infections/exposure to
antigens during germinal center reactions.

How widespread such development of polyreactive antibodies is in response to infections,
however, remains to be studied. With regard to influenza infection, the neutralizing
influenza spike proteins are expressed at relatively high densities on the virus particles and
no such heteroligation has to be invoked for the development of broadly neutralizing
antibodies. Broadly neutralizing antibodies to influenza, so-called ‘heterosubtypic’ or cross-
reactive antibodies, which are generated by previous encounters with differing strains or
substrains of influenza can be induced (reviewed in 43). The most potent seem to bind
epitopes on the highly conserved helical region of the membrane-proximal stalk of HA1 and
HA2 (44, 45), a promising potential target for new vaccine efforts (46).

In summary, polyreactive antibodies may arise during development by subsets of B cells
that are selected on the basis of relatively strong BCR-stimulation and self-antigen
recognition into subsets of natural antibody-producing cells, while such specificities among
conventional B cells would lead mainly to their deletion. Other populations of polyreactive
B cells may emerge during infection-induced germinal center-reactions through the process
of somatic hypermutation of conventional B cells. Survival and selection of these cells
seems to require the presence of T cell help (47), reducing but not eliminating the risk of
infection-induced autoimmune disease. Given the example of HIV, this post-germinal center
tolerance window seems to broaden the repertoire of B-cell-specificities for induction of
specificities that are not part of the natural repertoire. A conclusion from the analyses of
HIV broadly neutralizing antibodies seems to be that the successful outcome of germinal
center-driven somatic hypermutation has to do less with increases in antibody-affinity per se
but rather with increases in the breadth and diversity of antigen recognition.

Innate-like B-cell responses to influenza virus infection
Given the potential for polyreactive antibodies as contributors to protective antiviral B-cell
responses and the demonstrated role of IgM-secreting B-1 cells in protection from death
following influenza virus infection (19), it is important to better understand how this
unusual, innate-like B-cell subset is regulated. The purposeful activation of polyreactive B
cells could support early and broad immune protection, either from a primary influenza virus
infection, or from associated secondary bacterial infections, which are frequent causes of
death (48).
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While steady-state natural serum IgM antibodies, mostly produced by B-1 cells provide
passive immune protection from influenza infection (18, 19), B-1 cells also actively
contribute to the influenza virus infection-induced response with increased local IgM
production, measurable in the regional mediastinal lymph nodes of experimentally-infected
mice, as well as in the bronchoalveolar lavage fluid (16). B-1 and B-2 cells contribute about
equal amounts of IgM to this local response. Much, but not all of the influenza-specific
conventional IgM response is induced via antigen-specific and T-dependent mechanisms, as
virus-specific IgM secretion is greatly reduced in CD40–/– or B cell MHCII–/– mice (49, 50).

In contrast, only about 10% of the antibody-secreting B-1 cells accumulating in the regional
lymph nodes after influenza infection will secrete IgM that binds to the virus. That
frequency is thus not different from that found in any other tissue in which B-1 cell produce
natural antibodies, mainly the spleen and bone marrow (51). This observation raises the
question of whether virus neutralization via secretion of IgM is the only protective
mechanism of B-1 cells in response to influenza infection. Given that 90% of the
accumulating B-1 cells secrete IgM that is not directly binding to influenza, it is tempting to
suggest additional, unrelated mechanisms of their action. In addition, recent studies in
bacterial systems have suggested that the ability of B-1 cells to secrete GM-CSF is linked to
their function (52) and earlier studies had identified B-1 cells as major producers of IL-10
(53). This together with the fact that B-1 cells migrate to secondary lymphoid tissues could
indicate their involvement in the regulation of the local immune responses that go beyond
their role as antibody-secreting cells.

