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Abstract: When influenza A virus infects an immune individual, preexisting memory B cell (MBC)
activation and rapid anamnestic antibody production plays a key role in viral clearance. The most
effective neutralizing antibodies target the antigenically variable head of the viral hemagglutinin (HA);
antibodies against the conserved HA stalk provide broader but less potent protection. In this review, we
provide a comprehensive picture of an adult’s HA-specific antibody response to influenza virus infection.
The process is followed from preexisting HA-specific MBC activation and rapid production of anti-HA
antibodies, through to germinal center seeding and adaptation of the response to novel features of the
HA. A major focus of the review is the role of competition between preexisting MBCs in determining the
character of the HA-reactive antibody response. HA novelty modifies this competition and can shift
the response from the immunodominant head to the stalk. We suggest that antibodies resulting from
preexisting MBC activation are important regulators of anti-HA antibody production and play a role in
positive selection of germinal center B cells reactive to novel HA epitopes. Our review also considers the
role of MBCs in the effects of early-life imprinting on HA head- and stalk-specific antibody responses to
influenza infection. An understanding of the processes described in this review will guide development
of vaccination strategies that provide broadly effective protection.

Keywords: influenza A virus; infection; hemagglutinin; hemagglutin stalk; memory B cells; antibodies;
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1. Introduction

B cell memory generated by influenza A virus (IAV) infection and vaccination consists of antibodies
(Abs) and memory B cells (MBCs). Preexisting Abs against the virus’s surface glycoproteins, the
hemagglutinin (HA) and neuraminidase, have direct antiviral activity and provide the most effective
protection against initiation or progression of infection [1,2]. If infection is not blocked or quickly
terminated, MBC activation results in rapid and vigorous anamnestic Ab production that acts in concert
with other forms of adaptive responses to clear infectious virus [3]. Activated MBCs also contribute to
adaptation of the Ab response to novel features of the infecting virus by seeding germinal centers (GCs),
where Ab-secreting cells and MBCs with increased binding affinity for IAV antigens are generated [4].
Although the induction of Abs by IAV infection and vaccination has been well-described [5], much less
attention has been given to the essential role of MBCs in this process. Here, our goal is to review the Ab
response to IAV infection in immune adults with an emphasis on the contribution of MBCs. We consider
only IgG-expressing MBCs and focus entirely on the B cell response to the viral HA, the viral attachment
protein that initiates cell infection by binding to sialylated receptors [6]. This enables us to consider the
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response of an MBC pool formed over many years by a series of exposures to related but different HAs
through infection and vaccination. HA-intrinsic factors that influence MBC generation include epitope
conservation as well as immunodominance hierarchies within the HA molecule [7]. In particular, our
review highlights competition between preexisting MBCs and HA novelty as key determinants of the
nature of HA-specific Ab production. Our review is primarily based on studies of human B cell responses.
However, where appropriate, we incorporate findings from animal models that assist us to develop a
more complete picture of processes in responding lymphoid tissues.

2. Anti-HA Antibodies: A Brief Overview

Each monomeric component of the homotrimeric HA consists of two structurally distinct domains:
a membrane-distal head domain containing the receptor binding site and a membrane-proximal
stalk domain [8]. Abs against the HA head that block binding of virus to host cells have the most
potent virus neutralizing activity. However, anti-head Abs tend to be virus strain-specific because of
the modification of antigenic sites in the head domain by ongoing antigenic drift. Abs against the
conserved HA stalk protect via other mechanisms and are less potently neutralizing, but are more
broadly reactive across HA variants and subtypes. Two phylogenetic groups of HA subtypes are
recognized (group 1 and group 2), with anti-stalk Abs typically cross-reactive within a group. However,
across-group stalk-binding Abs have been identified [1,9].

Abs against the IAV HA are also the basis of “original antigenic sin (OAS)” as originally termed [10],
and more recently designated “antigenic seniority” [11]. Based on Ab titers measured by hemagglutination
inhibition (HAI) assay, which detects Abs that bind near the receptor binding site on the HA head, IAV
infection typically generates an Ab response that is broadly HA cross-reactive. Frequently, this response is
of the OAS type and characterized by preferential boosting of Abs against sets of HAs related to those of
viruses that circulated early in an individual’s life [12,13]. The term OAS has also been applied to baseline
circulating HA-reactive Ab levels that are highest against “older” HAs, a pattern that is largely maintained
by OAS responses to IAV infection. It is postulated that OAS reflects the lasting imprint of early-life
HA exposure, probably in the form of significant IAV infection, on an individual’s immune memory.
Mechanistic details of this so-called “imprinting” remain unclear, but patterns of expansion of HA-reactive
MBCs are likely to be of central importance as discussed later [14,15]. In addition to imprinting effects on
HA-reactive Ab production after IAV infection, the response generally includes adaptation to novel HA
features and production of Abs with increased affinity for variant head epitopes [12,13,16]. The HA head
domain is immunodominant over the stalk domain and is the target of the vast bulk of HA-reactive Abs
produced by IAV infection. However, Abs against the stalk are also generated and, in some situations, can
form a strong component of the Ab response to the HA [17].

3. MBCs and the Anti-HA Antibody Response to Influenza Infection

3.1. MBCs and Initial Antigen Encounter

B cell activation and the production of Abs against the HA of an infecting IAV begins with
transport of the HA (as well as other viral antigens) from the site of infection to local lymphoid
tissues and lymph nodes. Antigen binding via the B cell receptor (BCR) and uptake, processing, and
presentation to establish cognate interactions with CD4 T cells are essential for MBC and naïve B cell
activation [3,18]. This sets the stage for competition for antigen between different types of HA-reactive
B cells, for example, between MBCs and naïve B cells, and between MBCs specific for different epitopes
on the HA head and stalk. HA-reactive naïve B cells are relatively rare and are vastly outnumbered
by HA-reactive MBCs in most adults. After formation, MBCs generally disperse to lymphoid tissues
throughout the body [19]. However, MBCs generated by IAV infection are likely to maintain highest
frequencies at sites of formation in the respiratory tract [19–21]. In addition, localization of MBCs
around the periphery of lymphoid tissues or clustered near GC-like structures may allow earlier and
more efficient antigen capture and CD4 T cell engagement by MBCs than by the follicle-associated
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naïve B cells [22,23]. MBCs are also more readily activated than naïve B cells because of cell-intrinsic
factors that include epigenetic modifications, altered transcriptional networks, and greater signaling
capacity of the IgG BCR [24]. In many cases, it is likely that the Ab response generated by MBC
activation after IAV infection is sufficient to terminate infection with little, if any, contribution by naive
B cells. Figure 1 provides a diagrammatic overview of processes described in this review.
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Figure 1. The HA-specific B cell response to seasonal IAV infection in an adult with a typical history of
influenza exposure. Results from human and animal studies were used to construct a model of events
in a responding lymph node. (A) Events in subcapsular proliferative foci (SPF). Influenza proteins
(including HA) entering the subcapsular sinus (SCS) are trapped by SCS macrophages. HA-reactive
memory B cells (MBCs) beneath the SCS compete for antigen displayed by SCS macrophages. Successful
acquisition of antigen enables MBCs to receive cognate T cell help and differentiate along pathways
that reflect antigen affinity: high affinity antigen binding (and stronger T cell help) favors formation of
Ab-secreting cells; lower affinity cells generate MBCs or seed germinal centers (GCs). (B) Events in
GCs. GCs are seeded by activated MBCs or activated naïve B cells. After mutation of immunoglobulin
V-region genes, GC B cells that express high affinity receptors are positively selected, a process that
involves competition for antigen held by follicular dendritic cells (FDCs) so that sufficiently strong T
cell help can be secured. Selected cells repeat the mutation/selection cycle or differentiate into MBCs
or Ab-secreting plasma cells and exit the GC. (C) Regulation by MBC-derived Abs. High affinity
HA-reactive MBCs differentiate into Ab-secreting cells in SPF. Secreted Abs potentially regulate anti-HA
Ab production by facilitating HA removal or by epitope masking. We suggest that anti-HA Abs released
in the SPF enter nearby GCs and bind antigen held by FDCs. Since the initial wave of MBC-derived
anti-HA Abs generally binds conserved epitopes with relatively high affinity, masking epitopes on
FDC-held antigen would drive selection of GC B cells reactive to the more variant epitopes. Circulating
Abs could act in a similar way, but perhaps only after development of lung inflammation increases Ab
movement from the vasculature into lung tissue and then to lymph nodes via lymphatic vessels.

