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Persistent and durable immunological memory forms the basis of any successful

vaccination protocol. Generation of pre-existing memory B cell and T cell pools is thus

the key for maintaining protective immunity to seasonal, pandemic and avian influenza

viruses. Long-lived antibody secreting cells (ASCs) are responsible for maintaining

antibody levels in peripheral blood. Generated with CD4+ T help after naïve B cell

precursors encounter their cognate antigen, the linked processes of differentiation

(including Ig class switching) and proliferation also give rise to memory B cells, which

then can change rapidly to ASC status after subsequent influenza encounters. Given

that influenza viruses evolve rapidly as a consequence of antibody-driven mutational

change (antigenic drift), the current influenza vaccines need to be reformulated frequently

and annual vaccination is recommended. Without that process of regular renewal, they

provide little protection against “drifted” (particularly H3N2) variants and are mainly

ineffective when a novel pandemic (2009 A/H1N1 “swine” flu) strain suddenly emerges.

Such limitation of antibody-mediated protection might be circumvented, at least in

part, by adding a novel vaccine component that promotes cross-reactive CD8+ T

cells specific for conserved viral peptides, presented by widely distributed HLA types.

Such “memory” cytotoxic T lymphocytes (CTLs) can rapidly be recalled to CTL effector

status. Here, we review how B cells and follicular T cells are elicited following influenza

vaccination and how they survive into a long-term memory. We describe how CD8+

CTL memory is established following influenza virus infection, and how a robust CTL

recall response can lead to more rapid virus elimination by destroying virus-infected cells,

and recovery. Exploiting long-term, cross-reactive CTL against the continuously evolving

and unpredictable influenza viruses provides a possible mechanism for preventing a

disastrous pandemic comparable to the 1918-1919 H1N1 “Spanish flu,” which killed

more than 50 million people worldwide.
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INTRODUCTION

Successful vaccination relies on the induction of long-term
immunological memory. Exposure to an infectious virus elicits
acute effector responses that mediate acute pathogen control,
along with the generation and maintenance of T cell and
B cell memory capable of protecting against re-exposure. At
sufficient levels, neutralizing antibody (Ab) can prevent re-
infection while, especially if such protection is partial, the
rapid recall of memory CD8+ cytotoxic T lymphocytes (CTLs)
facilitates enhanced pathogen control. Seasonal influenza results
from the emergence of an occasional, highly infectious variant
selected as a consequence of Ab-driven mutational change in the
viral envelope hemagglutinin (HA) and/or neuraminidase (NA)
proteins. Pandemic influenza A viruses, on the other hand, arise
from gene reassortment of two different influenza A virus (IAV)
subtypes infecting the same cells. As a consequence, the influenza
research and control community face the continuing challenge of
producing new vaccines to control emerging threats.

Most of the existing products utilize inactivated virus, or
isolated viral HA and NA proteins, that stimulate influenza
strain-specific antibody immunity and B cell memory, but do not
prime the much more cross-reactive CD8+ CTL compartment.
The challenge is thus to add a T cell-targeted vaccine component
that promotes CTL memory for the rapid recall of anti-viral CTL
effectors to the respiratory tract for early virus control and/or
induce cross-protective B cells. In this review, we focus on the
nature of optimal memory B cell and T cell generation and ask
how we might use this knowledge to overcome the limitations
of seasonal influenza vaccines by developing feasible strategies
for both inducing and maintaining long-term, cross-reactive
immunological memory.

The Burden of Seasonal Influenza
Seasonal influenza virus is a global health problem. In the
United States, influenza virus infections causes 9.2–35.6 million
cases of illness, 140,000–710,000 hospitalizations and 12,000–
56,000 deaths per year (1). Globally, it is estimated that every year
290,000–650,000 respiratory deaths are due to seasonal influenza
(2). The World Health Organisation (WHO) recommends
annual influenza vaccination for people at high risk of developing
severe disease, and for those in contact with high-risk individuals.
Vulnerable groups include the elderly (>65 years), young
children (6–59 months), Indigenous populations, patients with
chronic medical conditions, pregnant women, and health-care
workers (3). National health authorities in the countries with an
advanced public health system recommend annual vaccination
for everyone 6 months of age and above, both to protect
individuals and to limit the spread of the virus through the
community (4, 5).

Influenza Virus Evolution Poses a
Challenge for Long-Term Humoral
Immunity and Vaccine Effectiveness
Influenza viruses attach to host cells via HA binding to cell
surface sialic acids (6, 7). Protective antibodies (Abs) block virus
attachment by binding to the antigenic sites (8–11) proximate to

the sialic acid receptor binding pocket on the HA head. Such
Abs are the best correlate for influenza immunization and are
measured using the hemagglutination inhibition (HAI) assay,
which detects Abs blocking the capacity of the virus to agglutinate
red blood cells by binding to sialic acids on their surface (12). The
influenza virus RNA polymerase lacks proof-reading function,
with the consequence that there is a constant emergence of
mutants (affecting viral fitness and/or immune recognition)
carrying substitutions that arise randomly across the genome.
Antibody-mediated immune pressure drives the selection of
viruses expressing variant HAs and NAs (13, 14) that, if their
“fitness” is not unduly compromised, have the potential in nature
to cause the process that has long been called antigenic drift (15,
16). Clearly, for a drifted strain to emerge as a clinical problem,
its HA must be sufficiently changed to escape neutralization by
pre-existing antibodies induced broadly in human populations by
past infections and/or vaccinations. The reality that individuals
who were once protected are now at risk from the new variant
strain is the basis for frequently reformulating seasonal influenza
vaccines (17). In contrast, through the process of antigenic shift,
influenza viruses incorporate a completely new HA or NA (18),
which adds a new virus into the epidemiological mix. When it
comes to antibody-mediated selection, the A/H3N2 strains have
consistently shown the greatest antigenic drift for the three types
of influenza viruses that co-circulate globally and cause seasonal
epidemics (A/H1N1, A/H3N2, and influenza B viruses) (16, 19).
In general, more extensive epidemics (with increased morbidity
and mortality) occur when a novel, seasonal A/H3N2 drifted
strain emerges (16, 20, 21).

Multi-component influenza vaccines are designed to elicit
serum antibodies against the HAs of one A/H1N1 strain, one
A/H3N2 strain and one (or two) influenza B viruses (Yamagata or
Victoria) (22). Increased antibody titres induced by vaccination
decrease the risk for infection caused by any strains antigenically
similar to those included in the vaccine (23, 24), although they
confer limited or no protection against other types or subtypes
(including drifted variants) of influenza (25). The global WHO
network closely monitors the circulation of influenza viruses in
humans and other species, including birds, across the northern
and southern hemispheres, whereby information derived from
the antigenic and genetic characterization of these strains, along
with epidemiological data, is used to select the strains to be
incorporated into an upcoming seasonal vaccine (26). This
strategy can fail, at least in part, as vaccine preparation takes at
least 6 months and the product may no longer match all 3 (or
4) circulating viruses by the time it is released (27). Moreover,
pre-existing immunity in humans can be highly variable due to
age and prior exposures via infection and/or vaccination (28–
34). The level of pre-existing human immunity is considered
but often difficult to interpret due to high heterogeneity. First-
infection ferret antisera is used to identify and characterize new
influenza strains, yet repeated exposures to A/H3N2 variants
affect Ab quantity and quality, which makes vaccine-strain
selection even more challenging (35). Both immunological
responses to influenza viruses and influenza vaccine effectiveness
are undoubtedly affected by the combination of antigenic drift
and prior immunity. Influenza virus evolution has been widely
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studied, yet it is still largely unknown how cross-reactive B cell
memory impacts on Ab responses to new strains.

B Cell Memory and Imprinting Against
Prior Strains
The idea that immunological memory could impact negatively on
Ab responses to novel influenza strains first emerged in the early
1950s, when Francis and Davenport observed that the exposure
to a new influenza strain induced higher titres of Abs against
variants encountered in childhood than against the prevailing
strain (36–39). They proposed the colorfully named concept of
“original antigenic sin” (OAS), which states that Abs generated
against the first antigen (Ag) encountered in childhood would be
repeatedly and preferentially induced at every exposure, even if
the epitope remained as a minor secondary antigen. This was
considered to be sinful, i.e., detrimental for protection against
following influenza infections, since the Abs induced poorly
neutralized the most recent strain that had actually triggered
them (40, 41). Molecular level analyses of B cell receptor usage
have since confirmed that memory B cells elicited by a priming
Ag can participate in the immune response toward a structurally
related, boosting Ag (42, 43). While it is clear that somatic
mutation of the immunoglobulin (Ig) variable (V) region takes
place, the extent to which this leads to increased affinity for the
priming vs. boosting variant remains controversial (42). These
molecular analyses are consistent with more recent observations
that Ab boosting is broad, and greatest against more similar
viruses, differing somewhat from the OAS concept that centers
on the initial antigen encountered (44, 45). Efforts to understand
why prior vaccination enhances vaccine effectiveness in some
influenza seasons, yet attenuates it in others, has led to further
refinements to the OAS hypothesis, namely that imprinted B
cell memory responses are not inevitably “sinful” i.e., ineffectual
(31). Hensley et al. propose that Ab become focused on selected
epitopes which are relatively conserved between successive
strains due to a form of competitive dominance by memory B
cells and that while this may result in high Ab titres and clinical
benefit it may, alternatively, compromise protection if the epitope
is altered in future strains. This hypothesis is based on molecular
and serological analyses that document focused HI Ab responses
in selected individuals (29, 30, 46–49).

At the cellular level, it is clear that memory B cells respond
more rapidly than their naïve precursors. Hence, antibody
responses may become focused on epitopes that were present in
earlier strains because memory B cells specific for those epitopes
become rapidly activated at the expense of naïve B cells, which
need a higher threshold to respond (50, 51). Memory B cells
that bear affinity matured antigen receptors may also be better
able to compete with existing Abs for inducing antigen than
naïve B cells (52). Several strategies have the potential to promote
naïve B cell activation and broaden the Ig response. These
include giving repeated vaccine doses (39), increasing the amount
and concentration of antigen (53), and adding adjuvants (54).
Another suggested mechanism that may promote the enhanced
engagement of memory (vs. naïve) B cells is that T regulatory
cells (Tregs) induced by the initial encounter reduce the amount of

antigen presented on dendritic cells, thus diminishing the antigen
availability for naïve B cells, promoting a memory B cell boost at
the expense of naïve B precursors (55).

Current Strategies to Improve Seasonal
Influenza Vaccine Effectiveness
Strategies to increase seasonal influenza vaccine effectiveness
(VE), like high-dose or adjuvanted vaccines, are still under
evaluation. Pooled analysis of multiple studies showed that
high-dose vaccines significantly reduce the risk of laboratory-
confirmed influenza cases in the elderly when the vaccine and
the circulating strains are well-matched, but not when they are
mismatched. The HAI geometric mean titres after vaccinating
with the high-dose vaccine were significantly higher compared
to the standard-dose vaccine for the H3 component. However,
the proportion of participants with seroprotective HAI Ab levels
(HAI titer ≧ 1:40 or 1:32) was the same using both vaccines
(56). Similarly, high-dose vaccines showed significant increases
in VEwith a reduction inmortality among the elderly by 36.4% in
the 2012–2013 season, when H3N2 viruses were predominantly
circulating (57). Nonetheless, seasonal VE on that season was
only of 11% for that particular age group (58), indicating that
a high-dose vaccine, despite increasing VE, did not induce
an epidemiologically significant improve in overall H3N2 VE.
Alternatively, the use of a standard-dose influenza vaccine with
the MF59 adjuvant (Novartis) can reduce laboratory-confirmed
influenza cases as well as hospitalizations due to influenza
in the elderly (59) and seasonal trivalent vaccines formulated
with this adjuvant are now available for those >65 years old
(FluAd, Sequiris).

In addition to MF59, other adjuvants licensed for use with
inactivated or sub-unit-based influenza vaccines include Alum-
containing formulations (AlPO4 or Al[OH]3) and oil-in-water
emulsions, AS03 (GSK) and AF03 (Sanofi Pasteur). The benefits
of using these adjuvants to increase seroprotective antibody
titres are widely reported in a number of clinical studies,
including in individuals who are most susceptible to influenza-
related illness. Compared to non-adjuvanted vaccine responses,
formulation of mono- and multi-valent influenza vaccines with
MF59 induces substantially higher HAI titres and seroconversion
rates in children (60–63) with similar improvements observed
in the young and elderly using AS03 (64). These formulations
are generally well-tolerated and safe, however, incidences of
narcolepsy associated with the use of an AS03-adjuvanted
A/H1N1pdm2009 vaccine (Pandemrix) limits the use of this
adjuvant in the young. Nevertheless, both MF59 and AS03 have
been shown to accelerate the induction of vaccine-mediated
responses as demonstrated by the use of adjuvanted vaccines
in healthy adults (65, 66), children (67) and in the elderly
(68), wherein a single vaccination dose is sufficient to induce
seroprotective levels of antibody within as little as 3 weeks. In this
regard, these adjuvants, along with AF03 or Alum, provide dose-
sparing capabilities for mass vaccination of the wider population;
similar levels of protection attained with unadjuvanted vaccines
can be achieved with using substantially smaller amounts of HA
antigen or less vaccination doses when formulated with adjuvant
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(69–72). Several studies have also demonstrated the ability of
MF59 to induce cross-reactive antibodies against non-vaccine
matched strains in prime-boost regimens. Priming of subjects
with a clade 0 H5N3 vaccine formulated withMF59 followed by a
boost with a clade 1 H5N1 vaccine containing the same adjuvant
results in high titres of cross-neutralizing antibody against H5N1
clade 0, 1 and 2 viruses (73–75). These results thus highlight
the role that adjuvants can play in generating and broadening
the cross-specificity of naïve and pre-existing B cell memory, the
possible underlying mechanisms of which are discussed further
in subsequent sections below.

Influenza vaccines designed to target Abs toward the
conserved epitopes in the HA stem are also under intense study.
While heterosubtypic protection with group 1 HA stem vaccines
(i.e., H1 and H5 viruses) lacking the highly variable HA head
has been demonstrated in animal models (76), studies on group
2 HA stem vaccines (i.e., H3 and H7 viruses) are more limited.
Although promising results are observed when immunizing mice
with conserved HA stem epitopes from the H3 subtype, by
way of cross-clade neutralizing activity (77, 78), immunogenicity
and protection are not maintained when using larger animal
models like ferrets (78). Therefore, further studies are needed to
develop a human B cell-based universal influenza vaccine, with
consideration into the potential for influenza viruses to escape
from HA-stem targeted Abs (79).