The presence of IgM secretion that is not different than that of the repertoire of natural
antibody secreting B-1 cells also points to a lack of antigen-driven clonal B-1 cell expansion
in response to influenza infection. Indeed, BrdU labeling studies failed to show any evidence
of clonal expansion of B-1 cells that accumulated in increased numbers in the regional
lymph nodes. Thus, suggesting that infection-induced changes in B-1 cell redistribution are
a major driver of the B-1 cell response to influenza. This is consistent with numerous other
studies that showed that body cavity B-1 cells respond to an insult by rapidly redistributing
to secondary lymphoid tissues, particularly the spleen, following their activation. For
example, B-1 cells were shown to rapidly migrate from the body cavities to the
gastrointestinal tract and the spleen following injection of IL-5 and IL-10 (54), mitogenic
and non-mitogenic LPS (55, 56), and bacteria (57). The latter was dependent at least in part
on the adaptor molecule MyD88 (57). This rapid antigen non-specific and in some cases
pattern-recognition receptor-dependent activation of B-1 cells further highlights the innate-
like qualities of B-1 cells. It also identifies B-1 cell populations in the body cavities as
reservoirs of B-1 cells that are rapidly activated.

To study whether B-1 cells in the pleural and/or peritoneal cavity are exposed to infection-
induced innate signals we recently conducted a comprehensive gene-expression microarray
study, isolating B-1 cells from these sites as well as the spleen. The results were unexpected
in that we found literally thousands gene-expression alterations in the pleural cavity within 2
days of influenza infection (E. E. Waffarn and N. Baumgarth, unpublished data). Qualitative
differences were similar between changes observed in the pleural and peritoneal cavity B-1
cell populations, but the magnitude of those changes was greatly smaller in the peritoneal
cavity, which is more distant from the site of infection.

The most obvious change in gene expression was related to a classical type I IFN-signature,
which was very similar to changes we had seen previously in conventional B cells within the
regional lymph nodes 48h after influenza infection (58, 59) and is in agreement also with
studies by others which had shown influenza infection-induced type I IFN effects on
leukocytes at sites distant from the respiratory tract (60). The data highlight the tremendous
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effects that even an infection as localized as influenza virus has on the physiology of the
entire immune system. Our understanding of the regulation of adaptive immune responses is
likely to miss important regulatory mechanisms unless these effects are taken into
consideration.

Identifying some of these signals provides potential leads to help us understand why viral
infections are in general so much better than inactivated viral vaccines at inducing robust
and long-lived immunity. With regard to B-1 cells, the data reveal that by being positioned
within the body cavities, B-1 cells are in the vicinity of all mucosal organs and therefore
positioned to act effectively as cellular reservoirs that can rapidly respond to insults by
migrating to effector sites (Fig. 1).

We are currently studying the effects of type I IFN on the responses of B-1 cells. Our initial
studies suggest that this cytokine provides a non-redundant stimulus to B-1 cells by affecting
their trafficking. In the absence of IFN-mediated direct signaling, B-1 cell accumulation in
the lymph nodes was greatly reduced, while those cells that did accumulate produced normal
levels of IgM. Further studies have linked IFN-signaling to effects on integrin-mediated B-1
cell migration (E. E. Waffarn, C. J. Hastey, N. Dixit, Y. S. Choi, S. Cherry, U. Kalinke, S.
Simon and N. Baumgarth, manuscript submitted).