3.2. MBC Activation and Early Anti-HA Antibody Production

Analysis of the Ab response to IAV infection has generally focused on measurement of circulating
Abs against the HA of a strain likely to represent the infecting virus, such as the strain in the most recent
seasonal influenza vaccine. However, recent studies have emphasized that anti-HA Ab production is
characterized by increased titers against a chronological range of HA variants [12,13,16]. Within each
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individual, the kinetics of the Ab response to each HA variant follows similar kinetics, indicating Ab
production at a similar stage of the B cell response. These Abs are first detected in the circulation 4–6 days
after symptom onset and increase to peak levels over the next seven days. Ab concentrations against
each HA variant form a hierarchy, often reflecting OAS that is largely maintained over the course of the
response [13]. Some studies have reported that Ab production is strongest against HAs of the infecting
strain and closely related contemporary viruses [12,16]. However, this is the picture only when the
response is represented as fold change in Ab titer. The pre-infection level of Abs against the HA of the
infecting virus is often low and a relatively modest response to this HA can generate a marked fold
increase in Ab levels. Representing the Ab response as the amount of Ab produced (delta for circulating
Ab levels) results in a different picture, with strongest Ab production against older HAs [13].

Early production of anti-HA Abs following IAV infection in immune adults results from activation
of preexisting MBCs, a model based on analysis of Ab-secreting plasmablasts (PBs) that appear in
the circulation at about the same time as the first virus-induced Abs. These PBs generally reach peak
frequencies 4–6 days post-symptom onset, but remain detectable for another 1–2 weeks [13,25]. More
than 50% of total IgG PBs induced by IAV infection are virus-specific and, of these, up to 50% bind the
viral HA [26]. Analysis of the HA-reactive PBs has identified recently proliferated clonal lineages that
express Abs with highly mutated immunoglobulin variable genes, indicating derivation from recently
activated MBCs that had previously undergone affinity maturation [26].

The site of early MBC-derived PB formation in responding lymphoid tissue has often been
imprecisely described as “extrafollicular” [27]. Recently, Moran et al. [28] described a scenario for
MBC activation in a skin draining lymph node that might also apply to lung-draining lymph nodes
responding to IAV infection. In this scenario, resting MBCs preferentially accumulate in the outer
lymph node cortex immediately beneath the subcapsular sinus (SCS) where they are in close association
with SCS macrophages that span the floor of the SCS. Large numbers of memory T follicular helper
(Tfh) cells occupy the same niche as the MBCs. SCS macrophages efficiently trap antigen carried by
draining lymphatics to the SCS and display intact and processed antigen for recognition by memory B
and T cells, respectively. Moran et al. [28] describe a structure, designated subcapsular proliferative foci
(SPF) that covers the cortical surface of the B cell follicle where it abuts the SCS. Here, SCS macrophages,
MBCs, and Tfh cells interact after antigen exposure, resulting in MBC proliferation and differentiation
into a cluster of predominately Ab-secreting plasma cells [28,29]. This process likely generates the first
HA-reactive IgG Abs produced following IAV infection, as well as the transient wave of circulating
HA-reactive PBs. It follows that the SPF is a key site for competition between MBCs.

It is generally accepted that OAS patterns of HA-reactive Ab production after IAV infection reflect
the competitive dominance of MBCs reactive to conserved epitopes on the HA head domain, although
experimental support for this idea is lacking [14,15]. The MBC pool is established by previous HA
encounter, and perhaps most importantly by the stamp of significant early-life infection on a naïve or
relatively naïve B cell repertoire. In that situation, the HA-specific B cell response and MBC formation
reflects the frequencies of reactive B cells in the unselected repertoire and the immunodominance
hierarchy of B cell epitopes on the HA molecule. The severity/duration of early-life IAV infection
is also likely to be a key factor in establishing OAS, since that would relate to the establishment
and maintenance of GC reactions that expand MBCs and support affinity maturation. A series of
subsequent infections by progressively more drifted IAVs would reinforce early imprinting of the B
cell repertoire. This process would involve (i) preferential activation (with Ab production and MBC
generation) of the more numerous, high affinity MBCs responsive to conserved HA head epitopes and
(ii) the potential of anamnestic Ab production to limit infection, thus minimizing adaptation of the B
cell response to novel features of the HA of the infecting virus.

The reactivity profiles of Abs expressed by individual PBs generated early in the response to
IAV infection have not been extensively characterized. However, limited studies indicate that at least
some of the PB-expressed Abs bind to one or more older HAs, sometimes with higher affinity than
to the infecting virus HA [26,30]. These findings are consistent with PB derivation from MBCs that
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were generated by exposure to older HAs and respond to sufficiently conserved epitopes on the HA
of the infecting virus. High affinity MBCs would be expected to outcompete lower affinity MBCs
for available antigen and thus obtain the strong level of T cell help associated with differentiation
of activated B cells into Ab-secreting PBs. However, it is unclear to what extent antigen affinity or
simply the number of MBCs reactive to particular epitopes determines the pattern of early broad
HA-reactive Ab production. The importance of MBC affinity might be diminished in the context of IAV
infection, which is associated with increased levels of cytokines and Toll-like receptor agonists that
help drive B cell activation [27]. Local production of soluble B cell activating factors in the subcapsular
niche occupied by MBCs might be particularly important [29]. Figure 2 shows a representation of a
preexisting HA-reactive MBC pool that responds to IAV infection; outcomes of MBC activation and
their relationship to HA affinity are also shown. Pathways of MBC formation that we suggest maintain
and/or modify the preexisting MBC pool are included in Figure 2 and are discussed later.
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Figure 2. Composition of the MBC pool reactive to the HA of a seasonal IAV at different stages of
the response to infection. MBC pools are represented as pie diagrams, with segments representing
the proportions of MBCs reactive to HA head domains of older circulating IAVs (“old”; colored red),
more recent IAVs (“recent”; blue), and the current circulating IAV (“current”; green), and to the stalk
domain (yellow). Concentric circles identify the proportions of MBCs with high (center), intermediate,
or low affinity. Composition of the preexisting HA-reactive MBC pool is based on an analysis of the
response to a seasonal H3N2 IAV infection [13]; the pathways of formation and the composition of MBC
pools generated during infection are speculations based on multiple studies (see Sections 3.5 and 3.6).
(A) The preexisting MBC pool reactive to the HA of the infecting virus. Activation and differentiation
of cells in this pool via extra-GC pathways generates Ab-secreting cells from high affinity MBCs and
MBCs from lower affinity precursors. Activated lower affinity MBCs also seed GCs. (B) The MBC
pool generated via the extra-GC pathway and early in the GC reaction. Weisel et al. [31] identified an
early phase of GC activity that generates primarily MBCs after fewer rounds of mutation and selection.
We suggest that this phase, together with the extra-GC pathway, largely reestablishes the preexisting
MBC pool. (C) MBCs generated by prolonged GC reactions. Although there is evidence that GCs
undergo a switch from MBC to plasma cell formation [31], recent studies [32,33] demonstrate that
GCs can be long maintained and that the process of MBC adaptation to novel features of an HA is
ongoing. We suggest that MBC-derived anti-HA Abs generated early in the response, and perhaps also
circulating anti-HA Abs at a later stage, have an important regulatory role and drive positive selection
of GC B cells that bind variant HA epitopes (see Figure 1C).
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3.3. MBCs and Anti-HA Stalk Antibody Production