Dissecting the B Cell Response
Activation of naïve B cells can elicit short-lived ASCs (also
called plasmablasts), long-lived antibody-secreting plasma cells
(LLPCs), and memory B cells. The fate of B cells is considered to
be highly orchestrated, depending on the mode of stimulation,
the affinity of their B cell receptors (BCR, or surface Ig) for
antigen and their location (80–82). In the periphery, within
secondary lymphoid organs (SLO), naïve B cells are activated
by BCR/Ag binding and, depending on whether T cell help
is provided, they will continue the response in a T cell-
dependent (TD) or T cell-independent (TI) manner. B cell
memory resulting from a TI response expresses and produces
IgM capable of engaging at broadly low affinity with antigens
via multivalent BCR engagement, plus toll-like receptor (TLR),
and/or complement engagement (83). In TD responses, B and T
cell interaction occurs when antigen is captured through the BCR
of specific naïve B cells and presented via cell-surface MHC-II
glycoproteins to CD4+ helper T cells specific for peptides from
the same antigen (84, 85). All B cells activated in this manner
either move into lymph node follicles and generate germinal
centers (GCs) or differentiate into extrafollicular plasmablasts
(86, 87). Through this array of processes, different classes of
memory B cells are generated, which can be distinguished by their
passage through the GC, location and Ig isotype (81).

In the GC, B cells undergo intense proliferation and
broaden their BCR diversity through somatic hypermutation,
a process whereby point mutations, insertions, and deletions
are introduced within Ig V gene hotspots to generate a broad
array of B cell clones with a broad spectrum of affinities for
the immunizing Ag (88). This process results in the generation
of memory B cells with high-affinity surface Igs and surface

Ig+/− plasma cells that maintain serum immunoglobulin levels
against the foreign invader. The GC is also the site where a
large proportion of BCR-defined clones undergo class switch
recombination (CSR), exchanging the Ig isotypes originally
expressed (IgM and IgD) for IgG, IgA, or IgE (88–90). The
sequential generation of long-lived memory B cells in the GC
starts from unswitched memory B cells, followed by class-
switched memory B cells and, finally, by LLPC that travel to the
bonemarrow and other sites (91). The later each B cell population
appears, the higher its affinity for Ag (92). Hence, B cells with
lower affinity BCRs have a greater propensity to enter, and persist
in, the memory pool. Intriguingly, such memory-directed B
cells show enhanced Bach2 transcription factor expression when
compared to their counterparts with higher BCR affinity, and
Bach2 expression inversely correlates with the strength of the
B-T follicular helper (Tfh) cell interaction. This suggests that B
cells with lower affinity receive weaker T cell help and express
higher levels of Bach2, which is clearly a key factor in memory
B cell fate determination (92). In addition, expression levels of
Blimp-1, the key regulator of plasma cell differentiation and CSR,
are regulated by Bach2. Higher Bach2 levels decrease Blimp-1,
promoting B cell differentiation toward an unswitched memory
fate. The aryl hydrocarbon receptor (AhR), a ligand-induced
nuclear transcription factor, is highly induced in B cells upon
BCR engagement. AhR promotes Bach2 expression, which in
turn suppresses Blimp-1 and therefore the B-Tfh cell interaction
becomes weaker and B cell CSR and differentiation into plasma
cells are suppressed (93), indicating that it may be a potential
target in promoting the generation of low-affinity IgM+ B cell
memory upon vaccination. This is of particular relevance for
the design of the next generation influenza vaccines since, as
discussed below, as there is an increasing body of evidence
suggesting that low-affinity IgM+ memory B cells capable of
identifying a broad range of epitopes should be targeted by
influenza vaccination.

Heterogenous Memory B Cell Phenotypes Have

Different Roles in Secondary Responses
The various modes of TD and TI B cell activation generate
memory B cells with varying isotypes and affinities (summarized
in Figure 1), some bearing highly mutated Igs generated via
the GC reaction and others maintaining germline, less specific
and more cross-reactive Abs (52, 81, 94). While it is generally
accepted that memory B cells show an enhanced capacity for
terminal differentiation into ASC, regardless of phenotype and
affinity, there is less consensus regarding their propensity to (re)-
enter GC reactions. Contrary to early thinking, it is now generally
accepted that both IgG+ and IgM+ memory B cells can re-enter
GC reactions, albeit they are more predisposed to differentiate
into ASC during recall responses (52, 95–97). Similarly, whether
or not GCs form during recall responses together with the
character of the memory B cell subsets that participate may
depend on the type and amount of antigen, inflammatory signals
and the availability and quality of cognate Tfh cells (98). There
is evidence that unswitched memory B cells bearing germline
BCRs have a greater propensity to enter the GC reaction (99).
In particular, IgM+ cells with the least mutated V genes were
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FIGURE 1 | Pathways to B cell memory. Naïve B cells become activated by direct recognition of antigens expressed on the surface of the pathogen. Top panel:

Follicular (FO) naïve B cells become activated within the lymph node through a T cell-dependent pathway. CD4+ T cells become activated by recognizing viral

peptides processed by FO dendritic cells and presented on their surface by MHC-II molecules. After becoming activated, both CD4+ T cells and B cells, travel to the

T-B border in the lymph node, where they interact. Three outcomes can follow this interaction. (i) A germinal center (GC) is formed, CD4+ T cells polarize into T

follicular helper (Tfh) cells and FO B cells differentiate into GC B cells. In the GC, B cells undergo rapid proliferation and somatic hypermutation of the Ig V regions in

their B cell receptors (BCR), due to their interaction with Tfh cells through CD40-CD40L, PD1-PD-L1/L2, ICOS-ICOSL among others and the secretion of cytokines

such as IL-4 and IL-21, affinity maturation takes place and those B cells that increase affinity toward their Ag are selected. Some of these B cells will also class-switch.

These interactions result in the generation of IgM+ memory B cells (BMEM), IgG+/A+/E+ BMEM or IgG/A/E secreting long-lived plasma cells (LLPC) in this order in

time. The later these cells are generated, the higher affinity and lesser cross-reactivity they have toward the antigen or antigen variants, respectively. (ii) Not all B cells

enter the GC after interacting with their cognate activated CD4+ T cells in the T-B border, IgM+ BMEM and IgM secreting LLPCs are also generated outside of the GC,

in a GC-independent (GCi) manner. (iii) Short-lived antibody secreting cells (ASC) are generated early after activation to generate a rapid response against the

pathogen. These short-lived ASC will undergo apoptosis and do not contribute to the generation of B cell memory. Bottom panel: Some protein antigens provide

highly repetitive antigenic structures, which induce strong BCR crosslinking. Viral single-stranded RNA (ssRNA) together with other danger signals also activate toll-like

receptors such as TLR7. These strong signals are enough to activate B cells in a T cell-independent (TI) manner and generate short-lived IgM secreting ASC and

IgM+ BMEM. B1b and marginal zone (MZ) B cells are activated in a TI manner and provide a faster response against the pathogen.

more prominent within GCs during the recall response to a
variant viral protein antigen rather than to the original inducing
antigen when sequentially immunizingmice with variant Dengue
envelope proteins with 63% amino acid identity (100). However,
when using HAs from more closely related influenza viruses,
with ∼82% sequence identity, the GC response was dominated
by highly mutated memory B cells, which led to a worsened
antibody response as compared to the primary encounters, even
in the presence of an adjuvant (101). In the elderly, a poor
adaptive capacity of B cells toward the drifted influenza epitopes
has also been demonstrated. This resulted in the expansion
of B cell memory targeting mostly conserved but less potent
epitopes (102). In contrast, memory B cell expansion after H3N2
infection reflected imprinting toward strains encountered early

in life but also adaptation to the infecting virus (103). These
studies suggest that a certain degree of an antigenic difference
is needed to induce a protective secondary antibody response
by stimulating broadly cross-reactive low-affinity IgM+ memory
B cells. High-dose and adjuvanted vaccines may improve VE
when influenza vaccines strains are antigenically-different. The
propensity for IgM+ memory B cells to dominate recall GC
responses may be further determined by pre-existing antibodies
that may outcompete the BCRs from low affinity naïve and IgM+

memory B cells, but not high affinity IgG+ memory B cells, for
antigen (52, 96, 104).

In consideration of the potential for influenza Ab responses
to become focused on epitopes present in successive vaccine
strains to the detriment of recognizing future variants, it seems
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appropriate to think in terms of future vaccines that maintain
plasticity and heterogeneity within the B cell response. For
example, vaccination strategies that recall IgM+ memory B
cells with less-mutated BCR repertoires, while also inducing
naïve populations together with cognate Tfh cell memory to
facilitate memory GC formation (98), may tend to skew the
overall response toward the generation of more cross-reactive
Abs against variant epitopes.

T Cell-Independent B Cell Responses Against

Influenza
In contrast to TD Ags, which are generally proteins that
cannot induce cross-linking of multiple BCRs, TI Ags are
generally multivalent polysaccharides or other molecules that
contain a repetitive array of antigenic epitopes that have that
BCR-polymerization propensity. This paradigm is, however,
challenged by the finding that high doses of a monomeric protein
Ag can also elicit an exclusive TI B cell response (105, 106). In
mouse experiments, both TD and TI B cells give rise to short-
lived plasma cells and memory B cells (107–109) and contribute
not only to resolving primary influenza virus infection, but also
to more effective control of virus replication and symptoms after
secondary challenge (110). The recall capacity of TI memory B
cells is largely a result of Ag driven clonal expansion, however,
like other memory B cells, TI memory B cells are able to respond
more readily to Ag than their naïve counterparts.

The capacity of inactivated whole (vs. split) virion vaccines
to induce superior influenza virus-specific antibody responses
(111–113) may in part be due to the greater induction of TI
B cell responses (114). Notably, when TI B cell responses were
induced Ab affinity and neutralizing activity was enhanced. The
ability of inactivated whole virions to induce TI B cell responses
is linked to the presence of single-stranded RNAs that activate
B cells via a TLR7-dependent mechanism (114), hence TLR7/8
agonists should be considered as potential adjuvants for seasonal
influenza vaccines.

Importance of Location for Influenza-Specific

Memory B Cells
Unlike LLPCs, memory B cells persist as tissue-resident or
circulating among the SLO (115). Memory B cells resulting
from a local infection also localize in the affected organs.
This occurs following influenza virus infection when influenza-
specific memory B cells can be found, not only in lymphoid
organs, but also in the lungs. Moreover, memory B cells
are also differentially distributed among the lymphoid tissues,
indicating that trafficking is influenced by local tissue factors
(116, 117). After influenza re-exposure, lung-resident memory
B cells differentiate into plasmablasts, providing IgG and IgA
in situ that quickly neutralizes the virus (117, 118). In general,
IgA+ memory B cells seem to localize preferentially to the blood
and to tissue sites of pathology, while IgG+ memory B cells
are broadly distributed among tissues that may, or may not, be
directly involved in the disease process (116, 117). B cell memory
and secreted IgA located in the lungs are essential to provide
a quick and effective response against influenza viruses upon
exposure, yet current influenza vaccines fail to strongly boost

IgA responses (119). Antigen reaching the mucosa of the lung is
required to potentially induce stronger IgA responses and for the
generation of lung-resident memory B cells, which establish early
after infection. The varied location of memory B cells according
to their isotype, together with the fact that different environments
drive B cell class-switching to a specific isotype, are of particular
interest for vaccine design, particularly where (as in influenza)
mucosal surfaces are the primary site of infection.

T Follicular Helper Cell Memory: Recent Advances in

Influenza Vaccination
When the GC contracts, the GC Tfh cells exit and develop into
resting memory Tfh cells with a less polarized Tfh phenotype
(120–125). Tfh cells with a resting memory phenotype both
recirculate in blood and can be found in BM, spleen, and
lymph nodes (126–128). Circulating Tfh (cTfh) cells are the most
accessible subset in humans. Of increasing research interest, cTfh
cells are heterogeneous and can be classified into different subsets
based on surface marker expression. Resting cTfh cells express
CCR7, which differentiates them from their GC counterparts.
When cTfh cells become stimulated, they downregulate CCR7
to traffic to the GC (129). Three different subsets of cTfh
cells can be distinguished according to the surface expression
of the chemokine receptors CXCR3 and CCR6, which are
involved in inflammatory-homing and epithelial and mucosal
site-homing, respectively (130, 131). The Tfh1 cells are CXCR3+

CCR6−, express the T-bet transcription factor and secrete the
Th1 cytokine IFNγ. Conversely, the CXCR3−CCR6− Tfh2 set
expresses the transcription factor GATA3 and produces the
Th2 cytokines IL-4, IL-5, and IL-13. Then the Tfh17 cells
CXCR3−CCR6+ cells express the transcription factor RORγT
and secrete the Th17 cytokines IL-17A and IL-22 (132).

An overall consensus on the functional implications of the
different Tfh subsets regarding B cell help is yet to emerge. While
the Tfh1 cells are thought not to be efficient B cell helpers,
the opposite is true for the Tfh2 and Tfh17 populations (132,
133). However, human studies on the cTfh response following
influenza vaccination demonstrate an increase of circulating,
activated cTfh1 cells peaking on day 7 after vaccination that
positively correlates with the generation of protective Ab
responses and the presence of ASCs in blood (115, 134). In the
context of influenza immunization, when culturing human cTfh1
cells isolated at day 7 after priming with either naïve or memory
B cells, the cTfh1 cells stimulate memory B cell differentiation
into plasmablasts, while naïve B cells remain resting. Yet, naïve
B cells cultured with Tfh2 and Tfh17 cells can differentiate into
plasmablasts (134). Because Tfh cells are essential to induce a
proper B cell response and we speculate that naïve B cells are
not being sufficiently stimulated due to epitope masking by
pre-existing Abs and memory B cells, it could be possible that
mainly Tfh1 cells are stimulated after influenza vaccination at the
expense of Tfh2 and Tfh17.

Anti-viral CD8+ T Cell Responses
Seasonal influenza vaccines are designed to elicit an Ab response.
However, the natural influenza virus infection additionally elicits
cellular immunity (CD8+ T cells, CD4+ T cells, MAIT cells,
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NK cells) to eliminate the infection. Because influenza viruses
are under constant selective pressure, the long-term protective
value of any vaccine that targets a specific HA and/or NA will
inevitably be compromised with time, immune CD8+ T cells
are critical for recovery and provide some protection against
severe influenza disease, including that resulting from infection
with a previously unencountered avian strain. This likely reflects
that influenza-specific CD8+ T cells tend to recognize HLA-
bound peptides derived from more conserved, internal virus
proteins. The question is whether vaccines that promote such
CD8+ T cell memory can, when combined with the classical
products that induce virus-specific Ig response, provide better
protection against, in particular, a newly invasive pandemic
strain. An overview comparison between B and T cell responses
after influenza virus drift and shift and how they complement
each other is shown in Table 1.

Adaptive T cell immunity is mediated primarily by T cells,
expressing the CD4 or CD8 co-receptors, respectively. During
influenza virus infection, viral proteins are degraded by the
proteasome and processed into smaller peptide fragments. These
fragments are bound to MHC molecules and carried to the
cell surface for presentation. These peptide/MHC complexes
(pMHC) are recognized by clonally expressed TCRs on CD4+

or CD8+ T cells, leading to their activation and recruitment
into the virus-specific immune response. The CD8+ cytotoxic
T lymphocytes act as sentinels, recognizing and killing virus-
infected targets, an essential step for virus clearance. Following
activation, CD8+ T cells also secrete anti-viral cytokines
(especially IL-2, IFN-γ, and TNF-α) which further recruit innate
and adaptive immune cells into sites of influenza virus-induced
pathology and induce anti-viral responses in infected cells (141,
142). When it comes to CTL killing, the secretion of perforin,
granzymes and FAS ligand can all be involved in the process
of inducing the apoptosis of virus-infected cells (143, 144).
Additionally, the expression of TRAIL on CTLs can lead to the
elimination of influenza virus infected cells, with a resultant
decrease in mortality (145).