B-1 cells respond to influenza infection with redistribution to and differentiation at the site
of infection, while the levels of natural serum antibodies to influenza remain completely
unaffected (15, 16, 19). This strongly indicates that the populations of B-1 cells that respond
to influenza virus infection with redistribution and those B-1 cells that generate natural
antibodies are distinct. Early studies by Benner and colleagues (61, 62) followed the
development of spontaneous antibody production in gnotobiotic and SPF-housed mice and
demonstrated the largely antigen and T- cell-independent development of spontaneous IgM-
secreting cells in two tissues: the spleen and the bone marrow. More recently studies showed
that B-1 cell antibody producing cells are present in the steady-state spleen (55, 63). B-1 cell
BCR-transgenic mice specific against erythrocyte antigens showed that those mice that were
healthy lacked splenic B-1 cells in contrast to those generating autoantibodies that caused
hemolytic anemia (54, 64). Our studies, using mice in which B-1 and B-2 cells were
distinguished by the Ig-allotype they express, are consistent with those earlier studies,
demonstrating the presence of IgM-secreting B-1 cells in both the spleen, and for the first
time also in the bone marrow (51). While their frequencies in the bone marrow are very low,
roughly 0.3% of B cells, removal of these cells completely blocked the development of
serum IgM in RAG-mice for at least 6 weeks after bone marrow transfer, in contrast to mice
that received complete bone marrow transfers (51). As spleen and bone marrow are also
sites of long-lived antibody production by B-2 cell-derived plasma cells following
vaccination or infection (65, 66), similar mechanisms ensuring their long-term survival
might be at play. While some had suggested that the B-1 cell reservoirs are also the source
of the natural antibodies measurable in the serum (6, 67, 68), numerous other studies
including our own indicate that body cavity B-1 cells do not spontaneously produce
significant amounts of natural IgM in vivo or ex vivo but are induced to do so rapidly after
activation (51, 55, 63, 69). The discrepancies might have to do with the ability of body
cavity B-1 cells to rapidly respond to activation with differentiation and the difficulties in
obtaining pure populations of B-1 cells without stimulating them during the isolation
procedures. It is also possible that the removal of B-1 cells from the body cavity
environment is sufficient to induce their activation and IgM secretion.

The collective data suggest that the prevalence of B-1 cells in the body cavities is linked to
the strategic positioning in response to mucosal insults, while B-1 cells in bone marrow and
spleen support the production natural IgM by B-1 cells. While body cavity B-1 cells do not
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generate steady-state natural IgM, they can nonetheless be rapidly activated to migrate to the
regional lymph nodes, as seen after influenza infection, where they contribute significantly
to local IgM production. The strong effects of natural IgM on protection from influenza
infection demonstrate that even low-affinity antibodies can have dramatic effects on the
course of influenza virus infection.

T-dependent B-cell responses to influenza infection
Antibodies against most of the structural viral proteins are induced in response to influenza
infection, although at greatly differing levels and kinetics (70). Best understood are the
strong and often neutralizing responses against HA (71-73). These antibody responses are
overall very strong and long-lasting and will protect from reinfection with the same
influenza isolate both in humans (74) and in mice (75), while B-cell-deficient mice are
vulnerable to re-infection (reviewed in 75), thus demonstrating the effectiveness of
antibodies in immune protection and indicating that it is the changing nature of the virus's
antigenic structures that renders antibody responses insufficient, not that the antibody
response itself is insufficient or insufficiently induced.

Yet, following the influenza pandemic of 2009, multiple studies also suggested that just
having been exposed to an influenza infection previously, and thus having antiviral humoral
immunity, even with non or poorly matching antibodies, conferred some level of immune
protection. Up to 96% of people born between 1909 and 1919 in Finland had cross-
protective antibodies to the 2009 H1N1 pandemic strain, likely due to its relationship to the
Spanish flu pandemic strain that circulated in the first part of the 20th century (12). These
pre-existing cross-reactive antibodies might be the reason for the unexpectedly low numbers
of elderly adversely affected by the 2009 pandemic compared to seasonal influenza virus
strains (reviewed in (76)). Experimental studies have confirmed that specific IgG and IgA
antibody production is maintained long-term after influenza virus infection of mice (77, 78).

The residual, heterosubtypic influenza immunity is thought to be comprised of antibodies
against conserved regionals of the influenza virus, such as the above-mentioned stalk-region
antibodies (46), and antibodies that cross-react because of similarities in the conformation of
the viral structures targeted by the antibodies. The clinical and epidemiological observations
highlight the importance the presence of antibodies, even those that might bind with low
affinity, has for survival from influenza infection.