In addition to the broad HA head-reactive Ab response, approximately 10%–20% of anti-HA
Abs generated by seasonal IAV infection bind to the stalk domain. The response to the stalk follows
the same kinetics as the anti-head response and includes early induction of stalk-specific PBs with
high numbers of mutations in immunoglobulin variable genes, indicating formation from activated
MBCs [13,26]. A key determinant of the magnitude of the Ab response to the stalk is the dominance
of head-reactive over stalk-reactive MBCs in competition for antigen. An individual’s exposure to
HA through vaccination and infection would be expected to progressively increase the ratio of head-
versus stalk-reactive MBCs, primarily because of immunodominance of the head. In addition, the
relatively small year-by-year changes in the HA head through antigenic drift would enable recruitment
and expansion of similar head-reactive MBCs over many HA exposures. HA stalk-reactive MBCs are
expanded by infection in parallel with head-reactive MBC [13]. However, evidence that stalk-binding
Abs display a level of polyreactivity raises the possibility that stalk-reactive MBCs might be selected
against by tolerance mechanisms [34]. Notably, few stalk-reactive Abs are produced after seasonal
inactivated influenza vaccination [26,30], suggesting that factors associated with IAV infection facilitate
stalk-reactive MBC activation. These might include the amount and form of the HA presented to MBCs,
together with a B cell activating environment associated with infection that reduces the requirement
for T cell help [27].

Studies of responses to infection and vaccination with the 2009 pandemic H1N1 (pH1N1) IAV
emphasize the importance of competition between MBCs in determining the nature of HA-specific
Ab production. The H1 of the pH1N1 IAV was substantially novel to most individuals less than
approximately 60 years of age when the virus began circulating in humans. Initial exposure of these
individuals to the pH1N1 virus through infection or vaccination generated anti-HA Abs that were
broadly cross-reactive with head and stalk epitopes of multiple influenza strains [26,35,36]. In particular,
the strong anti-stalk response to pH1N1 vaccination contrasted with the almost entirely head-directed
response after seasonal influenza vaccination. It is now appreciated that strong anti-stalk Ab production
after pH1N1 infection or vaccination reflects the novelty of the HA head domain [35]. As a result,
numbers (and/or affinities) of preexisting MBCs reactive with the pH1 head are reduced, competition
with stalk-reactive MBCs is lessened, and the anti-stalk Ab response is increased. The scenario is very
similar when individuals are infected or vaccinated with avian IAVs, such as the H5N1 and H7N9
subtypes, which express head domains that are highly novel to most humans and stalk domains that
are strongly conserved with those of seasonal IAVs. Responses to novel avian IAV HAs in adults are
characterized by strong production of anti-stalk Abs, reflecting activation of preexisting stalk-reactive
MBCs largely in the absence of competition from head-reactive MBCs [37,38]. Notably, the anti-HA
response to avian H7N9 IAV infection consists of an early phase of broadly reactive anti-stalk Ab
production, followed later by production of HAI-mediating Abs against the H7 head [39]. This pattern
likely reflects early stalk-reactive MBC activation, then formation and maintenance of GC reactions that
support affinity maturation of head-reactive B cells. These could include naïve B cells recruited into the
response and low affinity MBCs that were not driven to PB formation. Apparently, the potent immune
stimulus provided by avian IAV infection increases GC output, resulting (eventually) in production of
efficiently neutralizing anti-HA head Abs that are not generated by a single dose of avian influenza
vaccine [40].

3.4. MBCs and Imprinting of Antibody Responses to the HA Stalk

An effect of early-life imprinting on the character of an individual’s Ab response to the HA head
following IAV infection is well-established [13], but it is less clear whether responses to the stalk are
also impacted. A possible scenario is that the first influenza subtype (H1N1 or H3N2) responsible for
significant early-life infection imprints (through MBC expansion) not only a pattern of responsiveness
to HA head epitopes, but also the potential to respond strongly to group 1 (e.g., H1) or group 2 (e.g., H3)
HA stalk domains. In support of this is evidence that stalk-specific B cell lineages are established early
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in life and are determined in part by the subtype of the first infecting IAV [41]. Patterns of anti-stalk
Ab production consistent with imprinting are unlikely to be evident in the response to seasonal IAV
infection. This is because of the competitive dominance of HA head-reactive MBCs and the major role
of anti-head Abs in determining the course of infection) [42]. However, the situation is very different
when the HA of the infecting virus is highly novel and early anti-HA Ab production is essentially
dependent on activation of preexisting MBCs reactive to the conserved stalk. This is the situation
following avian IAV infection, where recovery might depend on the magnitude of anti-stalk production.
Notably, Gostic et al. [43] provided evidence that individuals imprinted by a first infection with an
H1N1 (group 1 HA) or an H3N2 (group 2 HA) IAV have a less severe disease when infected as adults
with the avian IAVs H5N1 (group 1 HA) or H7N9 (group 2 HA), respectively. Possible explanations are
higher baseline levels of circulating anti-stalk Abs or larger MBC populations reactive to the stalk of the
avian HA. Recently, Tesini et al. [13] provided evidence that group 2 HA stalk-specific MBC populations
expanded by seasonal H3N2 (group 2 HA) infection were largest in individuals imprinted by early-life
H3N2 infection; the same was not true for group 2 HA stalk-specific Ab levels. This suggests that
the imprinting effects described by Gostic et al. [43] are mediated by expanded stalk-reactive MBC
populations that cross-react with either the group 1 or group 2 HA stalks of heterosubtypic IAVs.

3.5. Extra-Germinal Center Generation of MBCs

The pathways that maintain or expand HA-reactive MBC populations after IAV infection are
not fully understood. For instance, it is unclear whether preexisting IgG MBCs activated in the SPF
generate both PBs and MBCs via extra-GC pathways or whether MBCs are only generated in GCs
after some level of remodeling of antigen reactivity. In the absence of GCs, naïve B cell activation
can produce IgG MBCs that have not undergone affinity maturation [44,45], raising the possibility of
an extra-GC pathway of MBC formation that maintains/expands IgG MBC populations activated to
generate the early PB response (see Figure 2). In line with this idea is the observation that recently
proliferated, HA-reactive MBCs increase in the circulation 4–6 days after onset of symptoms post-IAV
infection, closely accompanying the initial increase in HA-reactive PBs and Ab levels [13,46]. Notably,
the recent analysis by Tesini et al. [13] demonstrated a close relationship between patterns of early
Ab production after IAV infection measured against a range of HA variants (including OAS patterns)
and patterns of early expansion of MBC populations reactive to the same set of HAs. This result is
consistent with Ab production and MBC formation stemming from activation of the same precursor
MBC. B cell clonal lineage analysis by Ellebedy et al. [46] also indicated that PB and MBC lineages
could have originated from the same activated MBC, but does not exclude a contribution of GCs to at
least part of the MBC lineage.