T Cell Fate: to Die or Become Memory
Formation of memory CD8+ T cells is essential for the protection
against re-encountered pathogens. Our understanding of key
factors determining the fate of CD8+ T cells during influenza
is still limited but crucial for the development of a CD8+ T
cell activating vaccine. During differentiation from naïve to
effector, to memory status, CD8+ T cells transiently express cell
surface molecules that are considered to be predictive of cellular
fate and function. Surface expression of IL-7R and KLGR1 on
effector CD8+ T cells can, at least in some situations, differentiate
between CD8+ T cells designated as memory precursor effector
cells and short-lived effector cells (146). Compared to the IL-
7RloKLGR1hi set, CD8+ T cells expressing high levels of IL-
7R and low levels of KLGR1 are 10-fold more likely to survive
(147) in mice infected with lymphocytic choriomeningitis virus
(LCMV). However, it should be noted that these profiles may not
be exclusive, as KLRG1+ CD8+ T cells are detectable after LCMV
infection is cleared (148), and the survival value associated with
the IL-7RhiKLGR1lo set for LCMV is less obvious for influenza

virus infection (149). Additionally, the discovery of other early
markers ofmemory formation during Listeriamonocytogenes and
vesicular stomatitis virus infection, including expression of ID3
transcription factor (150) and IL-2Rα cytokine receptor, showed
that CD8+ T cell memory generation is certainly multi-factorial
(151, 152). Identifying markers of successful memory formation
is crucial for evaluation of novel influenza vaccine responses
and should be considered in future influenza vaccine studies.
More recently, high-throughput sequencing is facilitating the
emergence of a broader picture for CD8+ T cell differentiation.
Single-cell RNAseq of CD8+ T cells at the acute phase of LCMV
infection indicates that there may be two distinct populations
of antigen-induced CD8+ T cells that share genes either with
“terminal effector” or “memory” cells (153). Compared to naïve
CD8+ T cells, the “terminal effector-like” set can be shown
to have upregulated more than 900 different genes, while the
“memory-like” cells only upregulated 27 genes (153). This
suggests that the differentiation of “terminal effector” CD8+ T
cells mandates the upregulation of hundreds of genes involved in
both clonal expansion and themediation of a spectrum of effector
functions, while the establishment of CD8+ T cell memory
requires only the involvement of a few key genes to maintain
lymphocyte quiescence. Although the exact factors mediating
distinct CD8+ T cell fates during early division following viral
infection are still in the process of elucidation, experiments
with TCR-transgenic mouse models indicate that TCR signaling
strength (154), as reflected in IL-2R, IFN-γR, and mTOR levels
during mitosis and asymmetrical division (155–157) is key to
the generation of anti-viral CD8+ T cell memory. This is an
exciting area of research that should, as it unfolds, give a much
better understanding of both the molecular basis of CTLmemory
formation, and provide key measurement parameters that will
allow us to skew early vaccine responses so that they provide
optimal memory that gives long-lasting protection when recalled
by further pathogen challenge.

Importance of Generating Long-Term T Cell Memory
As mentioned above, memory CD8+ T cells are important
for eliciting long-term, broadly cross-reactive immunity to
influenza viruses, and are thought to mediate the protective
function mainly via the killing of virus-infected targets
(158). Virus-specific CD8+ effector T cells also produce
proinflammatory cytokines, and the breadth of cytokine
production (termed polyfunctionality) often correlates with
efficient protection against pathogens, including influenza
viruses (159). Polyfunctional memory CD8+ T cells (producing
IFN-γ, TNF, IL-2, and MIP-1β) (160) are thought to operate
via augmented cytolytic activity via dual IFN-γ/TNF expression
(161), IL-2-mediated enhancement of CD8+ T cell memory
function (162) and increased IFN-γ secretion on a per cell
basis (163). One example of the protective capacity of these
polyfunctional memory CD8+ T cells is the induction of long-
lasting memory CD8+ T cells against variola (smallpox) virus
induced by the Vaccinia vaccine Ankara (164). When CD8+

T cells were primed with influenza virus nucleoprotein (NP)
expressed by either a recombinant Vaccinia virus or in Listeria
monocytogenes, the more polyfunctional NP-specific CD8+ T
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TABLE 1 | The clinical outcome and the B and T cell memory responses after exposure to influenza viruses are summarized below.

Influenza antigenic site change

Antigenic drift

Genetic changes in Ag sites alter Ab binding

Antigenic shift

None Minimal Major Exchange of surface

Glycoproteins

Clinical outcome Little to no symptoms Unpredictable (135) Dependent of CD8+ T

cell response

• Limited by HLA alleles

(136, 197)

• Prior exposure to

influenza (137–139) T cell

memory pool and quality

of T cell response

(137–139)

⇒ Severe to fatal

outcome with prolonged

hospitalizations (137)

B cell response Robust memory B cell response and

protective Ab production (135)

Dominated by memory B cells against

preserved antigenic sites, yielding a

protective but focused Ab response

that may not protect against future

drift.

Cross-reactive memory B cells

produce an early unadapted Ab

response to limit virus replication

and symptoms, and enter GC

reactions to generate updated

memory and PCs

If enough Ag available, naïve B

cells react and generate updated

B cell memory

Very limited (if any) protection

by memory B cells (31, 140)

Response driven by naïve B

cells

CD8+ T cell response Cross-reactive

Not responsive if B cells neutralize the virus

Cross-reactive but not

neutralizing immunity

Host-specific differences

cells were generated following Vaccinia virus exposure. Mice
vaccinated with the Vaccinia virus showed also a greater level
of protection against a normally lethal IAV challenge compared
to the Listeria monocytogenes vaccine group counterparts (165).
This indicates, that not only the quantity of memory CD8+ T
cells is critical for the protection but also their quality. Insights
into key factors inducing these polyfunctional CD8+ T cells could
improve a T cell-based vaccine therefore vastly.

Memory CD8+ T cells can be divided conceptually into
central and effector T cell memory sets, based on their expression
profiles for the CD62L and CCR7 surface proteins (166) that
are known to affect cell localization and function (167). The
CD62LhiCCR7hi “central memory” CD8+ T cells (TCM) can
be found in the spleen, blood and lymph nodes, and display
superior functions compared to their CD62LloCCR7lo effector
memory CD8+ T cell (TEM) counterparts, mainly in terms of
their proliferative capacity and IL-2 production profiles (168). In
addition, a highly specialized population of tissue-resident (TRM)
memory CD8+ T cells expressing CD103+CD69+ can persist in
sites of pathology subsequent to virus clearance (169). Following
the secondary challenge, CD103+CD69+ TRM set is able to
expand and secrete cytokines, including IFN-γ and TNF, as well
as generate more polyfunctional progeny (69% of cells capable
of secreting three cytokines), when compared to CD103−CD69+

(21%) and CD103−CD69− (16%) parent subsets (160, 169).
In the context of influenza, persistence of influenza-specific

CD8+ TRMs correlates strongly with protection when mice are
challenged with a serologically distinct IAV that shares common
internal proteins (170). The TRM population develops from
precursors lacking KLRG1 (171, 172) and further studies on T
cell receptor (TCR) repertoires suggest that they arise from the
same naïve pool as TCM set (173). TRM generation is largely
regulated by a series of transcription factors (174), such as Runx3
which is crucial for TRM establishment across a range of tissues
(175), and Bach2 which is recognized to restrain the terminal
differentiation of effector T cells and help with formation of long-
term memory T cells (176). The differentiated TRM phenotype
is associated with changes in key transcription factors, including
downregulation of Kruppel-like factor 2 (KLF2), TCF1 (177),
T-bet, and Eomes (178, 179) as well as upregulation of Hobit,
Blimp1 (177) and AhR (180), Nur77 (181), and Notch (182),
required for the maintenance of TRMs. While the previously
named transcription factors are universal hallmarks of TRM

formation, TRM heterogeneity among cells generated at different
tissue sites suggest that microenvironmental cues are important
for site-specific TRM differentiation. Indeed, generation of the
lung TRM set is influenced by transforming growth factor β

(TGF-β) along with the presence of IFN-γ-secreting CD4+ T
cells following influenza virus infection (183, 184). While the
generation of influenza-specific TRMs has recently been shown to
be vital for robust protection, unlike TRMs generated within the
skin or gut (185–187), lung-resident TRMs do not offer long-term
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protection, rather they require a constant supply of circulating
TEMs cells to replenish the niche over time (188) (summarized
in Figure 2). In humans, influenza-specific lung-resident TRM

cells show a high degree of TCR-sharing with other influenza-
specific lung TEM cells, suggesting that both memory cell subsets
originate from the same precursors (160). Our understanding
of the protective role of memory CD8+ T cells in influenza
virus infection also comes from experiments with a C57BL/6
mouse model lacking antibodies, where increased numbers of
influenza-specific memory CD8+ T cells and TRM cells led to
markedly reduced influenza-induced morbidity (189). Similarly,
primary vaccination with a single-cycle, non-replicative H3N2
IAV induced CD8+ T cells capable of protecting against a
heterologous (H1N1) lethal challenge (190), an effect that was
diminished for mice that had been depleted of CD8+ T cells
after vaccination. These studies highlight the potential of long-
term memory CD8+ T cells protecting against severe influenza
virus infections. A potential that is not harnessed in the current
vaccine strategy.

CD8+ T Cells Recognize Highly Conserved

Influenza Epitopes
CD8+ T cells can confer broad cross-protection across different
seasonal, pandemic and avian influenza IAV strains due to their
ability to recognize relatively conserved viral peptides derived
from internal influenza components (NP, M1 and PB1, PB2).

The best defined human CD8+ T cell influenza epitope is the
immunodominant M158−66 peptide bound to the HLA-A∗02:01
molecule (191–193). This peptide is highly conserved within
different influenza A subtypes spanning 100+ years (136),
including the 1918 and 2009 pandemic H1N1 strains as well
as highly pathogenic H5N1 avian viruses (194). Analysis of
immunogenic peptide profiles for the avian H7N9 influenza
virus established that it shared six universal CD8+ T cell epitopes
conserved at ∼100% prevalence in human influenza A viruses
circulating since the catastrophic Spanish 1918 influenza. These
universal human influenza-specific CD8+ T cells epitopes
include HLA-A∗02:01/M158−66, HLA-A∗03:01/NP265−273,
HLA-B∗08:01/NP225−233, HLA-B∗18:01/NP219−226, HLA-
B∗27:05/NP383−391 (although mutants were found in some
H3N2 strains) and HLA-B∗57:01/NP199−207 (136). The
population coverage by the universal HLAs varies greatly
across ethnicities. Fifty-six percent of Caucasians displaying
at least one universal HLA, while such coverage reached only
16% in the Alaskan and Australian Indigenous populations
(136), highlighting the vulnerability of Indigenous populations
toward newly-emerged influenza viruses. Additionally, our
recent studies found broadly cross-reactive CD8+ T cell
responses directed toward the HLA-B37-restricted NP338
epitope across IAVs (195), and excitingly, for the HLA-
A∗02:01-restricted PB1-derived epitope across influenza A, B
and C viruses (196). The latter introduces a new paradigm

FIGURE 2 | CD8+ T cell memory formation. Naïve CD8+ T cells become activated by recognition of viral peptides presented in the context of MHC-I molecules on

the surface of virally-infected APCs. Activated CD8+ T cells divide and differentiate into effector CD8+ T cells, which kill virus-infected cells and secrete cytokines to

induce an anti-viral milieu. After viral clearance, mainly KLRG1lo, ID3+, IL2Rα+, and CD62Lhi CD8+ T cells develop into CD8+ memory T cells, while the remaining

∼90–95% of CD8+ T cells undergo apoptosis. Memory formation can be augmented by innate-like T cells (iNKT and MAIT cells). Memory CD8+ T cells are divided

based on surface marker expression, known to impact their localization. While TCM and TEM can be found in blood and tissues, TRM reside at the site of infection

where they can rapidly respond towards a secondary infection. TCM can be also found in lymph nodes and display higher proliferative capacity and IL-2 production

compared to their TEM counterparts.
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whereby CD8+ T cells can potentially confer a measure of
previously unrecognized cross-reactivity across all human
influenza A, B and C viruses, a key finding for the design of
universal vaccines.

Influenza-induced morbidity and mortality can correlate with
the expression of certainHLAs, includingHLA-A∗24:02, A∗68:01
or B∗39:01 alleles, as shown during the 2009 H1N1 pandemic
(197). Analysis of peptide scores demonstrated that HLA-
A∗24:02 is more likely to bind variable (rather than conserved)
viral regions (197). Similarly, we have previously shown that
some HLA alleles, including HLA-A∗24:02 and A∗68:01, are
less able to elicit robust immune responses toward the highly
conserved NP and M1 peptides (136). Both HLA-A∗24:02
and A∗68:01, in particular, are found at higher frequencies
for Indigenous populations world-wide (136, 197), which may
explain the disproportionate impact of pandemic influenza
viruses on Indigenous peoples during both (otherwise mild)
2009 pH1N1 pandemic and 1918–1919 (H1N1) Spanish “flu
catastrophe” (198–202).

Thus, given the broad potential for cross-protective capacity
mediated by CD8+ T cells, along with more recent evidence
that this effect may indeed be operating in nature to protect
people, this aspect of immunity is of considerable interest in
terms of developing improved influenza vaccines. However,
it is important to note that designing peptide-based T cell
vaccines that only cover the major HLA types would clearly
be disadvantageous for Indigenous populations globally (203).
Further research on CD8+ T cell epitopes found in high risk
populations is therefore of highest importance to protect people
of highest vulnerability.

CD8+ T Cells Can Confer Broad Cross-Protection for

Heterologous IAV Strains
In the context of newly emerging influenza virus infections in
people, correlative studies suggest that established CD8+ T cell
memory confers cross-reactive immunity against severe influenza
disease, as observed during the 2009 pandemic H1N1 (pH1N1)
outbreak (139, 204). The high (∼70%) conservation of CD8+

and CD4+ T cell epitopes contributing to pre-existing memory
may have been a significant factor in the generally mild outcomes
of the 2009 H1N1 pandemic (138). Sridhar et al. showed that
individuals with higher numbers of CD8+ T cells recognizing
conserved influenza epitopes fared better following natural
infection with the 2009 H1N1 virus (139). The importance of
CD8+ T cell-mediated immunity was further highlighted in
2013 following the emergence of the novel avian H7N9 strain
(205, 206), which killed ∼40% of the infected patients. In
H7N9-infected individuals, rapid recovery from hospitalization
was associated with the presence of significantly more IFN-γ-
secreting CD8+ T cells when compared to the situation for those
who died (207) and recovered (206).