The identification of highly conserved structures within HIV and influenza virus have
garnered much excitement and renewed interest in creating vaccines that can induce broadly
neutralizing antibodies. Given the ‘experiments in nature’ in the long-term non-progressors
among HIV-infected humans, it appears difficult for the virus to mutate away from the effect
of the neutralizing antibodies directed against such highly conserved epitopes, supporting
such approaches. However, developing a vaccine with only one or a small handful of
epitopes is obviously quite dangerous.

An additional or alternative approach therefore seems worth pursuing by considering that
increasing the breadth of the antibody repertoire against these viruses might provide a level
of protection that, while not inducing sterilizing immunity, may nonetheless prevent high
morbidity or mortality among infected individuals. As we outline below, we have come to
view the development of germinal center responses following influenza infection as a means
of the immune system to broaden the repertoire of B-cell responses and thereby to generate a
more protective response against heterosubtypic influenza virus strains.
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Extrafollicular B-cell responses to influenza infection
The local draining lymph nodes not only support the accumulation of natural antibody-
secreting B-1 cells, they act also as major sites of B-cell response induction following
influenza infection (50, 70). Initial B-cell stimulation occurs following their antigen
encounter, which can occur through multiple routes. Dendritic cells in the lymph node
medulla can capture lymph-borne virus via SIGN-R1 for presentation to B cells (79). B cells
might also directly capture and/or express viral antigens in the lymph nodes or at site of
infection for transport to the lymph nodes (80).

Following their antigen-induced activation, B cells are responding with the induction of
either extrafollicular responses or germinal centers (Fig. 2). Extrafollicular B-cell responses
will generate much of the early-induced antiviral antibody responses that can be measured
by ELISPOT in draining lymph nodes or in the sera and bronchoalveolar lavage fluid by
ELISA. In both mice (16, 59, 70) and ferrets (81), antibody-secreting cells are identified as
early as day 3 in the cervical and mediastinal lymph nodes. This very rapid response is due
to the establishment of extrafollicular foci responses. They are visible as clusters of
antibody-secreting plasma blasts/cells in the T-B border regions of secondary lymphoid
tissues by immunohistochemistry (82). The plasma blasts/cells that constitute the
extrafollicular response appear short-lived and memory B cells are not generated. Thus, this
response provides the earliest antigen-induced antibodies but does not seem to contribute to
the long-term response to the virus.

It is not fully resolved what drives B cells towards either an extra- or intra- follicular
response. One pre-requisite for the development of extrafollicular responses appears to be
the presence of B cells with high affinity for the target antigen. This was elegantly
demonstrated in studies using hen-egg lysozyme (HEL) BCR transgenic mice and
immunizing them with HEL or closely related antigens, which nonetheless bound to the
BCR with reduced affinity (83). Not all studies are consistent with the affinity selection
model, however, as some found stochastic selection of B cells into one versus the other
response (84). The differences in those studies may well be due to the specific antigen used
and the naïve B-cell repertoire present in the mice studied. Furthermore, it is unclear
whether strong BCR-signaling alone is sufficient to drive extrafollicular B-cell responses or
whether other signals are necessary. In contrast to infection with influenza virus,
immunization with the same virus in adjuvant induces only very weak extrafollicular
response (J. Dieter and N. Baumgarth, unpublished data). Thus, other signals are likely
required to drive extrafollicular responses, signals that may not be provided with commonly
used vaccines.