3.6. Germinal Center Events

A subset of HA-reactive B cells activated by IAV infection enter GC reactions where they undergo
affinity maturation [47]. A proportion of the preexisting MBCs activated by infection become GC B
cells as an alternative to extra-GC differentiation into PBs or MBCs. Activated naïve B cells might also
enter GCs, especially when infection is severe and the response is prolonged [26]. A key determinant of
the fate decision of an activated naïve or memory B cell is affinity for antigen, with high affinity linking
directly to strong T cell help and favoring Ab-secreting cell formation [48,49]. Entry of activated cells
into GCs was associated with an “intermediate” level of T cell help [50]. However, the threshold affinity
requirement for GC seeding could be modulated by increased levels of B cell activating factors in the
infection-associated environment, resulting in GC entry of low affinity B cells that might otherwise
have formed MBCs or been lost from the response [3,27,51,52].

After Ab V-region somatic hypermutation, GC B cells that express BCRs with high antigen affinity
are positively selected for further cell division and mutation or for differentiation along pathways that
generate plasma cells or MBCs. The process of positive selection is not fully understood, but signaling
to GC B cells via the BCR and CD40 plays a central role. A key step is competition between GC B cells
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for antigen displayed on the surface of follicular dendritic cells (FDCs); Ag that is bound with sufficient
affinity by GC B cells is taken up, processed, and presented to secure cognate help from Tfh cells [53].
Importantly, Tas et al. [54] provided evidence that GCs can be seeded by a highly oligoclonal pool of
activated B cells (estimated at 10 s to 100 s of clones per GC). This sets the stage for a combination of two
types of competition between GC B cells within single GCs: intraclonal competition between mutational
variants of the same clone (specific for the same epitope), and interclonal competition between clones
specific for different epitopes on the same or different antigens. In addition to numbers and affinities
of specific GC B cells and antigen abundance and form on FDCs, antigen-intrinsic immunodominance
hierarchies might also play an important role in determining the outcome of interclonal competition in
GCs that (for example) drive selection of HA head-reactive over stalk-reactive GC B cells.

Recent studies of human responses to avian HAs, including H5 expressed by a replicating
adenovirus, provide evidence that GC activity continues for many months after immunization [32,33].
It is, therefore, reasonable to expect long-lived GC reactions after seasonal IAV infection, allowing
factors such as affinity-matured Abs or a general reduction in available antigen to continue to influence
selection of GC B cells and drive affinity maturation. The signals that direct selected GC B cells along
the plasma cell or MBC differentiation pathways before exiting the GC are similar to those responsible
for extra-GC fate decisions. Generally, high affinity GC B cells that acquire antigen efficiently and
receive strong T cell help form plasma cells; lower affinity B cells enter the MBC pool [47]. Experiments
in mice indicate that GCs initially generate mostly MBCs and then switch after two or more weeks
to plasma cell formation [31]. MBC formation after fewer rounds of selection would limit the extent
of adaptation to the HA of the infecting virus, but might provide the advantage of expanding MBCs
with greater breadth of reactivity. The temporal switch in GC output from MBCs to plasma cells fits
with ongoing cycles of mutation and selection and the preferential formation of plasma cells from B
cells expressing high affinity receptors. There is nevertheless a degree of affinity maturation of MBCs
generated in GCs. Tesini et al. [13] analyzed responses to seasonal H3N2 infection in the 2012–2013
season when infecting viruses were HA drift variants [55]. Circulating MBCs adapted to the H3 head
domain and perhaps generated during the early phase of MBC production in GCs were detected
within approximately four weeks of symptom onset. However, evidence that HA-reactive MBCs with
increased levels of somatic hypermutation are formed many months after HA exposure indicates
that affinity maturation of MBCs continues long after a switch by GCs to predominantly plasma cell
production (see Figure 2) [32,33].

3.7. Regulation of the Anti-HA Response by MBC-Derived Antibodies

Preexisting anti-HA Abs and anti-HA Abs generated at various stages after IAV infection are
thought to play an important role in regulating the fine specificity of the anti-HA Ab response [15].
The anti-HA Abs could block B cell recognition of particular epitopes/antigenic sites by epitope
masking or more generally suppress the response by facilitating HA removal through Fc-mediated
mechanisms [56,57]. Epitope masking by preexisting Abs does not fit with the observation that patterns
of HA-reactive Ab production early in the response to IAV infection directly reflect OAS hierarchies
of HA-reactive Ab levels in the circulation prior to infection [13]. An important consideration is
whether or when preexisting circulating Abs have sufficient access to sites of immune response
generation to exert a regulatory influence. For instance, circulating Abs might always have ready
access to events in the spleen, but might not reach high levels in lymph nodes responding to IAV
infection until anti-viral responses commence in the respiratory tract and extend to draining lymph
nodes [58,59]. We suggest that preexisting circulating Abs have little if any effect on MBC activation
in the SPF of local lymph nodes; this component of the response generates the first anti-HA Abs
and is primarily regulated by MBC competition. Furthermore, we speculate that Abs resulting from
early MBC activation in the SPF play a key role in response regulation by mechanisms like epitope
masking. Perhaps most important is the potential for these Abs to regulate positive selection in GCs,
a possibility suggested by the close proximity of the SPF and B cell follicles. Free Abs might enter
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GCs and interact with antigen on FDC networks, or bind antigen outside GCs and enter as immune
complexes. Zhang et al. [60] demonstrated that Abs enter GCs, bind antigen held on FDCs, and
compete with GC B cells in an affinity-dependent way. Through these mechanisms, Abs derived
from preexisting MBCs could facilitate affinity maturation of responses to drifted epitopes on the HA
head [61]. In the case of MBC-derived anti-stalk Abs, GC B cell selection would be shifted towards
targeting the immunodominant HA head [62].

4. Summary

Our goal in this review is to combine observations from human and animal studies to provide a
picture of the HA-specific B cell response to IAV infection in adults. A critical determinant of the nature
of the response in adults is the HA-specific B cell memory established by HA exposure through IAV
infection and vaccination over many years. Of central importance is the composition of an individual’s
HA-reactive MBC pool, a population that even in adulthood reflects the imprint of early-life HA
exposure and is responsible for OAS patterns of Ab production early in the response to IAV infection.
PB formation from activated preexisting MBCs with high affinity for the HA of the infecting virus
optimizes the protective efficacy of the initial wave of anti-HA Abs. We emphasize MBC competition
as a key determinant of the patterns of activation of preexisting MBCs. The novelty of the HA of
the infecting virus has a profound influence on the outcome of MBC competition and (for example)
determines the strength of Ab production against the HA stalk. Preexisting MBC activation generates
cells that along with activated naïve B cells, seed GCs for generation of MBCs and plasma cells
adapted to variant/novel HA epitopes. This process involves another form of B cell competition, the
competition between GC B cells for antigen held by FDCs; acquisition of this antigen is a prerequisite
for positive selection. We suggest that Abs resulting from preexisting MBC activation, more so than
preexisting circulating Abs, play an important regulatory role in positive selection through epitope
masking. Depending on the epitope specificity of Abs derived from preexisting MBCs, GC B cells will
be refocused on the immunodominant HA head or on particular drifted head epitopes. Our review
also considers the generation and expansion of MBCs at different points in the response to both
maintain OAS response patterns and adapt to emerging HAs. Our increasing understanding of MBC
competition, immunodominance hierarchies, and Ab regulation of B cell responses will continue to
guide development of vaccine composition and administration strategies to optimize B cell-mediated
protection generated against IAV infection [63–67].