Development of CTL-Based Vaccines
Lessons Learned From the Yellow Fever Vaccine
While the initial experience of IAV infection generally occurs
in the first 6 years of life (208), our understanding of both the
primary IAV-specific CD8+ CTL response and the transition

to influenza-specific T cell memory is very limited for humans.
Though one paper by Mbawuike et al. reported on primary
infection in infants as early as 6 to 13 months of age (209), studies
of such influenza exposures in infants are rare, and have not
been performed using contemporary approaches for the analysis
of T cell-mediated immunity. The closest we have for humans
of any age when it comes to the formation of memory CD8+

T cells following first virus encounter is for the live-attenuated
17D yellow fever (YF) vaccine. As might be expected from a
plethora of mouse experiments, recent YF vaccination studies
showed that deuterium-labeled, epitope-specific CD8+ CTLs
expanded initially following vaccination, before undergoing a
contraction phase characteristic of CD8+ T cell memory. These
vaccine-induced YF-specific memory CD8+ T cells persisted in
the blood for at least 2 years after YF vaccination, with an
average deuterium half-life decay rate of 493 days (210). A similar
YF vaccination study in mice demonstrated that, after initial
contraction, the long-lived CD8+ T cell memory pool remained
consistent in size (211), indicating a potential advantage of a
CD8+ T cell that would need fewer revaccinations compared to
the annual recommendation necessary for the seasonal influenza
vaccine. Unfortunately for influenza vaccination, the current IIV
used in humans does not induce any CD8+ T cell responses that
can be targeted for such a longevity analysis (115).

Vaccination Approaches to Induce Memory CD8+ T

Cells
Different influenza vaccination approaches are currently being
investigated in order to induce long-lasting cross-protective
immunity. The only licensed vaccines capable of inducing CD8+

T cell immunity, such as the YF vaccine, use live-attenuated
pathogens. These are not recommended for influenza “high-risk”
groups such as pregnant women, immunosuppressed individuals
and the elderly. Therefore, new vaccination strategies need to be
developed if we are to protect such vulnerable people. Vogt et al.
showed that changing the route of vaccine administration of a
quadrivalent inactivated influenza vaccine from intramuscular
(i.m.) to transcutaneous induces the expansion of vaccine
component-reactive CD8+ T cells. Interestingly, the vaccine
was also able to induce M158−66-specific responses in a HLA-
A∗02:01-positive donor, although this was only observed in one
individual (212). Another approach currently in development is
the Flu-v CD8+ T cell-activating vaccine (213) containing four
21–35 amino acid-long peptides from internal influenza proteins,
which can potentially bind to multiple HLA allelic forms,
including the highly prominent HLA-A∗02:01. This approach
was protective for HLA-A2 transgenic mice and was also capable
of inducing IFN-γ-expressing CD8+ T cells across all the
participants (n = 15) in a phase 1b vaccine trial (213, 214). The
Flu-v product showed that the vaccine reduces both the viral titer
and the symptom score after H3N2 virus challenge in humans
(215). However, due to the unknown HLA-restriction of the
immunogenic epitopes, the HLA coverage of this vaccine is still
to be determined. To circumvent the need for prior knowledge of
HLA-restricted epitopes to be included in a universal T cell-based
vaccine, particularly for less common HLA allelic variants, full-
length influenza proteins have been expressed in Vaccinia virus
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Ankara vaccine vectors. Berthoud et al. showed that a viral vector
encoding for the two internal proteins NP and M1 could induce
some CD8+ T cell responses (216).

Overall, development of an effective, long-lasting, cross-
reactive influenza vaccine relies on an individuals’ capacity to
generate polyfunctional lung-resident CD8+ T cells. However,
difficulties in identifying cross-reactive epitopes caused a
bottleneck in the development of a universal influenza vaccine.
Due to the propensity of IAV to trigger severe outbreaks
with pandemic potential, murine models have thus far been
developed to test the effectiveness of IAV vaccines based on
conserved internal proteins (217–219). While mice immunized
with these vaccines can elicit protective CD8+ T cell responses,
the molecular mechanisms which govern formation of protective
memory responses still require further validation in mice, and
ultimately in humans.

Innate and Bystander T Cell Activation
During Influenza Virus Infection
In addition to the activation and proliferation of CD8+ T cells
in a peptide-MHC dependent manner, T cells can also become
activated via antigen-independent mechanisms, resulting in
proliferation of polyclonal T cells (220). In an influenza mouse
model, adoptive transfer of TCR-transgenic OT-I CD8+ T
cells, which recognizes the ovalbumin peptide, into influenza-
infected mice, showed that these OT-I cells can non-specifically
expand in the lungs of influenza-infected mice. This suggests
that CD8+ T cells can become activated independently of their
TCRs during primary influenza virus infection (221). Similarly,
highly activated CD38+HLA-DR+ CD8+ T cells, numerically
greatly exceeding influenza-specific CD8+ T cell pools, were
found in patients hospitalized with severe H7N9 disease (137),
suggesting bystander activation of at least some CD38+HLA-
DR+ CD8+ T cells. Despite the evidence that bystander CD8+

T cell activation occurs during influenza virus infection, the
importance of these cells in terms of viral clearance and the
induction of long-term memory is poorly understood. To date,
the most solid evidence for the role of bystander activation
has been observed in innate-like T cells. These cells, unlike
conventional CD8+ T cells, recognize non-peptide antigens
presented by orthologous MHC I-like molecules. They rapidly
secrete cytokines following activation and can mediate some
level of protection before adaptive immunity is sufficiently
advanced (222). Recently, we demonstrated that mucosal-
associated invariant T (MAIT) cells become activated during IAV
infections in humans and mice (223, 224). These MAIT cells
recognize riboflavin-derivative antigens produced by microbial
pathogens (225), but can be variously activated by IL-12/IL-18
(224), IL-15, or type I interferons (226). Using a murine model,
we showed that MAIT cells rapidly accumulate and become
activated in the infected lung and contribute to protection
against IAV infection (223). Similarly, invariant Natural Killer
T (iNKT) cells, which recognize lipid antigens presented by
CD1d, can protect against murine IAV (227–229). In addition,
iNKT cells induced by inactivated influenza A virus vaccination
in conjunction with alpha-galactosylceramide, an iNKT cell

antigen, can boost influenza-specific memory CD8+ T cells and
protective immunity in mice (230). The exact contribution of
innate T cells vs. conventional CD8+ T cell-mediated immunity
against influenza viruses is a subject of further investigation.
These new insights help to understand the wider range of
vaccine responses thus offering us opportunities to generate
better strategies to fight against influenza.

CONCLUDING REMARKS

Although current seasonal influenza vaccines can promote
the induction of highly specific, long-term memory B cells
that produce antibodies against the viral HA1 domain, these
antibodies are generally unable to combat newly emerging
influenza viruses, including novel pandemic stains and antibody-
selected “seasonal” variants that have accumulated mutations
in those epitopes surrounding the receptor binding pocket.
Generation of high-affinity neutralizing Abs against conserved
surface epitopes remains a constant challenge to provide long-
lasting and cross-protective B cell memory, and as such, more
work is needed to better understand B cell responses against
natural infection vs. vaccination, in order to design better
B cell- or antibody-based universal vaccines. On the other
hand, an influenza vaccine capable of stimulating CD8+ T cell
responses would generate long-term T cell memory against
conserved epitopes without the need for annual vaccination.
In addition, a role for innate-like T cells in influenza
protection is increasingly emerging, which could potentially
be important both for the development of novel therapeutics
and for boosting (or maintaining) long-term memory. As a
consequence, substantial efforts are being made globally to
exploit both innate and adaptive immune components for the
development of novel influenza vaccines that induce long-
lasting B cell/antibody and/or cross-reactive T cell immune
memory populations.

AUTHOR CONTRIBUTIONS

MA and AF wrote the sections on influenza and humoral
immunity. LH and XJ wrote the sections on cellular immunity.
BC wrote the section on vaccine adjuvants. TN, KK, and
PD wrote and modified the original manuscript, and the
revised versions.

FUNDING

KK is supported by the National Health and Medical Research
Council (NHMRC) Program Grant (ID 1071916) and the
NHMRC Senior Research Fellowship (ID 1102792). AF is
supported by the NHMRC Program Grant (ID 1103367).
MA and LH are supported by the Melbourne International
Research Scholarship (MIRS) and the Melbourne International
Fee Remission Scholarship (MIFRS) from The University of
Melbourne. XJ is supported by CSC-UoM joint scholarship
from The University of Melbourne. The Melbourne WHO
Collaborating Centre for Reference and Research on Influenza is
supported by the Australian Government Department of Health.

Frontiers in Immunology | www.frontiersin.org 11 July 2019 | Volume 10 | Article 1400

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

REFERENCES

1. Disease Burden of Influenza. Seasonal Influenza (Flu). CDC (2018).
Available online at: https://www.cdc.gov/flu/about/disease/burden.htm
(accessed February 25, 2018).

2. Iuliano AD, Roguski KM, Chang HH, Muscatello DJ,
Palekar R, Tempia S, et al. Estimates of global seasonal
influenza-associated respiratory mortality: a modelling study.
Lancet. (2018) 391:1285–300. doi: 10.1016/S0140-6736(17)33
293-2

3. WHO. Vaccines. WHO. Available online at: http://www.who.int/influenza/
vaccines/en/ (accessed February 25, 2018).

4. CDC. Influenza (flu) Including Seasonal, Avian, Swine, Pandemic, and

Other. Centers for Disease Control and Prevention (2018). Available
online at: https://www.cdc.gov/flu/index.htm (accessed February
25, 2018).

5. The National Immunisation Program. Available online at: http://immunise.
health.gov.au/ (accessed February 25, 2018).

6. Couceiro JN, Paulson JC, Baum LG. Influenza virus strains selectively
recognize sialyloligosaccharides on human respiratory epithelium; the role
of the host cell in selection of hemagglutinin receptor specificity. Virus Res.
(1993) 29:155–65. doi: 10.1016/0168-1702(93)90056-S

7. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk H-D.
Human and avian influenza viruses target different cell types in cultures
of human airway epithelium. Proc Natl Acad Sci USA. (2004) 101:4620–
4. doi: 10.1073/pnas.0308001101

8. Wiley DC, Wilson IA, Skehel JJ. Structural identification of the antibody-
binding sites of Hong Kong influenza haemagglutinin and their involvement
in antigenic variation. Nature. (1981) 289:373–8. doi: 10.1038/289373a0

9. Wilson IA, Cox NJ. Structural basis of immune recognition
of influenza virus hemagglutinin. Annu Rev Immunol. (1990)
8:737–71. doi: 10.1146/annurev.immunol.8.1.737

10. Das SR, Hensley SE, Ince WL, Brooke CB, Subba A, Delboy MG,
et al. Defining influenza A virus hemagglutinin antigenic drift by
sequential monoclonal antibody selection. Cell Host Microbe. (2013) 13:314–
23. doi: 10.1016/j.chom.2013.02.008

11. Gerhard W, Yewdell J, Frankel ME, Webster R. Antigenic structure of
influenza virus haemagglutinin defined by hybridoma antibodies. Nature.
(1981) 290:713–7. doi: 10.1038/290713a0

12. Hirst GK. The quantitative determination of influenza virus and
antibodies by means of red cell agglutination. J Exp Med. (1942)
75:49–64. doi: 10.1084/jem.75.1.49

13. Pan K. Understanding original antigenic sin in influenza with a dynamical
system. PLoS ONE. (2011) 6:e23910. doi: 10.1371/journal.pone.0023910

14. Wong KKY, Rockman S, Ong C, Bull R, Stelzer-Braid S, Rawlinson
W. Comparison of influenza virus replication fidelity in vitro using
selection pressure with monoclonal antibodies. J Med Virol. (2013) 85:1090–
4. doi: 10.1002/jmv.23532

15. Smith DJ, Lapedes AS, de Jong JC, Bestebroer TM, Rimmelzwaan GF,
Osterhaus ADME, et al. Mapping the antigenic and genetic evolution of
influenza virus. Science. (2004) 305:371–6. doi: 10.1126/science.1097211

16. Bedford T, Suchard MA, Lemey P, Dudas G, Gregory V, Hay AJ, et al.
Integrating influenza antigenic dynamics with molecular evolution. Elife.
(2014) 3:e01914. doi: 10.7554/eLife.01914

17. Salk JE, Suriano PC. Importance of antigenic composition of influenza virus
vaccine in protecting against the natural disease; observations during the
winter of 1947-1948. Am J Public Health Nations Health. (1949) 39:345–
55. doi: 10.2105/AJPH.39.3.345

18. Webster RG, Laver WG, Air GM, Schild GC. Molecular
mechanisms of variation in influenza viruses. Nature. (1982)
296:115–21. doi: 10.1038/296115a0

19. Bedford T, Riley S, Barr IG, Broor S, Chadha M, Cox NJ, et al. Global
circulation patterns of seasonal influenza viruses vary with antigenic drift.
Nature. (2015) 523:217–20. doi: 10.1038/nature14460

20. Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and
effectiveness of influenza vaccines: a systematic review and meta-analysis.
Lancet Infect Dis. (2012) 12:36–44. doi: 10.1016/S1473-3099(11)70295-X

21. Belongia EA, Simpson MD, King JP, Sundaram ME, Kelley NS, Osterholm
MT, et al. Variable influenza vaccine effectiveness by subtype: a systematic
review and meta-analysis of test-negative design studies. Lancet Infect Dis.
(2016) 16:942–51. doi: 10.1016/S1473-3099(16)00129-8

22. Grohskopf LA, Sokolow LZ, Broder KR, Olsen SJ, Karron RA, Jernigan
DB, et al. Prevention and control of seasonal influenza with vaccines.
MMWR Morb Mortal Wkly Rep. (2016) 65:1–54. doi: 10.15585/mmwr.rr
6505a1

23. Oxford JS, Schild GC, Potter CW, Jennings R. The specificity of the
anti-haemagglutinin antibody response induced in man by inactivated
influenza vaccines and by natural infection. J Hyg. (1979) 82:51–
61. doi: 10.1017/S0022172400025468

24. Clements ML, Betts RF, Tierney EL, Murphy BR. Serum and nasal
wash antibodies associated with resistance to experimental challenge with
influenza A wild-type virus. J Clin Microbiol. (1986) 24:157–60.