Serum antibodies arising from extrafollicular B-cell responses after influenza infection are
not easily distinguished from their counterparts arising from germinal center responses.
However, we have exploited the extensive work that was conducted in the late 1980s and
early 1990s to sequence the BCR repertoire against influenza virus A/Puerto Rico/8/34 (A/
PR8) in BALB/c mice. Those studies demonstrated that distinct waves of B cells, differing
in their Ig-repertoire, arise during the course of vaccination with this virus (72, 73, 85).
Consistent with the extrafollicular nature of early-arising antibodies, those studies
demonstrated that the earliest-induced virus-specific antibodies appeared relatively short-
lived and could not be boosted, while antibodies of late primary responses also contributed
the secondary responses. Furthermore, these studies identified one particular germline-
encoded idiotype (C12Id) as contributing nearly 25% of the earliest antibodies to
immunization with A/PR8-HA and that this antibody was highly protective after passive
transfer (72). Given that the extrafollicular response contributes so heavily to early immune
protection, the ability to resist or to rapidly overcome influenza infection thus seems to
depend considerably on the preexisting B-cell repertoire and the frequency of relatively
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high-affinity B cells that will form rapid, extrafollicular foci to influenza virus strains not
previously experienced.

Our studies confirmed and expanded those early studies by demonstrating that C12Id-
encoded B cells were follicular B cells that participated nearly exclusively in the
extrafollicular foci response and were largely excluded from germinal centers (86).
Consistent with the observed lack of a C12Id-contribution to a secondary response following
immunization (72), the C12Id+ B cells did not give rise to memory B cells after infection,
further suggesting that they do not participate in germinal center responses. We were
therefore surprised to learn that despite this, C12Id+ virus-specific antibodies were produced
for life in the influenza-infected mice (Rothaeusler K, Elsner RA, Nguyen T, Baumgarth N,
manuscript submitted). Further studies are required to confirm the germinal center-
independence of the long-term C12Id+ antibody responses. Nonetheless, the data raise
questions about the role and function of germinal centers, if long-term protection from
reinfection with a homotypic strain of influenza virus can be achieved in their absence.

Germinal center responses in viral infections
Following influenza infection antibody responses are induced which provide homotypic
immune protection for life. The long-term maintenance of humoral immunity is provided by
a combination of long-lived antibody secreting cells and memory B cells. Bone marrow and
lung microenvironments foster the long-term maintenance of antibody-secreting cells (77,
78), while memory B cells appear to distribute widely, with predilections for lungs, MedLN,
and the diffuse-NALT environments (87, 88). Numbers of influenza specific memory B
cells in the lung far exceed those in the bone marrow (87). Whether the lung always harbors
specific niches for these cells or whether they are infection-induced and how they are
maintained long-term are important unresolved questions.

Memory B cells and the bone marrow resident plasma cells arise from the establishment of
equally robust germinal center reactions that first appear around day 7 of infection in
regional lymph nodes. Interestingly, despite the clearance of infectious virus around that
same time, these germinal centers persist for many months (86, 89) (Fig. 3). These germinal
centers are regarded as birthplaces of the high affinity IgG and IgA responses, as somatic
hypermutation and affinity maturation of individual B cells occur only here. Yet, as outlined
above, the early extrafollicular foci might also generate high-affinity antibodies. These arise
from the activation of the high-affinity BCR-carrying cells among the pre-infection
repertoire of germline-encoded B cells. Based on the affinity selection model the overall
antibody-affinity to an influenza virus substrain might not increase over time, as the early
high-affinity extrafollicular antibody response will be largely replaced by a later affinity-
matured germinal center-derived antibody response. Existing evidence in the literature
strongly supports this idea.

Systematic affinity measurements of early and later induced antibody responses to influenza
that could validate such a model are missing. However, infections of mice with VSV
demonstrated a lack of overall increases in antibody affinities over time due to the presence
of high-affinity antibodies early after infection (90). Similar to the earlier studies conducted
on influenza virus antibody repertoires (72, 73, 85), repertoire studies on B-cell responses
after VSV infection showed a switch in V-gene usage among the antiviral B-cell clones but
no overall increase in antibody-affinity over time since infection (91), which would be
consistent with a switch from extrafollicular to germinal center responses. Recent studies in
humans also found that plasmablasts with relatively high affinity appeared in the blood
within 7 days after infection or vaccination with influenza (74). However, the latter data
might be due to the reactivation of memory B cells or be the result of a truly primary
response. Moreover, and surprisingly, the ability of existing serum antibodies to rapidly
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neutralize a virus seemed to be dependent on a certain concentration threshold, but were
little influenced once avidities of antibodies exceeded 106- 107 M-1, affinities that are
achieved already with pentameric polyreactive IgM antibodies (32).