Author Contributions: Writing—original draft preparation, M.Y.S.; writing—review and editing, M.Y.S., P.Q.T.N.
and D.J.T.; visualization, M.Y.S. and P.Q.T.N.

Funding: This work was supported with Federal funds from the National Institute of Allergy and Infectious
Diseases, NIH, Department of Health and Human Services through an award to the New York Influenza Center
of Excellence (NYICE, Contract No. HHSN272201400005C), a member of the NIAID Centers of Excellence for
Influenza Research and Surveillance (CEIRS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krammer, F.; Palese, P. Influenza virus hemagglutinin stalk-based antibodies and vaccines. Curr. Opin. Virol.
2013, 3, 521–530. [CrossRef] [PubMed]

2. Krammer, F.; Fouchier, R.A.M.; Eichelberger, M.C.; Webby, R.J.; Shaw-Saliba, K.; Wan, H.; Wilson, P.C.;
Compans, R.W.; Skountzou, I.; Monto, A.S. NAction! How can neuraminidase-based immunity contribute to
better influenza virus vaccines? MBio 2018, 9. [CrossRef] [PubMed]

3. Cyster, J.G.; Allen, C.D.C. B cell responses: Cell interaction dynamics and decisions. Cell 2019, 177, 524–540.
[CrossRef]

4. Shlomchik, M.J. Do memory B cells form secondary germinal centers? Yes and no. Cold Spring Harb.
Perspect Biol. 2018, 10, a029405. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.coviro.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23978327
http://dx.doi.org/10.1128/mBio.02332-17
http://www.ncbi.nlm.nih.gov/pubmed/29615508
http://dx.doi.org/10.1016/j.cell.2019.03.016
http://dx.doi.org/10.1101/cshperspect.a029405
http://www.ncbi.nlm.nih.gov/pubmed/28320754


Pathogens 2019, 8, 167 10 of 13

5. Krammer, F. The human antibody response to influenza A virus infection and vaccination. Nat. Rev. Immunol.
2019, 19, 383–397. [CrossRef] [PubMed]

6. Russell, C.J.; Hu, M.; Okda, F.A. Influenza hemagglutinin protein stability, activation, and pandemic risk.
Trends Microbiol. 2018, 26, 841–853. [CrossRef] [PubMed]

7. Zost, S.J.; Wu, N.C.; Hensley, S.E.; Wilson, I.A. Immunodominance and antigenic variation of influenza virus
hemagglutinin: Implications for design of universal vaccine immunogens. J. Infect. Dis. 2019, 219, S38–S45.
[CrossRef] [PubMed]

8. Wu, N.C.; Wilson, I.A. Structural insights into the design of novel anti-influenza therapies. Nat. Struct. Mol. Biol.
2018, 25, 115–121. [CrossRef] [PubMed]

9. Ekiert, D.C.; Wilson, I.A. Broadly neutralizing antibodies against influenza virus and prospects for universal
therapies. Curr. Opin. Virol. 2012, 2, 134–141. [CrossRef]

10. Francis, T. On the doctrine of original antigenic sin. Proc. Am. Philos. Soc. 1960, 104, 572–578.
11. Lessler, J.; Riley, S.; Read, J.M.; Wang, S.; Zhu, H.; Smith, G.J.D.; Guan, Y.; Jiang, C.Q.; Cummings, D.A.T.

Evidence for antigenic seniority in influenza A (H3N2) antibody responses in southern China. PLoS Pathog.
2012, 8, e1002802. [CrossRef] [PubMed]

12. Fonville, J.M.; Wilks, S.H.; James, S.L.; Fox, A.; Ventresca, M.; Aban, M.; Xue, L.; Jones, T.C.; Le, N.M.H.;
Pham, Q.T.; et al. Antibody landscapes after influenza virus infection or vaccination. Science 2014, 346,
996–1000. [CrossRef] [PubMed]

13. Tesini, B.L.; Kanagaiah, P.; Wang, J.; Hahn, M.; Halliley, J.L.; Chaves, F.A.; Nguyen, P.Q.T.; Nogales, A.;
DeDiego, M.L.; Anderson, C.S.; et al. Broad hemagglutinin-specific memory B Cell expansion by seasonal
influenza virus infection reflects early-life imprinting and adaptation to the infecting virus. J. Virol. 2019,
93, e00169-19. [CrossRef] [PubMed]

14. Cobey, S.; Hensley, S.E. Immune history and influenza virus susceptibility. Curr. Opin. Virol. 2017, 22,
105–111. [CrossRef] [PubMed]

15. Henry, C.; Palm, A.-K.E.; Krammer, F.; Wilson, P.C. From original antigenic sin to the universal influenza
virus vaccine. Trends Immunol. 2018, 39, 70–79. [CrossRef] [PubMed]

16. Nachbagauer, R.; Choi, A.; Hirsh, A.; Margine, I.; Iida, S.; Barrera, A.; Ferres, M.; Albrecht, R.A.; García-Sastre, A.;
Bouvier, N.M.; et al. Defining the antibody cross-reactome directed against the influenza virus surface glycoproteins.
Nat. Immunol. 2017, 18, 464–473. [CrossRef]

17. Neu, K.E.; Henry Dunand, C.J.; Wilson, P.C. Heads, stalks and everything else: How can antibodies eradicate
influenza as a human disease? Curr. Opin. Immunol. 2016, 42, 48–55. [CrossRef]

18. Cyster, J.G. B cell follicles and antigen encounters of the third kind. Nat. Immunol. 2010, 11, 989–996.
[CrossRef]

19. Joo, H.M.; He, Y.; Sangster, M.Y. Broad dispersion and lung localization of virus-specific memory B cells
induced by influenza pneumonia. Proc. Natl. Acad. Sci. USA 2008, 105, 3485–3490. [CrossRef]

20. Pichyangkul, S.; Yongvanitchit, K.; Limsalakpetch, A.; Kum-Arb, U.; Im-Erbsin, R.; Boonnak, K.; Thitithayanont, A.;
Jongkaewwattana, A.; Wiboon-ut, S.; Mongkolsirichaikul, D.; et al. Tissue distribution of memory T and B Cells in
rhesus monkeys following influenza A infection. J. Immunol. 2015, 195, 4378–4386. [CrossRef]

21. Jegaskanda, S.; Mason, R.D.; Andrews, S.F.; Wheatley, A.K.; Zhang, R.; Reynoso, G.V.; Ambrozak, D.R.;
Santos, C.P.; Luke, C.J.; Matsuoka, Y.; et al. Intranasal live influenza vaccine priming elicits localized B cell
responses in mediastinal lymph nodes. J. Virol. 2018, 92, e01970-17. [CrossRef] [PubMed]