25. Couch RB, Kasel JA. Immunity to influenza in man. Ann Rev Microbiol.

(1983) 37:529–49. doi: 10.1146/annurev.mi.37.100183.002525
26. Katz JM, Hancock K, Xu X. Serologic assays for influenza surveillance,

diagnosis and vaccine evaluation. Expert Rev Anti Ther. (2011) 9:669–
83. doi: 10.1586/eri.11.51

27. De Jong JC, Rimmelzwaan GF, Fouchier RA, Osterhaus AD.
Influenza virus: a master of metamorphosis. J Infect. (2000)
40:218–28. doi: 10.1053/jinf.2000.0652

28. Hoskins TW, Davies JR, Smith AJ, Allchin A, Miller CL, Pollock
TM. Influenza at Christ’s Hospital: March, 1974. Lancet. (1976) 1:105–
8. doi: 10.1016/S0140-6736(76)93151-2

29. Li Y, Myers JL, Bostick DL, Sullivan CB, Madara J, Linderman SL, et al.
Immune history shapes specificity of pandemic H1N1 influenza antibody
responses. J Exp Med. (2013) 210:1493–500. doi: 10.1084/jem.20130212

30. Hensley SE. Challenges of selecting seasonal influenza vaccine strains for
humans with diverse pre-exposure histories. Curr Opin Virol. (2014) 8:85–
9. doi: 10.1016/j.coviro.2014.07.007

31. Cobey S, Hensley SE. Immune history and influenza virus susceptibility.Curr
Opin Virol. (2017) 22:105–11. doi: 10.1016/j.coviro.2016.12.004

32. Xie H, Li L, Ye Z, Li X, Plant EP, Zoueva O, et al. Differential effects of prior
influenza exposures on H3N2 cross-reactivity of human postvaccination
sera. Clin Infect Dis. (2017) 65:259–67. doi: 10.1093/cid/cix269

33. Flannery B, Smith C, Garten RJ, Levine MZ, Chung JR, Jackson ML,
et al. Influence of birth cohort on effectiveness of 2015-2016 influenza
vaccine against medically attended illness due to 2009 pandemic influenza
A(H1N1) virus in the United States. J Infect Dis. (2018) 218:189–
96. doi: 10.1093/infdis/jix634

34. Herati RS, Muselman A, Vella L, Bengsch B, Parkhouse K, Del Alcazar
D, et al. Successive annual influenza vaccination induces a recurrent
oligoclonotypic memory response in circulating T follicular helper cells. Sci
Immunol. (2017) 2:eaag2152. doi: 10.1126/sciimmunol.aag2152

35. Kosikova M, Li L, Radvak P, Ye Z, Wan X-F, Xie H. Imprinting of repeated
influenza A/H3 exposures on antibody quantity and antibody quality:
implications for seasonal vaccine strain selection and vaccine performance.
Clin Infect Dis. (2018) 67:1523–32. doi: 10.1093/cid/ciy327

36. Davenport FM, Hennessy AV, Francis T. Epidemiologic and immunologic
significance of age distribution of antibody to antigenic variants of influenza
virus. J Exp Med. (1953) 98:641–56. doi: 10.1084/jem.98.6.641

37. Davenport FM, Hennessy AV, Stuart-Harris CH, Francis T.
Epidemiology of influenza; comparative serological observations
in England and the United States. Lancet. (1955) 269:469–
74. doi: 10.1016/S0140-6736(55)93328-6

38. Davenport FM, Hennessy AV. A serologic recapitulation of past experiences
with influenza A; antibody response to monovalent vaccine. J Exp Med.

(1956) 104:85–97. doi: 10.1084/jem.104.1.85
39. Davenport FM, Hennessy AV. Predetermination by infection and by

vaccination of antibody response to influenza virus vaccines. J Exp Med.

(1957) 106:835–50. doi: 10.1084/jem.106.6.835
40. Francis T. On the doctrine of original antigenic sin. Proc Am Philos Soc.

(1960) 104:572–8.
41. Fazekas de St. Groth, Webster RG. Disquisitions of original antigenic sin. I.

evidence in man. J Exp Med. (1966) 124:331–45. doi: 10.1084/jem.124.3.331

Frontiers in Immunology | www.frontiersin.org 12 July 2019 | Volume 10 | Article 1400

https://www.cdc.gov/flu/about/disease/burden.htm
https://doi.org/10.1016/S0140-6736(17)33293-2
http://www.who.int/influenza/vaccines/en/
http://www.who.int/influenza/vaccines/en/
https://www.cdc.gov/flu/index.htm
http://immunise.health.gov.au/
http://immunise.health.gov.au/
https://doi.org/10.1016/0168-1702(93)90056-S
https://doi.org/10.1073/pnas.0308001101
https://doi.org/10.1038/289373a0
https://doi.org/10.1146/annurev.immunol.8.1.737
https://doi.org/10.1016/j.chom.2013.02.008
https://doi.org/10.1038/290713a0
https://doi.org/10.1084/jem.75.1.49
https://doi.org/10.1371/journal.pone.0023910
https://doi.org/10.1002/jmv.23532
https://doi.org/10.1126/science.1097211
https://doi.org/10.7554/eLife.01914
https://doi.org/10.2105/AJPH.39.3.345
https://doi.org/10.1038/296115a0
https://doi.org/10.1038/nature14460
https://doi.org/10.1016/S1473-3099(11)70295-X
https://doi.org/10.1016/S1473-3099(16)00129-8
https://doi.org/10.15585/mmwr.rr6505a1
https://doi.org/10.1017/S0022172400025468
https://doi.org/10.1146/annurev.mi.37.100183.002525
https://doi.org/10.1586/eri.11.51
https://doi.org/10.1053/jinf.2000.0652
https://doi.org/10.1016/S0140-6736(76)93151-2
https://doi.org/10.1084/jem.20130212
https://doi.org/10.1016/j.coviro.2014.07.007
https://doi.org/10.1016/j.coviro.2016.12.004
https://doi.org/10.1093/cid/cix269
https://doi.org/10.1093/infdis/jix634
https://doi.org/10.1126/sciimmunol.aag2152
https://doi.org/10.1093/cid/ciy327
https://doi.org/10.1084/jem.98.6.641
https://doi.org/10.1016/S0140-6736(55)93328-6
https://doi.org/10.1084/jem.104.1.85
https://doi.org/10.1084/jem.106.6.835
https://doi.org/10.1084/jem.124.3.331
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

42. Fish S, Zenowich E, Fleming M, Manser T. Molecular analysis of
original antigenic sin. I. Clonal selection, somatic mutation, and isotype
switching during a memory B cell response. J Exp Med. (1989) 170:1191–
209. doi: 10.1084/jem.170.4.1191

43. Wrammert J, Smith K, Miller J, LangleyWA, Kokko K, Larsen C, et al. Rapid
cloning of high-affinity human monoclonal antibodies against influenza
virus. Nature. (2008) 453:667–71. doi: 10.1038/nature06890

44. Lessler J, Riley S, Read JM, Wang S, Zhu H, Smith GJD, et al. Evidence for
antigenic seniority in influenza A (H3N2) antibody responses in southern
China. PLoS Pathog. (2012) 8:e1002802. doi: 10.1371/journal.ppat.1002802

45. Fonville JM, Wilks SH, James SL, Fox A, Ventresca M, Aban
M, et al. Antibody landscapes after influenza virus infection or
vaccination. Science. (2014) 346:996–1000. doi: 10.1126/science.12
56427

46. Linderman SL, Chambers BS, Zost SJ, Parkhouse K, Li Y, Herrmann C,
et al. Potential antigenic explanation for atypical H1N1 infections among
middle-aged adults during the 2013-2014 influenza season. Proc Natl Acad
Sci USA. (2014) 111:15798–803. doi: 10.1073/pnas.1409171111

47. Petrie JG, Parkhouse K, Ohmit SE, Malosh RE, Monto AS, Hensley
SE. Antibodies against the current influenza A(H1N1) vaccine strain
do not protect some individuals from infection with contemporary
circulating influenza A(H1N1) virus strains. J Infect Dis. (2016) 214:1947–
51. doi: 10.1093/infdis/jiw479

48. Huang K-YA, Rijal P, Schimanski L, Powell TJ, Lin T-Y, McCauley JW, et al.
Focused antibody response to influenza linked to antigenic drift. J Clin Invest.
(2015) 125:2631–45. doi: 10.1172/JCI81104

49. Linderman SL, Hensley SE. Antibodies with “original antigenic
sin” properties are valuable components of secondary
immune responses to influenza viruses. PLoS Pathog. (2016)
12:e1005806. doi: 10.1371/journal.ppat.1005806

50. Good KL, Avery DT, Tangye SG. Resting human memory B cells are
intrinsically programmed for enhanced survival and responsiveness to
diverse stimuli compared to naive B cells. J Immunol. (2009) 182:890–
901. doi: 10.4049/jimmunol.182.2.890

51. Tangye SG, Avery DT, Deenick EK, Hodgkin PD. Intrinsic differences in
the proliferation of naive and memory human B cells as a mechanism
for enhanced secondary immune responses. J Immunol. (2003) 170:686–
94. doi: 10.4049/jimmunol.170.2.686

52. Pape KA, Taylor JJ, Maul RW, Gearhart PJ, Jenkins MK. Different B
cell populations mediate early and late memory during an endogenous
immune response. Science. (2011) 331:1203–7. doi: 10.1126/science.
1201730

53. Fazekas de St. Groth, Webster RG. Disquisitions on original
antigenic sin. II. Proof in lower creatures. J Exp Med. (1966)
124:347–61. doi: 10.1084/jem.124.3.347

54. Kim JH, Davis WG, Sambhara S, Jacob J. Strategies to alleviate original
antigenic sin responses to influenza viruses. Proc Natl Acad Sci USA. (2012)
109:13751–6. doi: 10.1073/pnas.0912458109

55. Ndifon Wilfred. A simple mechanistic explanation for original
antigenic sin and its alleviation by adjuvants. J R Soc Interf. (2015)
12:20150627. doi: 10.1098/rsif.2015.0627

56. Wilkinson K, Wei Y, Szwajcer A, Rabbani R, Zarychanski R, Abou-Setta
AM, et al. Efficacy and safety of high-dose influenza vaccine in elderly
adults: a systematic review and meta-analysis. Vaccine. (2017) 35:2775–
80. doi: 10.1016/j.vaccine.2017.03.092

57. Shay DK, Chillarige Y, Kelman J, Forshee RA, Foppa IM, Wernecke M,
et al. Comparative effectiveness of high-dose versus standard-dose influenza
vaccines among US medicare beneficiaries in preventing postinfluenza
deaths during 2012-2013 and 2013-2014. J Infect Dis. (2017) 215:510–
7. doi: 10.1093/infdis/jiw641

58. McLean HQ, Thompson MG, Sundaram ME, Kieke BA, Gaglani M, Murthy
K, et al. Influenza vaccine effectiveness in the United States during 2012-
2013: variable protection by age and virus type. J Infect Dis. (2015) 211:1529–
40. doi: 10.1093/infdis/jiu647

59. Domnich A, Arata L, Amicizia D, Puig-Barberà J, Gasparini R, Panatto
D. Effectiveness of MF59-adjuvanted seasonal influenza vaccine in the
elderly: a systematic review and meta-analysis. Vaccine. (2017) 35:513–
20. doi: 10.1016/j.vaccine.2016.12.011

60. Nolan T, Bravo L, Ceballos A, Mitha E, Gray G, Quiambao B, et al. Enhanced
and persistent antibody response against homologous and heterologous
strains elicited by a MF59-adjuvanted influenza vaccine in infants and young
children. Vaccine. (2014) 32:6146–56. doi: 10.1016/j.vaccine.2014.08.068

61. Della Cioppa G, Vesikari T, Sokal E, Lindert K, Nicolay U. Trivalent
and quadrivalent MF59( R©)-adjuvanted influenza vaccine in young
children: a dose- and schedule-finding study. Vaccine. (2011)
29:8696–704. doi: 10.1016/j.vaccine.2011.08.111

62. Block SL, Ruiz-Palacios GM, Guerrero ML, Beygo J, Sales V, Holmes
SJ. Dose-range study of MF59-adjuvanted versus nonadjuvanted
monovalent A/H1N1 pandemic influenza vaccine in six- to less
than thirty-six-month-old children. Pediatr Infect Dis J. (2012)
31:e92–8. doi: 10.1097/INF.0b013e318257644f

63. Nakaya HI, Clutterbuck E, Kazmin D,Wang L, Cortese M, Bosinger SE, et al.
Systems biology of immunity to MF59-adjuvanted versus nonadjuvanted
trivalent seasonal influenza vaccines in early childhood. Proc Natl Acad Sci

USA. (2016) 113:1853–8. doi: 10.1073/pnas.1519690113
64. Yang WH, Dionne M, Kyle M, Aggarwal N, Li P, Madariaga M, et al. Long-

term immunogenicity of an AS03-adjuvanted influenza A(H1N1)pdm09
vaccine in young and elderly adults: an observer-blind, randomized trial.
Vaccine. (2013) 31:4389–97. doi: 10.1016/j.vaccine.2013.07.007

65. Faenzi E, Zedda L, Bardelli M, Spensieri F, Borgogni E, Volpini G, et al.
One dose of an MF59-adjuvanted pandemic A/H1N1 vaccine recruits
pre-existing immune memory and induces the rapid rise of neutralizing
antibodies. Vaccine. (2012) 30:4086–94. doi: 10.1016/j.vaccine.2012.04.020

66. Jackson LA, Chen WH, Stapleton JT, Dekker CL, Wald A, Brady RC,
et al. Immunogenicity and safety of varying dosages of a monovalent
2009 H1N1 influenza vaccine given with and without AS03 adjuvant
system in healthy adults and older persons. J Infect Dis. (2012) 206:811–
20. doi: 10.1093/infdis/jis427

67. Nassim C, Christensen S, Henry D, Holmes S, Hohenboken M, Kanesa-
Thasan N. Identification of antigen and adjuvant doses resulting in optimal
immunogenicity and antibody persistence up to 1 year after immunization
with a pandemic A/H1N1 influenza vaccine in children 3 to < 9 years of age.
Pediatr Infect Dis J. (2012) 31:e59–65. doi: 10.1097/INF.0b013e31824b9545

68. Cheong HJ, Song JY, Heo JY, Noh JY, Choi WS, Park DW, et al.
Immunogenicity and safety of the influenza A/H1N1 2009 inactivated
split-virus vaccine in young and older adults: MF59-adjuvanted vaccine
versus nonadjuvanted vaccine. Clin Vaccine Immunol. (2011) 18:1358–
64. doi: 10.1128/CVI.05111-11

69. Atmar RL, Keitel WA, Patel SM, Katz JM, She D, El Sahly H, et al. Safety and
immunogenicity of nonadjuvanted andMF59-adjuvanted influenza A/H9N2
vaccine preparations.Clin Infect Dis. (2006) 43:1135–42. doi: 10.1086/508174

70. Vesikari T, Pepin S, Kusters I, Hoffenbach A, Denis M. Assessment of
squalene adjuvanted and non-adjuvanted vaccines against pandemic H1N1
influenza in children 6 months to 17 years of age. Hum Vaccin Immunother.