Despite the undisputed fact that somatic hypermutations occur in germinal centers and can
strongly increase affinity against hapten antigens, the existing literature on B-cell responses
to virus infections does not support a major role for this pathway in the development of
protective antibody responses to viruses (92, 93), because during these responses germinal
center-derived antibodies simply replace germline-encoded antibodies and thus the germinal
center response is only one B-cell response type that leads to the production of high-affinity
antibodies.

Emergence of a different view of germinal center response function
If the enhancement of antibody-affinity does not drive the germinal center responses during
viral infections, then what are the true benefits of this response? I would argue that the
outcome of the germinal center response might be focused nearly exclusively on the
potential next challenge infection and the broadening of the B-cell repertoire to counteract
the ever-changing face of viruses, such as the influenza virus. The true benefit that comes
from broadening the B-cell receptor repertoire might have to do less with the more rapid
response that will ensue after reinfection with the same, i.e. a homotypic influenza virus,
although that clearly can happen. Instead, it might provide a larger pool of B cells that have
experienced a similar antigen and can respond to a challenge infection with a similar, but
distinct virus, such as a heterosubtypic influenza virus. In the absence of germinal center
reactions, the protective capacity of the humoral immune system would have to rely only on
polyreactive B-1 cells and germline-encoded B-2 cells. While those are abundant in our
empirically selected experimental models, the above-discussed germline encoded C12Id
response of BALB/c mice provides one such example, they might be rare or nonexistent in
outbred populations of humans or animals (Fig. 4).

This interpretation is further supported by considering the generation of memory B cells in
germinal centers. In contrast to plasma cells, which continuously produce antibodies, these
cells do not secrete antibodies and thus cannot prevent a reinfection. They can, however, be
activated rapidly in response to a challenge infection, where they will differentiate and
produce antibodies. If the outcome of a germinal center reaction simply is to fight the same
infection again, then development of plasma cells should be sufficient, as they can induce
‘sterilizing’ immunity and prevent an infection. The development of memory B cells, on the
other hand, does not make much sense. However, if germinal center responses are mainly
about being ready for an infection with a mutated form of a previously encountered
pathogen, then the development of memory B cells is highly appropriate. It provides a
broadened repertoire of B cells ready to respond and selected to fit a pathogen that is at least
similar to a pathogen that it had encountered previously. These memory B cells can then
respond to re-infection with rapid formation of extrafollicular foci, thereby broadening the
oligoclonal repertoire of germ-line encoded B cells that participate in a truly primary, i.e.
non-cross-reactive response.

While this discussion on the virtues of the germinal center response might be viewed as
largely semantics, it could be of importance when considering the development of antiviral
vaccines. Broadly neutralizing antibodies are an obvious and excellent target for new
vaccine development efforts against highly mutating pathogens. Nonetheless, it is likely that
we must also prepare for changes in these highly conserved epitopes that could be induced
unintentionally when the broad presence of epitope-specific antibodies apply strong immune
pressure on a handful of such viral epitopes. Causing a robust broadening of the antiviral B-
cell repertoires by introducing antigens in such a way that germinal center responses that
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generate memory B cells for extended periods of time ensue might be an important
additional design feature of a next generation vaccine that is gleaned from the highly
beneficial antibody response to influenza virus.