22. Aiba, Y.; Kometani, K.; Hamadate, M.; Moriyama, S.; Sakaue-Sawano, A.; Tomura, M.; Luche, H.; Fehling, H.J.;
Casellas, R.; Kanagawa, O.; et al. Preferential localization of IgG memory B cells adjacent to contracted
germinal centers. Proc. Natl. Acad. Sci. USA 2010, 107, 12192–12197. [CrossRef] [PubMed]

23. Zhao, Y.; Uduman, M.; Siu, J.H.Y.; Tull, T.J.; Sanderson, J.D.; Wu, Y.-C.B.; Zhou, J.Q.; Petrov, N.; Ellis, R.;
Todd, K.; et al. Spatiotemporal segregation of human marginal zone and memory B cell populations in
lymphoid tissue. Nat. Commun. 2018, 9, 3857. [CrossRef]

24. Good-Jacobson, K.L. Strength in diversity: Phenotypic, functional, and molecular heterogeneity within the
memory B cell repertoire. Immunol. Rev. 2018, 284, 67–78. [CrossRef] [PubMed]

25. Huang, K.-Y.A.; Li, C.K.-F.; Clutterbuck, E.; Chui, C.; Wilkinson, T.; Gilbert, A.; Oxford, J.; Lambkin-Williams, R.;
Lin, T.-Y.; McMichael, A.J.; et al. Virus-specific antibody secreting cell, memory B-cell, and sero-antibody
responses in the human influenza challenge model. J. Infect. Dis. 2014, 209, 1354–1361. [CrossRef]

http://dx.doi.org/10.1038/s41577-019-0143-6
http://www.ncbi.nlm.nih.gov/pubmed/30837674
http://dx.doi.org/10.1016/j.tim.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29681430
http://dx.doi.org/10.1093/infdis/jiy696
http://www.ncbi.nlm.nih.gov/pubmed/30535315
http://dx.doi.org/10.1038/s41594-018-0025-9
http://www.ncbi.nlm.nih.gov/pubmed/29396418
http://dx.doi.org/10.1016/j.coviro.2012.02.005
http://dx.doi.org/10.1371/journal.ppat.1002802
http://www.ncbi.nlm.nih.gov/pubmed/22829765
http://dx.doi.org/10.1126/science.1256427
http://www.ncbi.nlm.nih.gov/pubmed/25414313
http://dx.doi.org/10.1128/JVI.00169-19
http://www.ncbi.nlm.nih.gov/pubmed/30728266
http://dx.doi.org/10.1016/j.coviro.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28088686
http://dx.doi.org/10.1016/j.it.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28867526
http://dx.doi.org/10.1038/ni.3684
http://dx.doi.org/10.1016/j.coi.2016.05.012
http://dx.doi.org/10.1038/ni.1946
http://dx.doi.org/10.1073/pnas.0800003105
http://dx.doi.org/10.4049/jimmunol.1501702
http://dx.doi.org/10.1128/JVI.01970-17
http://www.ncbi.nlm.nih.gov/pubmed/29444938
http://dx.doi.org/10.1073/pnas.1005443107
http://www.ncbi.nlm.nih.gov/pubmed/20547847
http://dx.doi.org/10.1038/s41467-018-06089-1
http://dx.doi.org/10.1111/imr.12663
http://www.ncbi.nlm.nih.gov/pubmed/29944763
http://dx.doi.org/10.1093/infdis/jit650


Pathogens 2019, 8, 167 11 of 13

26. Wrammert, J.; Koutsonanos, D.; Li, G.-M.; Edupuganti, S.; Sui, J.; Morrissey, M.; McCausland, M.; Skountzou, I.;
Hornig, M.; Lipkin, W.I.; et al. Broadly cross-reactive antibodies dominate the human B cell response against
2009 pandemic H1N1 influenza virus infection. J. Exp. Med. 2011, 208, 181–193. [CrossRef] [PubMed]

27. Lam, J.H.; Baumgarth, N. The multifaceted B cell response to influenza virus. J. Immunol. 2019, 202, 351–359.
[CrossRef]

28. Moran, I.; Nguyen, A.; Khoo, W.H.; Butt, D.; Bourne, K.; Young, C.; Hermes, J.R.; Biro, M.; Gracie, G.; Ma, C.S.;
et al. Memory B cells are reactivated in subcapsular proliferative foci of lymph nodes. Nat. Commun. 2018,
9, 3372. [CrossRef]

29. Moran, I.; Grootveld, A.K.; Nguyen, A.; Phan, T.G. Subcapsular sinus macrophages: The seat of innate and
adaptive memory in murine lymph nodes. Trends Immunol. 2019, 40, 35–48. [CrossRef]

30. Moody, M.A.; Zhang, R.; Walter, E.B.; Woods, C.W.; Ginsburg, G.S.; McClain, M.T.; Denny, T.N.; Chen, X.;
Munshaw, S.; Marshall, D.J.; et al. H3N2 influenza infection elicits more cross-reactive and less clonally
expanded anti-hemagglutinin antibodies than influenza vaccination. PLoS ONE 2011, 6, e25797. [CrossRef]

31. Weisel, F.J.; Zuccarino-Catania, G.V.; Chikina, M.; Shlomchik, M.J. A temporal switch in the germinal center
determines differential output of memory B and plasma cells. Immunity 2016, 44, 116–130. [CrossRef]
[PubMed]

32. Andrews, S.F.; Chambers, M.J.; Schramm, C.A.; Plyler, J.; Raab, J.E.; Kanekiyo, M.; Gillespie, R.A.; Ransier, A.;
Darko, S.; Hu, J.; et al. Activation dynamics and immunoglobulin evolution of pre-existing and newly
generated human memory B cell responses to influenza hemagglutinin. Immunity 2019. [CrossRef] [PubMed]

33. Matsuda, K.; Huang, J.; Zhou, T.; Sheng, Z.; Kang, B.H.; Ishida, E.; Griesman, T.; Stuccio, S.; Bolkhovitinov, L.;
Wohlbold, T.J.; et al. Prolonged evolution of the memory B cell response induced by a replicating
adenovirus-influenza H5 vaccine. Sci. Immunol. 2019, 4, eaau2710. [CrossRef] [PubMed]

34. Andrews, S.F.; Huang, Y.; Kaur, K.; Popova, L.I.; Ho, I.Y.; Pauli, N.T.; Dunand, C.J.H.; Taylor, W.M.; Lim, S.;
Huang, M.; et al. Immune history profoundly affects broadly protective B cell responses to influenza.
Sci. Transl. Med. 2015, 7, 316ra192. [CrossRef]

35. Li, G.-M.; Chiu, C.; Wrammert, J.; McCausland, M.; Andrews, S.F.; Zheng, N.-Y.; Lee, J.-H.; Huang, M.; Qu, X.;
Edupuganti, S.; et al. Pandemic H1N1 influenza vaccine induces a recall response in humans that favors
broadly cross-reactive memory B cells. Proc. Natl. Acad. Sci. USA 2012, 109, 9047–9052. [CrossRef]

36. Sangster, M.Y.; Baer, J.; Santiago, F.W.; Fitzgerald, T.; Ilyushina, N.A.; Sundararajan, A.; Henn, A.D.;
Krammer, F.; Yang, H.; Luke, C.J.; et al. B cell response and hemagglutinin stalk-reactive antibody production
in different age cohorts following 2009 H1N1 influenza virus vaccination. Clin. Vaccine Immunol. 2013, 20,
867–876. [CrossRef] [PubMed]