(2012) 8:1283–92. doi: 10.4161/hv.21265
71. Vajo Z, Balaton G, Vajo P, Kalabay L, Erdman A, Torzsa P. Dose sparing

and the lack of a dose-response relationship with an influenza vaccine in
adult and elderly patients - a randomized, double-blind clinical trial. Br J
Clin Pharmacol. (2017) 83:1912–20. doi: 10.1111/bcp.13289

72. Madan A, Collins H, Sheldon E, Frenette L, Chu L, Friel D, et al.
Evaluation of a primary course of H9N2 vaccine with or without AS03
adjuvant in adults: a phase I/II randomized trial. Vaccine. (2017) 35:4621–
8. doi: 10.1016/j.vaccine.2017.07.013

73. Galli G, Hancock K, Hoschler K, DeVos J, Praus M, Bardelli M, et al. Fast
rise of broadly cross-reactive antibodies after boosting long-lived human
memory B cells primed by an MF59 adjuvanted prepandemic vaccine. Proc
Natl Acad Sci USA. (2009) 106:7962–7. doi: 10.1073/pnas.0903181106

74. Khurana S, Coyle EM, Dimitrova M, Castellino F, Nicholson K, Del Giudice
G, et al. Heterologous prime-boost vaccination with MF59-adjuvanted H5
vaccines promotes antibody affinity maturation towards the hemagglutinin
HA1 domain and broad H5N1 cross-clade neutralization. PLoS ONE. (2014)
9:e95496. doi: 10.1371/journal.pone.0095496

75. Banzhoff A, Gasparini R, Laghi-Pasini F, Staniscia T, Durando P, Montomoli
E, et al. MF59-adjuvanted H5N1 vaccine induces immunologic memory and
heterotypic antibody responses in non-elderly and elderly adults. PLoS ONE.
(2009) 4:e4384. doi: 10.1371/journal.pone.0004384

Frontiers in Immunology | www.frontiersin.org 13 July 2019 | Volume 10 | Article 1400

https://doi.org/10.1084/jem.170.4.1191
https://doi.org/10.1038/nature06890
https://doi.org/10.1371/journal.ppat.1002802
https://doi.org/10.1126/science.1256427
https://doi.org/10.1073/pnas.1409171111
https://doi.org/10.1093/infdis/jiw479
https://doi.org/10.1172/JCI81104
https://doi.org/10.1371/journal.ppat.1005806
https://doi.org/10.4049/jimmunol.182.2.890
https://doi.org/10.4049/jimmunol.170.2.686
https://doi.org/10.1126/science.1201730
https://doi.org/10.1084/jem.124.3.347
https://doi.org/10.1073/pnas.0912458109
https://doi.org/10.1098/rsif.2015.0627
https://doi.org/10.1016/j.vaccine.2017.03.092
https://doi.org/10.1093/infdis/jiw641
https://doi.org/10.1093/infdis/jiu647
https://doi.org/10.1016/j.vaccine.2016.12.011
https://doi.org/10.1016/j.vaccine.2014.08.068
https://doi.org/10.1016/j.vaccine.2011.08.111
https://doi.org/10.1097/INF.0b013e318257644f
https://doi.org/10.1073/pnas.1519690113
https://doi.org/10.1016/j.vaccine.2013.07.007
https://doi.org/10.1016/j.vaccine.2012.04.020
https://doi.org/10.1093/infdis/jis427
https://doi.org/10.1097/INF.0b013e31824b9545
https://doi.org/10.1128/CVI.05111-11
https://doi.org/10.1086/508174
https://doi.org/10.4161/hv.21265
https://doi.org/10.1111/bcp.13289
https://doi.org/10.1016/j.vaccine.2017.07.013
https://doi.org/10.1073/pnas.0903181106
https://doi.org/10.1371/journal.pone.0095496
https://doi.org/10.1371/journal.pone.0004384
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

76. Yassine HM, Boyington JC, McTamney PM, Wei C-J, Kanekiyo M, Kong W-
P, et al. Hemagglutinin-stem nanoparticles generate heterosubtypic influenza
protection. Nat Med. (2015) 21:1065–70. doi: 10.1038/nm.3927

77. Gong X, Yin H, Shi Y, Guan S, He X, Yang L, et al. Conserved stem fragment
from H3 influenza hemagglutinin elicits cross-clade neutralizing antibodies
through stalk-targeted blocking of conformational change during membrane
fusion. Immunol Lett. (2016) 172:11–20. doi: 10.1016/j.imlet.2016.02.006

78. Sutton TC, Chakraborty S, Mallajosyula VVA, Lamirande EW,
Ganti K, Bock KW, et al. Protective efficacy of influenza group 2
hemagglutinin stem-fragment immunogen vaccines. NPJ Vaccines. (2017)
2:35. doi: 10.1038/s41541-017-0036-2

79. Yamayoshi S, Yasuhara A, Ito M, Uraki R, Kawaoka Y. Differences in the
ease with which mutant viruses escape from human monoclonal antibodies
against the HA stem of influenza A virus. J Clin Virol. (2018) 108:105–
11. doi: 10.1016/j.jcv.2018.09.016

80. Good-Jacobson KL, Tarlinton DM. Multiple routes to B-cell memory. Int
Immunol. (2012) 24:403–8. doi: 10.1093/intimm/dxs050

81. Tarlinton D, Kim G-J. Diversity among memory B Cells:
origin, consequences, and utility. Science. (2013) 341:1205–
11. doi: 10.1126/science.1241146

82. Phan TG, Tangye SG. Memory B cells: total recall. Curr Opin Immunol.

(2017) 45:132–40. doi: 10.1016/j.coi.2017.03.005
83. Defrance T, Taillardet M, Genestier L. T cell-independent B cell memory.

Curr Opin Immunol. (2011) 23:330–6. doi: 10.1016/j.coi.2011.03.004
84. Banchereau J, Bazan F, Blanchard D, Brière F, Galizzi JP, van Kooten C,

et al. The CD40 antigen and its ligand. Ann Rev Immunol. (1994) 12:881–
922. doi: 10.1146/annurev.immunol.12.1.881

85. Rajewsky K. Clonal selection and learning in the antibody system. Nature.
(1996) 381:751–8. doi: 10.1038/381751a0

86. Paus D, Phan TG, Chan TD, 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–
91. doi: 10.1084/jem.20060087

87. Chan TD, 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)
183:3139–49. doi: 10.4049/jimmunol.0901690

88. Sakaguchi N, Maeda K. Germinal center B-Cell-Associated Nuclear Protein
(GANP) involved in RNA metabolism for B cell maturation. Adv Immunol.

(2016) 131:135–86. doi: 10.1016/bs.ai.2016.02.003
89. Manis JP, Tian M, Alt FW. Mechanism and control of

class-switch recombination. Trends Immunol. (2002) 23:31–
9. doi: 10.1016/S1471-4906(01)02111-1

90. Budeus B, Schweigle de Reynoso S, Przekopowitz M, Hoffmann D, Seifert
M, Küppers R. Complexity of the human memory B-cell compartment is
determined by the versatility of clonal diversification in germinal centers.
Proc Natl Acad Sci USA. (2015) 112:E5281–9. doi: 10.1073/pnas.1511270112

91. Weisel FJ, Zuccarino-Catania GV, Chikina M, Shlomchik MJ. A
temporal switch in the germinal center determines differential
output of memory B and plasma cells. Immunity. (2016)
44:116–30. doi: 10.1016/j.immuni.2015.12.004

92. Shinnakasu R, Inoue T, Kometani K, Moriyama S, Adachi Y, Nakayama M,
et al. Regulated selection of germinal-center cells into the memory B cell
compartment. Nat Immunol. (2016) 17:861–9. doi: 10.1038/ni.3460

93. Vaidyanathan B, Chaudhry A, Yewdell WT, Angeletti D, Yen W-F, Wheatley
AK, et al. The aryl hydrocarbon receptor controls cell-fate decisions in B
cells. J Exp Med. (2017) 214:197–208. doi: 10.1084/jem.20160789

94. Kaji T, Ishige A, Hikida M, Taka J, Hijikata A, Kubo M, et al.
Distinct cellular pathways select germline-encoded and somatically mutated
antibodies into immunological memory. J Exp Med. (2012) 209:2079–
97. doi: 10.1084/jem.20120127

95. Kaji T, Furukawa K, Ishige A, Toyokura I, Nomura M, Okada M, et al.
Both mutated and unmutated memory B cells accumulate mutations in the
course of the secondary response and develop a new antibody repertoire
optimally adapted to the secondary stimulus. Int Immunol. (2013) 25:683–
95. doi: 10.1093/intimm/dxt030

96. Zabel F, Mohanan D, Bessa J, Link A, Fettelschoss A, Saudan P, et al.
Viral particles drive rapid differentiation of memory B cells into secondary
plasma cells producing increased levels of antibodies. J Immunol. (2014)
192:5499–508. doi: 10.4049/jimmunol.1400065

97. McHeyzer-Williams LJ, Milpied PJ, Okitsu SL, McHeyzer-Williams MG.
Class-switched memory B cells remodel BCRs within secondary germinal
centers. Nat Immunol. (2015) 16:296–305. doi: 10.1038/ni.3095

98. McHeyzer-Williams LJ, Dufaud C, McHeyzer-Williams MG. Do memory B
cells form secondary germinal centers? Impact of antibody class and quality
of memory T-cell help at recall. Cold Spring Harb Perspect Biol. (2018)
10:a028878. doi: 10.1101/cshperspect.a028878

99. Dogan I, Bertocci B, Vilmont V, Delbos F, Mégret J, Storck S, et al. Multiple
layers of B cell memory with different effector functions. Nat Immunol.

(2009) 10:1292–9. doi: 10.1038/ni.1814
100. Burton BR, Tennant RK, Love J, Titball RW, Wraith DC, White

HN. Variant proteins stimulate more IgM+ GC B-cells revealing a
mechanism of cross-reactive recognition by antibody memory. Elife. (2018)
7:e26832. doi: 10.7554/eLife.26832

101. Tennant RK, Holzer B, Love J, Tchilian E, White HN. Higher levels of B-cell
mutation in the early germinal centres of an inefficient secondary antibody
response to a variant influenza haemagglutinin. Immunology. (2019)
157:86–91. doi: 10.1101/438184

102. Henry C, Zheng N-Y, Huang M, Cabanov A, Rojas KT, Kaur
K, et al. Influenza virus vaccination elicits poorly adapted B
cell responses in elderly individuals. Cell Host Microbe. (2019)
25:357–66.e6. doi: 10.1016/j.chom.2019.01.002

103. Tesini BL, Kanagaiah P, Wang J, HahnM, Halliley JL, Chaves FA, 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. doi: 10.1128/JVI.00169-19

104. Pape KA, Jenkins MK. Do memory B cells form secondary
germinal centers? It depends. Cold Spring Harb Perspect Biol. (2018)
10:a029116. doi: 10.1101/cshperspect.a029116

105. Ochsenbein AF, Pinschewer DD, Odermatt B, Ciurea A, Hengartner H,
Zinkernagel RM. Correlation of T cell independence of antibody responses
with antigen dose reaching secondary lymphoid organs: implications for
splenectomized patients and vaccine design. J Immunol. (2000) 164:6296–
302. doi: 10.4049/jimmunol.164.12.6296

106. El Shikh MEM, El Sayed RM, Szakal AK, Tew JG. T-independent
antibody responses to T-dependent antigens: a novel follicular
dendritic cell-dependent activity. J Immunol. (2009) 182:3482–
91. doi: 10.4049/jimmunol.0802317

107. Obukhanych TV, Nussenzweig MC. T-independent type II immune
responses generate memory B cells. J Exp Med. (2006) 203:305–
10. doi: 10.1084/jem.20052036

108. Brodeur PH, Wortis HH. Regulation of thymus-independent responses:
unresponsiveness to a second challenge of TNP-Ficoll is mediated by hapten-
specific antibodies. J Immunol. (1980) 125:1499–505.

109. Taillardet M, Haffar G, Mondière P, Asensio M-J, Gheit H, Burdin N,
et al. The thymus-independent immunity conferred by a pneumococcal
polysaccharide is mediated by long-lived plasma cells. Blood. (2009)
114:4432–40. doi: 10.1182/blood-2009-01-200014

110. Lee BO, Rangel-Moreno J, Moyron-Quiroz JE, Hartson L,MakrisM, Sprague
F, et al. CD4T cell-independent antibody response promotes resolution of
primary influenza infection and helps to prevent reinfection. J Immunol.

(2005) 175:5827–38. doi: 10.4049/jimmunol.175.9.5827
111. Gross PA, Ennis FA. Influenza vaccine: split-product versus whole-

virus types–How do they differ. N Engl J Med. (1977) 296:567–
8. doi: 10.1056/NEJM197703102961012

112. Gross PA, Ennis FA, Gaerlan PF, Denson LJ, Denning CR, Schiffman D.
A controlled double-blind comparison of reactogenicity, immunogenicity,
and protective efficacy of whole-virus and split-product influenza vaccines
in children. J Infect Dis. (1977) 136:623–32. doi: 10.1093/infdis/136.5.623

113. Beyer WE, Palache AM, Osterhaus AD. Comparison of serology and
reactogenicity between influenza subunit vaccines and whole virus or split
vaccines: a review and meta-analysis of the literature. Clin Drug Investig.