Concluding remarks
Influenza infection triggers a robust B-cell response in the lymphoid tissues of the
respiratory tract that provides immune protection from both primary and secondary
infections. The regulation of this B-cell response highlights the intricate connection between
the multiple B-cell clones that participate in distinct ways to the acute primary antiviral
response. Waves of B cells with distinct Ig-repertoires generate a multifaceted humoral
response that provides protective antibodies before, during and after infection both locally
and systemically. This change in V-gene usage and the reported lack of affinity maturation
of the entire B-cell repertoire in response to a viral infection can be explained by the distinct
activation of early extrafollicular and later germinal center responses. The former will
rapidly expand already high-affinity responses, while the latter response eventually
generates high-affinity antibodies, but does so in a manner that broadens the repertoire that
is now available to respond to repeat infections with viruses that likely have undergone
mutations in their major neutralizing epitopes. By expanding the B-cell repertoire in
germinal center reactions, based on pathogens that a host is experiencing, the immune
system may modulate and expand its repertoire against specificities it is likely to encounter
again. Overall this process is quite reminiscent of the pre-immune gene-conversion
processes that occur in other species, such as the rabbit, where exposure to gut microbes
leads to diversification of the B-cell repertoire after their emergence from the bone marrow
(94).
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Fig. 1. B-1 cell redistribution following influenza infection
Published reports and our recent studies (Waffarn et al., manuscript submitted) highlight the
importance of the body cavity B-1 cells as reservoirs of innate-like lymphocytes. B-1 cells
appear to continuously recirculate in and out of the body cavities. After influenza virus
infection, pleural cavity B-1 cells receive infection-induced signals that alter their gene
expression. Type I IFN direct signaling enables B-1 cells to respond to the infection with
increased accumulation in the inflamed lymph nodes at the site of infection. This
accumulation may reduce the number of B-1 cells that can circulate back into the body
cavities.
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Fig. 2. Timeline of B-cell responses during influenza infection
Within 24-48 h following influenza infection B-1a cells will accumulate in the regional
lymph nodes and secrete both virus-specific and virus non-specific natural IgM. By days 3
or 4, the first IgM, IgG or IgA-producing plasmablasts are measurable. They are generated
in extrafollicular foci and are mainly, albeit not exclusively, T-dependent. Germinal centers
do not develop until about day 7. By that time most of the infectious virus has been cleared
from the respiratory tract. Germinal centers can be found up to 5 months after influenza
infection. Germinal center responses generate both long-lived plasma cells in the bone
marrow as well as circulating memory B cells. Plasma cells and memory B cells are also
found in the lung, were they persist for many months and even years. Their origins have not
been resolved.
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Fig. 3. Germinal center persistence after influenza infection
Shown are the mean frequencies ± SD (n = 4-6 mice/group) of germinal center B cells
among all CD19+ B cells in the regional lymph nodes at indicated times following influenza
A/Puerto Rico/8/34 infection of BALB/c mice. Note the long persistence of the germinal
centers, despite viral clearance around day 7. The data were as reported previously (86).
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Fig. 4. B-cell responses to influenza infection differ in the diversity of their BCR repertoire
There are at least three distinct B-cell response types that contribute to immune protection
from influenza infection: B-1 cells respond to infection with the secretion of polyreactive,
natural IgM, some but not all of which binds to influenza virus. These antibodies are overall
of low affinity, but they can bind to many different types of antigens and their presence is
required from survival from infection. Second, germinal center-derived B-2 cell responses
become polyclonal over time, facilitated in part through somatic hypermutation in the
antigen-binding CDR3-Ig region. While these responses generate high-affinity antibodies
against the infection at hand, continued germinal center reaction can also result in the
generation of polyreactive antibodies. Moreover, the repertoire of B cell clones that
participate in the immune response is expanded over time. Finally, the extrafollicular foci
response, which can be of high affinity, but is likely highly oligoclonal during a primary
infection, as it relies on the presence of high-affinity germline-encoded antigen-specific B
cells. However, these responses are supplemented by memory B cells, which can participate
in a recall response by rapidly forming extrafollicular foci.
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