37. Ellebedy, A.H.; Krammer, F.; Li, G.-M.; Miller, M.S.; Chiu, C.; Wrammert, J.; Chang, C.Y.; Davis, C.W.;
McCausland, M.; Elbein, R.; et al. Induction of broadly cross-reactive antibody responses to the influenza
HA stem region following H5N1 vaccination in humans. Proc. Natl. Acad. Sci. USA 2014, 111, 13133–13138.
[CrossRef]

38. Stadlbauer, D.; Rajabhathor, A.; Amanat, F.; Kaplan, D.; Masud, A.; Treanor, J.J.; Izikson, R.; Cox, M.M.;
Nachbagauer, R.; Krammer, F. Vaccination with a recombinant H7 hemagglutinin-based influenza virus
vaccine induces broadly reactive antibodies in humans. mSphere 2017, 2, e00502–e00517. [CrossRef]

39. Liu, L.; Nachbagauer, R.; Zhu, L.; Huang, Y.; Xie, X.; Jin, S.; Zhang, A.; Wan, Y.; Hirsh, A.; Tian, D.; et al.
Induction of broadly cross-reactive stalk-specific antibody responses to influenza group 1 and group 2
hemagglutinins by natural H7N9 virus infection in humans. J. Infect. Dis. 2017, 215, 518–528. [CrossRef]

40. Topham, D.J.; Nguyen, P.; Sangster, M.Y. Pandemic influenza vaccines: What they have taught us about B
cell immunology. Curr. Opin. Immunol. 2018, 53, 203–208. [CrossRef]

41. Andrews, S.F.; Joyce, M.G.; Chambers, M.J.; Gillespie, R.A.; Kanekiyo, M.; Leung, K.; Yang, E.S.; Tsybovsky, Y.;
Wheatley, A.K.; Crank, M.C.; et al. Preferential induction of cross-group influenza A hemagglutinin
stem–specific memory B cells after H7N9 immunization in humans. Sci. Immunol. 2017, 2, eaan2676.
[CrossRef] [PubMed]

42. Christensen, S.R.; Toulmin, S.A.; Griesman, T.; Lamerato, L.E.; Petrie, J.G.; Martin, E.T.; Monto, A.S.;
Hensley, S.E. Assessing the protective potential of H1N1 influenza virus hemagglutinin head and stalk
antibodies in humans. J. Virol. 2019, 93, e02134-18. [CrossRef] [PubMed]

43. Gostic, K.M.; Ambrose, M.; Worobey, M.; Lloyd-Smith, J.O. Potent protection against H5N1 and H7N9
influenza via childhood hemagglutinin imprinting. Science 2016, 354, 722–726. [CrossRef] [PubMed]

http://dx.doi.org/10.1084/jem.20101352
http://www.ncbi.nlm.nih.gov/pubmed/21220454
http://dx.doi.org/10.4049/jimmunol.1801208
http://dx.doi.org/10.1038/s41467-018-05772-7
http://dx.doi.org/10.1016/j.it.2018.11.004
http://dx.doi.org/10.1371/journal.pone.0025797
http://dx.doi.org/10.1016/j.immuni.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26795247
http://dx.doi.org/10.1016/j.immuni.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31350180
http://dx.doi.org/10.1126/sciimmunol.aau2710
http://www.ncbi.nlm.nih.gov/pubmed/31004012
http://dx.doi.org/10.1126/scitranslmed.aad0522
http://dx.doi.org/10.1073/pnas.1118979109
http://dx.doi.org/10.1128/CVI.00735-12
http://www.ncbi.nlm.nih.gov/pubmed/23576673
http://dx.doi.org/10.1073/pnas.1414070111
http://dx.doi.org/10.1128/mSphere.00502-17
http://dx.doi.org/10.1093/infdis/jiw608
http://dx.doi.org/10.1016/j.coi.2018.06.004
http://dx.doi.org/10.1126/sciimmunol.aan2676
http://www.ncbi.nlm.nih.gov/pubmed/28783708
http://dx.doi.org/10.1128/JVI.02134-18
http://www.ncbi.nlm.nih.gov/pubmed/30700610
http://dx.doi.org/10.1126/science.aag1322
http://www.ncbi.nlm.nih.gov/pubmed/27846599


Pathogens 2019, 8, 167 12 of 13

44. Kaji, T.; Ishige, A.; Hikida, M.; Taka, J.; Hijikata, A.; Kubo, M.; Nagashima, T.; Takahashi, Y.; Kurosaki, T.;
Okada, M.; et al. Distinct cellular pathways select germline-encoded and somatically mutated antibodies
into immunological memory. J. Exp. Med. 2012, 209, 2079–2097. [CrossRef] [PubMed]

45. Inamine, A.; Takahashi, Y.; Baba, N.; Miyake, K.; Tokuhisa, T.; Takemori, T.; Abe, R. Two waves of memory
B-cell generation in the primary immune response. Int. Immunol. 2005, 17, 581–589. [CrossRef] [PubMed]

46. Ellebedy, A.H.; Jackson, K.J.L.; Kissick, H.T.; Nakaya, H.I.; Davis, C.W.; Roskin, K.M.; McElroy, A.K.;
Oshansky, C.M.; Elbein, R.; Thomas, S.; et al. Defining antigen-specific plasmablast and memory B cell
subsets in human blood after viral infection or vaccination. Nat. Immunol. 2016, 17, 1226–1234. [CrossRef]
[PubMed]

47. Mesin, L.; Ersching, J.; Victora, G.D. Germinal center B cell dynamics. Immunity 2016, 45, 471–482. [CrossRef]
48. Paus, D.; Phan, T.G.; Chan, T.D.; Gardam, S.; Basten, A.; Brink, R. Antigen recognition strength regulates the

choice between extrafollicular plasma cell and germinal center B cell differentiation. J. Exp. Med. 2006, 203,
1081–1091. [CrossRef]

49. Chan, T.D.; Gatto, D.; Wood, K.; Camidge, T.; Basten, A.; Brink, R. Antigen affinity controls rapid T-dependent
antibody production by driving the expansion rather than the differentiation or extrafollicular migration of
early plasmablasts. J. Immunol. 2009, 183, 3139–3149. [CrossRef]

50. Schwickert, T.A.; Victora, G.D.; Fooksman, D.R.; Kamphorst, A.O.; Mugnier, M.R.; Gitlin, A.D.; Dustin, M.L.;
Nussenzweig, M.C. A dynamic T cell–limited checkpoint regulates affinity-dependent B cell entry into the
germinal center. J. Exp. Med. 2011, 208, 1243–1252. [CrossRef]

51. Bannard, O.; Cyster, J.G. Germinal centers: Programmed for affinity maturation and antibody diversification.
Curr. Opin. Immunol. 2017, 45, 21–30. [CrossRef] [PubMed]

52. Inoue, T.; Moran, I.; Shinnakasu, R.; Phan, T.G.; Kurosaki, T. Generation of memory B cells and their
reactivation. Immunol. Rev. 2018, 283, 138–149. [CrossRef] [PubMed]

53. Heesters, B.A.; van der Poel, C.E.; Das, A.; Carroll, M.C. Antigen presentation to B cells. Trends Immunol.
2016, 37, 844–854. [CrossRef] [PubMed]

54. Tas, J.M.J.; Mesin, L.; Pasqual, G.; Targ, S.; Jacobsen, J.T.; Mano, Y.M.; Chen, C.S.; Weill, J.-C.; Reynaud, C.-A.;
Browne, E.P.; et al. Visualizing antibody affinity maturation in germinal centers. Science 2016, 351, 1048–1054.
[CrossRef] [PubMed]