(1998) 15:1–12. doi: 10.2165/00044011-199815010-00001

Frontiers in Immunology | www.frontiersin.org 14 July 2019 | Volume 10 | Article 1400

https://doi.org/10.1038/nm.3927
https://doi.org/10.1016/j.imlet.2016.02.006
https://doi.org/10.1038/s41541-017-0036-2
https://doi.org/10.1016/j.jcv.2018.09.016
https://doi.org/10.1093/intimm/dxs050
https://doi.org/10.1126/science.1241146
https://doi.org/10.1016/j.coi.2017.03.005
https://doi.org/10.1016/j.coi.2011.03.004
https://doi.org/10.1146/annurev.immunol.12.1.881
https://doi.org/10.1038/381751a0
https://doi.org/10.1084/jem.20060087
https://doi.org/10.4049/jimmunol.0901690
https://doi.org/10.1016/bs.ai.2016.02.003
https://doi.org/10.1016/S1471-4906(01)02111-1
https://doi.org/10.1073/pnas.1511270112
https://doi.org/10.1016/j.immuni.2015.12.004
https://doi.org/10.1038/ni.3460
https://doi.org/10.1084/jem.20160789
https://doi.org/10.1084/jem.20120127
https://doi.org/10.1093/intimm/dxt030
https://doi.org/10.4049/jimmunol.1400065
https://doi.org/10.1038/ni.3095
https://doi.org/10.1101/cshperspect.a028878
https://doi.org/10.1038/ni.1814
https://doi.org/10.7554/eLife.26832
https://doi.org/10.1101/438184
https://doi.org/10.1016/j.chom.2019.01.002
https://doi.org/10.1128/JVI.00169-19
https://doi.org/10.1101/cshperspect.a029116
https://doi.org/10.4049/jimmunol.164.12.6296
https://doi.org/10.4049/jimmunol.0802317
https://doi.org/10.1084/jem.20052036
https://doi.org/10.1182/blood-2009-01-200014
https://doi.org/10.4049/jimmunol.175.9.5827
https://doi.org/10.1056/NEJM197703102961012
https://doi.org/10.1093/infdis/136.5.623
https://doi.org/10.2165/00044011-199815010-00001
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

114. Onodera T, Hosono A, Odagiri T, Tashiro M, Kaminogawa S, Okuno Y,
et al. Whole-virion influenza vaccine recalls an early burst of high-affinity
memory B cell response through TLR signaling. J Immunol. (2016) 196:4172–
84. doi: 10.4049/jimmunol.1600046

115. Koutsakos M, Wheatley AK, Loh L, Clemens EB, Sant S, Nüssing
S, et al. Circulating TFHcells, serological memory, and tissue
compartmentalization shape human influenza-specific B cell immunity. Sci
Transl Med. (2018) 10:eaan8405. doi: 10.1126/scitranslmed.aan8405

116. Joo HM, He Y, Sangster MY. Broad dispersion and lung localization of virus-
specific memory B cells induced by influenza pneumonia. Proc Natl Acad Sci
USA. (2008) 105:3485–90. doi: 10.1073/pnas.0800003105

117. Onodera T, Takahashi Y, Yokoi Y, Ato M, Kodama Y, Hachimura S, et al.
Memory B cells in the lung participate in protective humoral immune
responses to pulmonary influenza virus reinfection. Proc Natl Acad Sci USA.
(2012) 109:2485–90. doi: 10.1073/pnas.1115369109

118. Allie SR, Bradley JE, Mudunuru U, Schultz MD, Graf BA, Lund FE, et al. The
establishment of resident memory B cells in the lung requires local antigen
encounter. Nat Immunol. (2018) 20:97–108. doi: 10.1038/s41590-018-
0260-6

119. Hoft DF, Lottenbach KR, Blazevic A, Turan A, Blevins TP, Pacatte TP, et al.
Comparisons of the humoral and cellular immune responses induced by live
attenuated influenza vaccine and inactivated influenza vaccine in adults. Clin
Vaccine Immunol. (2017) 24:e00414-16. doi: 10.1128/CVI.00414-16

120. Yusuf I, Kageyama R, Monticelli L, Johnston RJ, Ditoro D, Hansen K, et al.
Germinal center T follicular helper cell IL-4 production is dependent on
signaling lymphocytic activation molecule receptor (CD150). J Immunol.

(2010) 185:190–202. doi: 10.4049/jimmunol.0903505
121. Kitano M, Moriyama S, Ando Y, Hikida M, Mori Y, Kurosaki T, Okada

T. Bcl6 protein expression shapes pre-germinal center B cell dynamics
and follicular helper T cell heterogeneity. Immunity. (2011) 34:961–
72. doi: 10.1016/j.immuni.2011.03.025

122. Liu X, Yan X, Zhong B, Nurieva RI, Wang A, Wang X, et al. Bcl6 expression
specifies the T follicular helper cell program in vivo. J Exp Med. (2012)
209:1841–52, S1–24. doi: 10.1084/jem.20120219

123. Choi YS, Eto D, Yang JA, Lao C, Crotty S. Cutting edge: STAT1 is required for
IL-6-mediated Bcl6 induction for early follicular helper cell differentiation. J
Immunol. (2013) 190:3049–53. doi: 10.4049/jimmunol.1203032

124. Hale JS, Youngblood B, Latner DR,MohammedAUR, Ye L, Akondy RS, et al.
Distinct memory CD4+ T cells with commitment to T follicular helper- and
T helper 1-cell lineages are generated after acute viral infection. Immunity.

(2013) 38:805–17. doi: 10.1016/j.immuni.2013.02.020
125. Shulman Z, Gitlin AD, Targ S, Jankovic M, Pasqual G, Nussenzweig MC,

et al. T follicular helper cell dynamics in germinal centers. Science. (2013)
341:673–7. doi: 10.1126/science.1241680

126. Suan D, Nguyen A, Moran I, Bourne K, Hermes JR, Arshi M, et al.
T follicular helper cells have distinct modes of migration and molecular
signatures in naive and memory immune responses. Immunity. (2015)
42:704–18. doi: 10.1016/j.immuni.2015.03.002

127. Chevalier N, Jarrossay D, Ho E, Avery DT, Ma CS, Yu D, et al.
CXCR5 expressing human central memory CD4T cells and their
relevance for humoral immune responses. J Immunol. (2011) 186:5556–
8. doi: 10.4049/jimmunol.1002828

128. He J, Tsai LM, Leong YA, Hu X, Ma CS, Chevalier N, et al. Circulating
precursor CCR7(lo)PD-1(hi) CXCR5+ CD4+ T cells indicate Tfh cell activity
and promote antibody responses upon antigen reexposure. Immunity. (2013)
39:770–81. doi: 10.1016/j.immuni.2013.09.007

129. Haynes NM, Allen CDC, Lesley R, Ansel KM, Killeen N,
Cyster JG. Role of CXCR5 and CCR7 in follicular Th cell
positioning and appearance of a programmed cell death gene-
1high germinal center-associated subpopulation. J Immunol. (2007)
179:5099–108. doi: 10.4049/jimmunol.179.8.5099

130. Groom JR, Luster AD. CXCR3 in T cell function. Exp Cell Res. (2011)
317:620–31. doi: 10.1016/j.yexcr.2010.12.017

131. Ito T, Carson WF, Cavassani KA, Connett JM, Kunkel SL. CCR6 as a
mediator of immunity in the lung and gut. Exp Cell Res. (2011) 317:613–
9. doi: 10.1016/j.yexcr.2010.12.018

132. Morita R, Schmitt N, Bentebibel S-E, Ranganathan R, Bourdery L,
Zurawski G, et al. Human blood CXCR5(+)CD4(+) T cells are

counterparts of T follicular cells and contain specific subsets that
differentially support antibody secretion. Immunity. (2011) 34:108–
21. doi: 10.1016/j.immuni.2010.12.012

133. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn
CL, et al. Human circulating PD-1+CXCR3–CXCR5+ memory Tfh cells
are highly functional and correlate with broadly neutralizing HIV antibody
responses. Immunity. (2013) 39:758–69. doi: 10.1016/j.immuni.2013.
08.031

134. Bentebibel S-E, Lopez S, Obermoser G, Schmitt N, Mueller C, Harrod
C, et al. Induction of ICOS+CXCR3+CXCR5+ TH cells correlates with
antibody responses to influenza vaccination. Sci Transl Med. (2013)
5:176ra32. doi: 10.1126/scitranslmed.3005191

135. Skowronski DM, Chambers C, De Serres G, Sabaiduc S, Winter A-
L, Dickinson JA, et al. Serial vaccination and the antigenic distance
hypothesis: effects on influenza vaccine effectiveness during A(H3N2)
epidemics in Canada, 2010-2011 to 2014-2015. J Infect Dis. (2017) 215:1059–
99. doi: 10.1093/infdis/jix074

136. Quiñones-Parra S, Grant E, Loh L, Nguyen THO, Campbell K-A, Tong
SYC, et al. Preexisting CD8+ T-cell immunity to the H7N9 influenza A
virus varies across ethnicities. Proc Natl Acad Sci USA. (2014) 111:1049–
54. doi: 10.1073/pnas.1322229111

137. Wang Z, Zhu L, Nguyen THO, Wan Y, Sant S, Quiñones-Parra SM, et al.
Clonally diverse CD38+HLA-DR+CD8+ T cells persist during fatal H7N9
disease. Nat Commun. (2018) 9:824. doi: 10.1038/s41467-018-03243-7

138. Tu W, Mao H, Zheng J, Liu Y, Chiu SSS, Qin G, et al. Cytotoxic
T lymphocytes established by seasonal human influenza cross-react
against 2009 pandemic H1N1 Influenza Virus. J Virol. (2010) 84:6527–
35. doi: 10.1128/JVI.00519-10

139. Sridhar S, Begom S, Bermingham A, Hoschler K, Adamson W, Carman
W, et al. Cellular immune correlates of protection against symptomatic
pandemic influenza. Nat Med. (2013) 19:1305–12. doi: 10.1038/nm.3350

140. Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO. Potent protection
against H5N1 and H7N9 influenza via childhood hemagglutinin imprinting.
Science. (2016) 354:722–6. doi: 10.1126/science.aag1322

141. Hamada H, Bassity E, Flies A, Strutt TM, Garcia-Hernandez M d. L,
McKinstry KK, et al. Multiple redundant effector mechanisms of CD8+
T cells protect against influenza infection. J Immunol. (2013) 190:296–
306. doi: 10.4049/jimmunol.1200571

142. Kuwano K, Kawashima T, Arai S. Antiviral effect of TNF-alpha and IFN-
gamma secreted from a CD8+ influenza virus-specific CTL clone. Viral
immunol. (1993) 6:1–11. doi: 10.1089/vim.1993.6.1

143. Topham DJ, Tripp RA, Doherty PC. CD8+ T cells clear influenza virus by
perforin or Fas-dependent processes. J Immunol. (1997) 159:5197–200.

144. Jenkins MR, Griffiths GM. The synapse and cytolytic machinery of cytotoxic
T cells.Curr Opin Immunol. (2010) 22:308–13. doi: 10.1016/j.coi.2010.02.008

145. Brincks EL, Katewa A, Kucaba TA, Griffith TS, Legge KL. CD8T cells utilize
TRAIL to control influenza virus infection. J Immunol. (2008) 181:4918–
25. doi: 10.4049/jimmunol.181.7.4918

146. Kaech SM, Wherry EJ, Ahmed R. Vaccines: effector and memory T-cell
differentiation: implications for vaccine development. Nat Rev Immunol.

(2002) 2:251. doi: 10.1038/nri778
147. Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R.

Selective expression of the interleukin 7 receptor identifies effector CD8T
cells that give rise to long-lived memory cells. Nat Immunol. (2003)
4:1191–8. doi: 10.1038/ni1009

148. Olson JA, McDonald-Hyman C, Jameson SC, Hamilton
SE. Effector-like CD8+T cells in the memory population
mediate potent protective immunity. Immunity. (2013) 38:
1250–60. doi: 10.1016/j.immuni.2013.05.009

149. Croom HA, Denton AE, Valkenburg SA, Swan NG, Olson MR, Turner
SJ, et al. Memory precursor phenotype of CD8+ T cells reflects
early antigenic experience rather than memory numbers in a model
of localized acute influenza infection. Eur J Immunol. (2011) 41:682–
93. doi: 10.1002/eji.201040625

150. Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK, et al.
The transcriptional regulators Id2 and Id3 control the formation
of distinct memory CD8+T cell subsets. Nat Immunol. (2011)
12:1221–9. doi: 10.1038/ni.2158

Frontiers in Immunology | www.frontiersin.org 15 July 2019 | Volume 10 | Article 1400

https://doi.org/10.4049/jimmunol.1600046
https://doi.org/10.1126/scitranslmed.aan8405
https://doi.org/10.1073/pnas.0800003105
https://doi.org/10.1073/pnas.1115369109
https://doi.org/10.1038/s41590-018-0260-6
https://doi.org/10.1128/CVI.00414-16
https://doi.org/10.4049/jimmunol.0903505
https://doi.org/10.1016/j.immuni.2011.03.025
https://doi.org/10.1084/jem.20120219
https://doi.org/10.4049/jimmunol.1203032
https://doi.org/10.1016/j.immuni.2013.02.020
https://doi.org/10.1126/science.1241680
https://doi.org/10.1016/j.immuni.2015.03.002
https://doi.org/10.4049/jimmunol.1002828
https://doi.org/10.1016/j.immuni.2013.09.007
https://doi.org/10.4049/jimmunol.179.8.5099
https://doi.org/10.1016/j.yexcr.2010.12.017
https://doi.org/10.1016/j.yexcr.2010.12.018
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1016/j.immuni.2013.08.031
https://doi.org/10.1126/scitranslmed.3005191
https://doi.org/10.1093/infdis/jix074
https://doi.org/10.1073/pnas.1322229111
https://doi.org/10.1038/s41467-018-03243-7
https://doi.org/10.1128/JVI.00519-10
https://doi.org/10.1038/nm.3350
https://doi.org/10.1126/science.aag1322~
https://doi.org/10.4049/jimmunol.1200571
https://doi.org/10.1089/vim.1993.6.1
https://doi.org/10.1016/j.coi.2010.02.008
https://doi.org/10.4049/jimmunol.181.7.4918
https://doi.org/10.1038/nri778
https://doi.org/10.1038/ni1009
https://doi.org/10.1016/j.immuni.2013.05.009
https://doi.org/10.1002/eji.201040625
https://doi.org/10.1038/ni.2158
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

151. Pepper M, Pagán AJ, Igyártó BZ, Taylor JJ, Jenkins MK. Opposing signals
from the Bcl6 transcription factor and the interleukin-2 receptor generate
T helper 1 central and effector memory cells. Immunity. (2011) 4:583–95.
doi: 10.1016/j.immuni.2011.09.009

152. Kedzierska K, Stambas J, Jenkins MR, Keating R, Turner SJ, Doherty PC.
Location rather than CD62L phenotype is critical in the early establishment
of influenza-specific CD8+ T cell memory. Proc Natl Acad Sci USA. (2007)
104:9782–7. doi: 10.1073/pnas.0703699104

153. Kakaradov B, Arsenio J, Widjaja CE, He Z, Aigner S, Metz PJ,
et al. Early transcriptional and epigenetic regulation of CD8 + T cell
differentiation revealed by single-cell RNA sequencing.Nat Immunol. (2017)
18:422–32. doi: 10.1038/ni.3688

154. Daniels MA, Teixeiro E. TCR signaling in T cell memory. Front Immunol.

(2015) 6:617. doi: 10.3389/fimmu.2015.00617
155. Chang JT, Palanivel VR, Kinjyo I, Schambach F, Intlekofer AM, Banerjee A,

et al. Asymmetric T lymphocyte division in the initiation of adaptive immune
responses. Science. (2007) 5819:1687–91. doi: 10.1126/science.1139393

156. Arsenio J, Kakaradov B, Metz PJ, Kim SH, Yeo GW, Chang JT.
Early specification of CD8+T lymphocyte fates during adaptive
immunity revealed by single-cell gene-expression analyses. Nat Immunol.

(2014) 15:365–72. doi: 10.1038/ni.2842
157. Pollizzi KN, Sun IH, Patel CH, Lo YC, Oh MH, Waickman AT, et al.