55. DeDiego, M.L.; Anderson, C.S.; Yang, H.; Holden-Wiltse, J.; Fitzgerald, T.; Treanor, J.J.; Topham, D.J. Directed
selection of influenza virus produces antigenic variants that match circulating human virus isolates and
escape from vaccine-mediated immune protection. Immunology 2016, 148, 160–173. [CrossRef] [PubMed]

56. Zarnitsyna, V.I.; Ellebedy, A.H.; Davis, C.; Jacob, J.; Ahmed, R.; Antia, R. Masking of antigenic epitopes by
antibodies shapes the humoral immune response to influenza. Philos. Trans. R. Soc. B 2015, 370, 20140248.
[CrossRef] [PubMed]

57. Bergström, J.J.E.; Xu, H.; Heyman, B. Epitope-specific suppression of IgG responses by passively administered
specific IgG: Evidence of epitope masking. Front. Immunol. 2017, 8, 238. [CrossRef] [PubMed]

58. Hermesh, T.; Moltedo, B.; López, C.B.; Moran, T.M. Buying time—The immune system determinants of the
incubation period to respiratory viruses. Viruses 2010, 2, 2541–2558. [CrossRef] [PubMed]

59. Tabrizi, M.; Bornstein, G.G.; Suria, H. Biodistribution mechanisms of therapeutic monoclonal antibodies in
health and disease. AAPS J. 2010, 12, 33–43. [CrossRef] [PubMed]

60. Zhang, Y.; Meyer-Hermann, M.; George, L.A.; Figge, M.T.; Khan, M.; Goodall, M.; Young, S.P.; Reynolds, A.;
Falciani, F.; Waisman, A.; et al. Germinal center B cells govern their own fate via antibody feedback. J. Exp. Med.
2013, 210, 457–464. [CrossRef]

61. Wang, T.T.; Bournazos, S.; Ravetch, J.V. Immunological responses to influenza vaccination: Lessons for
improving vaccine efficacy. Curr. Opin. Immunol. 2018, 53, 124–129. [PubMed]

62. Victora, G.D.; Wilson, P.C. Germinal center selection and the antibody response to influenza. Cell 2015, 163,
545–548. [CrossRef] [PubMed]

63. Yassine, H.M.; Boyington, J.C.; McTamney, P.M.; Wei, C.-J.; Kanekiyo, M.; Kong, W.-P.; Gallagher, J.R.;
Wang, L.; Zhang, Y.; Joyce, M.G.; et al. Hemagglutinin-stem nanoparticles generate heterosubtypic influenza
protection. Nat. Med. 2015, 21, 1065–1070. [CrossRef] [PubMed]

64. Broecker, F.; Liu, S.T.H.; Suntronwong, N.; Sun, W.; Bailey, M.J.; Nachbagauer, R.; Krammer, F.; Palese, P.
A mosaic hemagglutinin-based influenza virus vaccine candidate protects mice from challenge with divergent
H3N2 strains. NPJ Vaccines 2019, 4, 31. [CrossRef] [PubMed]

http://dx.doi.org/10.1084/jem.20120127
http://www.ncbi.nlm.nih.gov/pubmed/23027924
http://dx.doi.org/10.1093/intimm/dxh241
http://www.ncbi.nlm.nih.gov/pubmed/15824068
http://dx.doi.org/10.1038/ni.3533
http://www.ncbi.nlm.nih.gov/pubmed/27525369
http://dx.doi.org/10.1016/j.immuni.2016.09.001
http://dx.doi.org/10.1084/jem.20060087
http://dx.doi.org/10.4049/jimmunol.0901690
http://dx.doi.org/10.1084/jem.20102477
http://dx.doi.org/10.1016/j.coi.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28088708
http://dx.doi.org/10.1111/imr.12640
http://www.ncbi.nlm.nih.gov/pubmed/29664566
http://dx.doi.org/10.1016/j.it.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27793570
http://dx.doi.org/10.1126/science.aad3439
http://www.ncbi.nlm.nih.gov/pubmed/26912368
http://dx.doi.org/10.1111/imm.12594
http://www.ncbi.nlm.nih.gov/pubmed/26854888
http://dx.doi.org/10.1098/rstb.2014.0248
http://www.ncbi.nlm.nih.gov/pubmed/26194761
http://dx.doi.org/10.3389/fimmu.2017.00238
http://www.ncbi.nlm.nih.gov/pubmed/28321225
http://dx.doi.org/10.3390/v2112541
http://www.ncbi.nlm.nih.gov/pubmed/21994630
http://dx.doi.org/10.1208/s12248-009-9157-5
http://www.ncbi.nlm.nih.gov/pubmed/19924542
http://dx.doi.org/10.1084/jem.20120150
http://www.ncbi.nlm.nih.gov/pubmed/29753885
http://dx.doi.org/10.1016/j.cell.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26496601
http://dx.doi.org/10.1038/nm.3927
http://www.ncbi.nlm.nih.gov/pubmed/26301691
http://dx.doi.org/10.1038/s41541-019-0126-4
http://www.ncbi.nlm.nih.gov/pubmed/31341648


Pathogens 2019, 8, 167 13 of 13

65. Kanekiyo, M.; Joyce, M.G.; Gillespie, R.A.; Gallagher, J.R.; Andrews, S.F.; Yassine, H.M.; Wheatley, A.K.;
Fisher, B.E.; Ambrozak, D.R.; Creanga, A.; et al. Mosaic nanoparticle display of diverse influenza virus
hemagglutinins elicits broad B cell responses. Nat. Immunol. 2019, 20, 362–372. [CrossRef]

66. Choi, A.; Bouzya, B.; Cortés Franco, K.-D.; Stadlbauer, D.; Rajabhathor, A.; Rouxel, R.N.; Mainil, R.; Van der
Wielen, M.; Palese, P.; García-Sastre, A.; et al. Chimeric hemagglutinin-based influenza virus vaccines induce
protective stalk-specific humoral immunity and cellular responses in mice. ImmunoHorizons 2019, 3, 133–148.
[CrossRef] [PubMed]

67. Angeletti, D.; Kosik, I.; Santos, J.J.S.; Yewdell, W.T.; Boudreau, C.M.; Mallajosyula, V.V.A.; Mankowski, M.C.;
Chambers, M.; Prabhakaran, M.; Hickman, H.D.; et al. Outflanking immunodominance to target subdominant
broadly neutralizing epitopes. Proc. Natl. Acad. Sci. USA 2019, 116, 13474–13479. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41590-018-0305-x
http://dx.doi.org/10.4049/immunohorizons.1900022
http://www.ncbi.nlm.nih.gov/pubmed/31032479
http://dx.doi.org/10.1073/pnas.1816300116
http://www.ncbi.nlm.nih.gov/pubmed/31213541
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Anti-HA Antibodies: A Brief Overview 
	MBCs and the Anti-HA Antibody Response to Influenza Infection 
	MBCs and Initial Antigen Encounter 
	MBC Activation and Early Anti-HA Antibody Production 
	MBCs and Anti-HA Stalk Antibody Production 
	MBCs and Imprinting of Antibody Responses to the HA Stalk 
	Extra-Germinal Center Generation of MBCs 
	Germinal Center Events 
	Regulation of the Anti-HA Response by MBC-Derived Antibodies 

	Summary 
	References