Asymmetric inheritance of mTORC1 kinase activity during division
dictates CD8+T cell differentiation. Nat Immunol. (2016) 17:704–
11. doi: 10.1038/ni.3438

158. Jenkins MR, Kedzierska K, Doherty PC, Turner SJ. Heterogeneity of
effector phenotype for acute phase and memory influenza A virus-
specific CTL. J Immunol. (2007) 179:64–70. doi: 10.4049/jimmunol.
179.1.64

159. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and
protection: implications for vaccine design. Nat Rev Immunol. (2008)
8:247–58. doi: 10.1038/nri2274

160. Pizzolla A, Nguyen THO, Sant S, Jaffar J, Loudovaris T, Mannering SI,
et al. Influenza-specific lung-resident memory t cells are proliferative and
polyfunctional and maintain diverse TCR profiles. J Clin Investig. (2018)
128:721–33. doi: 10.1172/JCI96957

161. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, Abraham J,
et al. HIV nonprogressors preferentially maintain highly functional HIV-
specific CD8+ T cells. Blood. (2006) 107:4781–9. doi: 10.1182/blood-2005-
12-4818

162. Williams MA, Tyznik AJ, Bevan MJ. Interleukin-2 signals
during priming are required for secondary expansion of
CD8+memory T cells. Nature. (2006) 441:890–3. doi: 10.1038/nature
04790

163. Darrah PA, Patel DT, De Luca PM, Lindsay RWB, Davey DF, Flynn BJ, et al.
Multifunctional TH1 cells define a correlate of vaccine-mediated protection
against Leishmania major. Nat Med. (2007) 13:843–50. doi: 10.1038/
nm1592

164. Precopio ML, Betts MR, Parrino J, Price DA, Gostick E, Ambrozak
DR, et al. Immunization with vaccinia virus induces polyfunctional and
phenotypically distinctive CD8 + T cell responses. J Exp Med. (2007)
204:1405–16. doi: 10.1084/jem.20062363

165. Slütter B, Pewe LL, Kaech SM, Harty JT. Lung airway-surveilling
CXCR3hi memory CD8+ T cells are critical for protection against
influenza A virus. Immunity. (2013) 39:939–48. doi: 10.1016/j.immuni.2013.
09.013

166. Sallusto F, Lenig D, Förster R, Lipp M, Lanzavecchia A. Two
subsets of memory T lymphocytes with distinct homing potentials
and effector functions. Nature. (1999) 401:708–12. doi: 10.1038/
44385

167. Lefrançois L, Masopust D. T cell immunity in lymphoid and
non-lymphoid tissues. Curr Opin Immunol. (2002) 14:503–
8. doi: 10.1016/S0952-7915(02)00360-6

168. Wherry EJ, Ahmed R. Memory CD8 T-cell differentiation during viral
infection. J Virol. (2004) 78:5535–45. doi: 10.1128/JVI.78.11.5535-5545.2004

169. Purwar R, Campbell J, Murphy G, Richards WG, Clark RA, Kupper
TS. Resident Memory T cells (TRM) are abundant in human

lung: diversity, function, and antigen specificity. PLoS ONE. (2011)
6:16245. doi: 10.1371/journal.pone.0016245

170. Wu T, Hu Y, Lee Y-T, Bouchard KR, Benechet A, Khanna K, et al. Lung-
resident memory CD8T cells (TRM) are indispensable for optimal cross-
protection against pulmonary virus infection. J Leuk Biol. (2014) 95:215–
24. doi: 10.1189/jlb.0313180

171. MacKay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, et al. The
developmental pathway for CD103+CD8+tissue-resident memory T cells of
skin. Nat Immunol. (2013) 14:1294–301. doi: 10.1038/ni.2744

172. Sheridan BS, Pham QM, Lee YT, Cauley LS, Puddington L, Lefrançois L.
Oral infection drives a distinct population of intestinal resident memory
cd8+t cells with enhanced protective function. Immunity. (2014) 40:747–
57. doi: 10.1016/j.immuni.2014.03.007

173. Gaide O, Emerson RO, Jiang X, Gulati N, Nizza S, Desmarais C, et al.
Common clonal origin of central and resident memory T cells following skin
immunization. Nat Med. (2015) 21:647–53. doi: 10.1038/nm.3860

174. Mackay LK, Kallies A. Transcriptional regulation of tissue-
resident lymphocytes. Trends Immunol. (2017) 38:94–
103. doi: 10.1016/j.it.2016.11.004

175. Milner JJ, Toma C, Yu B, Zhang K, Omilusik K, Phan AT, et al. Runx3
programs CD8+ T cell residency in non-lymphoid tissues and tumours.
Nature. (2017) 552:253–7. doi: 10.1038/nature24993

176. Roychoudhuri R, Clever D, Li P, Wakabayashi Y, Quinn KM, Klebanoff
CA, et al. BACH2 regulates CD8(+) T cell differentiation by controlling
access of AP-1 factors to enhancers. Nat Immunol. (2016) 17:851–
60. doi: 10.1038/ni.3441

177. Mackay LK, Minnich M, Kragten NAM, Liao Y, Nota B, Seillet C, et al. Hobit
and Blimp1 instruct a universal transcriptional program of tissue residency
in lymphocytes. Science. (2016) 352:459–63. doi: 10.1126/science.aad2035

178. Skon CN, Lee JY, Anderson KG, Masopust D, Hogquist KA, Jameson SC.
Transcriptional downregulation of S1pr1 is required for the establishment
of resident memory CD8+ T cells. Nat Immunol. (2013) 14:1285–
93. doi: 10.1038/ni.2745

179. Mackay LK, Wynne-Jones E, Freestone D, Pellicci DG, Mielke LA, Newman
DM, et al. T-box transcription factors combine with the cytokines TGF-β
and IL-15 to control tissue-resident memory T cell fate. Immunity. (2015)
43:1101–11. doi: 10.1016/j.immuni.2015.11.008

180. Zaid A, Mackay LK, Rahimpour A, Braun A, VeldhoenM, Carbone FR, et al.
Persistence of skin-resident memory T cells within an epidermal niche. Proc
Natl Acad Sci USA. (2014) 111:5307–12. doi: 10.1073/pnas.1322292111

181. Boddupalli CS, Nair S, Gray SM, Nowyhed HN, Verma R, Gibson JA, et al.
ABC transporters and NR4A1 identify a quiescent subset of tissue-resident
memory T cells. J Clin Invest. (2016) 126:3905–16. doi: 10.1172/JCI85329

182. Hombrink P, Helbig C, Backer RA, Piet B, Oja AE, Stark R, et al. Programs
for the persistence, vigilance and control of human CD8+ lung-resident
memory T cells. Nat Immunol. (2016) 17:1467–78. doi: 10.1038/ni.3589

183. Turner DL, Bickham KL, Thome JJ, Kim CY, D’Ovidio F, Wherry EJ, et al.
Lung niches for the generation and maintenance of tissue-resident memory
T cells.Mucosal Immunol. (2014) 7:501–10. doi: 10.1038/mi.2013.67

184. Laidlaw BJ, Zhang N, Marshall HD, Staron MM, Guan T, Hu Y, et al.
CD4+T cell help guides formation of CD103+lung-resident memory
CD8+T cells during influenza viral infection. Immunity. (2014) 41:633–
45. doi: 10.1016/j.immuni.2014.09.007

185. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone
FR. Memory T cells in nonlymphoid tissue that provide enhanced local
immunity during infection with herpes simplex virus. Nat Immunol. (2009)
10:524–30. doi: 10.1038/ni.1718

186. Masopust D, Choo D, Vezys V, Wherry EJ, Duraiswamy J,
Akondy R, et al. Dynamic T cell migration program provides
resident memory within intestinal epithelium. J Exp Med. (2010)
207:553–64. doi: 10.1084/jem.20090858

187. Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN, et al. Long-
lived epithelial immunity by tissue-resident memory T (TRM) cells in the
absence of persisting local antigen presentation. Proc Natl Acad Sci USA.

(2012) 109:7037–42. doi: 10.1073/pnas.1202288109
188. Slütter B, Van Braeckel-Budimir N, Abboud G, Varga SM, Salek-Ardakani

S, Harty JT. Dynamics of influenza-induced lung-resident memory T

Frontiers in Immunology | www.frontiersin.org 16 July 2019 | Volume 10 | Article 1400

https://doi.org/10.1016/j.immuni.2011.09.009
https://doi.org/10.1073/pnas.0703699104
https://doi.org/10.1038/ni.3688
https://doi.org/10.3389/fimmu.2015.00617
https://doi.org/10.1126/science.1139393
https://doi.org/10.1038/ni.2842
https://doi.org/10.1038/ni.3438
https://doi.org/10.4049/jimmunol.179.1.64
https://doi.org/10.1038/nri2274
https://doi.org/10.1172/JCI96957
https://doi.org/10.1182/blood-2005-12-4818
https://doi.org/10.1038/nature04790
https://doi.org/10.1038/nm1592
https://doi.org/10.1084/jem.20062363
https://doi.org/10.1016/j.immuni.2013.09.013
https://doi.org/10.1038/44385
https://doi.org/10.1016/S0952-7915(02)00360-6
https://doi.org/10.1128/JVI.78.11.5535-5545.2004
https://doi.org/10.1371/journal.pone.0016245
https://doi.org/10.1189/jlb.0313180
https://doi.org/10.1038/ni.2744
https://doi.org/10.1016/j.immuni.2014.03.007
https://doi.org/10.1038/nm.3860
https://doi.org/10.1016/j.it.2016.11.004
https://doi.org/10.1038/nature24993
https://doi.org/10.1038/ni.3441
https://doi.org/10.1126/science.aad2035
https://doi.org/10.1038/ni.2745
https://doi.org/10.1016/j.immuni.2015.11.008
https://doi.org/10.1073/pnas.1322292111
https://doi.org/10.1172/JCI85329
https://doi.org/10.1038/ni.3589
https://doi.org/10.1038/mi.2013.67
https://doi.org/10.1016/j.immuni.2014.09.007
https://doi.org/10.1038/ni.1718
https://doi.org/10.1084/jem.20090858
https://doi.org/10.1073/pnas.1202288109
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

cells underlie waning heterosubtypic immunity. Sci Immunol. (2017)
2:eaag2031. doi: 10.1126/sciimmunol.aag2031

189. Quiñones-Parra SM, Clemens EB, Wang Z, Croom HA, Kedzierski L,
McVernon J, et al. A role of influenza virus exposure history in determining
pandemic susceptibility and CD8+ T cell responses. J Virol. (2016) 90:6936–
47. doi: 10.1128/JVI.00349-16

190. Guo H, Baker SF, Martínez-Sobrido L, Topham DJ. Induction of CD8T cell
heterologous protection by a single dose of single-cycle infectious influenza
virus. J Virol. (2014) 88:12006–16. doi: 10.1128/JVI.01847-14

191. Gotch F, Rothbard J, Howland K, Townsend A, Mcmichael A. Cytotoxic
T lymphocytes recognize a fragment of influenza virus matrix protein
in association with HLA-A2. Nature. (1987) 326:881–2. doi: 10.1038/326
881a0

192. Morrisono J, Elvino J, Latrono F, Gotcho F, Mootso R, Stromingero JLL, et al.
Identification of the nonamer peptide from influenza A matrix protein and
the role of pockets of HLA-A2 in its recognition by cytotoxic T lymphocytes∗.
Eur J Immunol.. (1992) 22:903–7. doi: 10.1002/eji.1830220404

193. Valkenburg SA, Josephs TM, Clemens EB, Grant EJ, Nguyen THO, Wang
GC, et al. Molecular basis for universal HLA-A∗0201–restricted CD8+ T-
cell immunity against influenza viruses. Proc Natl Acad Sci USA. (2016)
113:4440–5. doi: 10.1073/pnas.1603106113

194. Rimmelzwaan GF, Kreijtz JHCM, Bodewes R, Fouchier RAM, Osterhaus
ADME. Influenza virus CTL epitopes, remarkably conserved and
remarkably variable. Vaccine. (2009) 27:6363–5. doi: 10.1016/j.vaccine.2009.
01.016

195. Grant EJ, Josephs TM, Loh L, Clemens EB, Sant S, Bharadwaj M,
et al. Broad CD8+ T cell cross-recognition of distinct influenza A
strains in humans. Nat Commun. (2018) 9:5427. doi: 10.1038/s41467-018-0
7815-5

196. Koutsakos M, Illing PT, Nguyen THO, Mifsud NA, Crawford JC, Rizzetto
S, et al. Human CD8 + T cell cross-reactivity across influenza A, B
and C viruses. Nat Immunol. (2019) 20:613–625. doi: 10.1038/s41590-019-
0320-6

197. Hertz T, Oshansky CM, Roddam PL, DeVincenzo JP, Caniza MA,
Jojic N, et al. HLA targeting efficiency correlates with human T-
cell response magnitude and with mortality from influenza A infection.
Proc Natl Acad Sci USA. (2013) 110:13492–7. doi: 10.1073/pnas.12215
55110

198. Lenzi L, DeMello ÂM, da Silva LR, Grochocki MHC, Pontarolo R. Pandemic
influenza A (H1N1) 2009: risk factors for hospitalization. J Brasil Pneumol.

(2012) 38:57–65. doi: 10.1590/S1806-37132012000100009
199. Trauer JM, Laurie KL, McDonnell J, Kelso A, Markey PG. Differential

effects of pandemic (H1N1) 2009 on remote and indigenous groups,
Northern Territory, Australia, 2009. Emerg Infect Dis. (2011) 17:1615–
23. doi: 10.3201/eid1709.101196

200. CDC. Deaths related to 2009 pandemic influenza A (H1N1) among
American Indian/Alaska Natives – 12 states, 2009. Morb Mortal Wkly Rep.

(2009) 58:1341–4.
201. Verrall A, Norton K, Rooker S, Dee S, Olsen L, Tan CE, et al. Hospitalizations

for pandemic (H1N1) 2009 among Maori and Pacific Islanders, New
Zealand. Emerg Infect Dis. (2010) 16:100–2. doi: 10.3201/eid1601.
090994

202. Kool JL, Pavlin BI, Musto J, Dawainavesi A. Influenza surveillance
in the Pacific Island countries and territories during the 2009
pandemic: an observational study. BMC Infect Dis. (2013)
13:6. doi: 10.1186/1471-2334-13-6

203. Clemens EB, Grant EJ, Wang Z, Gras S, Tipping P, Rossjohn J, et al.
Towards identification of immune and genetic correlates of severe influenza
disease in Indigenous Australians. Immunol Cell Biol. (2016) 94:367–
77. doi: 10.1038/icb.2015.93

204. Gras S, Kedzierski L, Valkenburg SA, Laurie K, Liu YC, Denholm
JT, et al. Cross-reactive CD8+ T-cell immunity between the
pandemic H1N1-2009 and H1N1-1918 influenza A viruses. Proc

Natl Acad Sci USA. (2010) 107:12599–604. doi: 10.1073/pnas.1007
270107

205. Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, et al. Human infection
with a novel avian-origin influenza A (H7N9) virus. N Engl J Med. (2013)
368:1888–97. doi: 10.1056/NEJMoa1304459

206. Wang SJ, Liu XW, Shen X, Hua XG, Cui L. Epidemiological and
molecular analysis of avian influenza A(H7N9) virus in Shanghai, China,
2013-2017. Infect Drug Resist. (2018) 11:2411–24. doi: 10.2147/IDR.S
179517

207. Wang Z, Wan Y, Qiu C, Quiñones-Parra S, Zhu Z, Loh L, et al.
Recovery from severe H7N9 disease is associated with diverse response
mechanisms dominated by CD8+ T cells. Nat Commun. (2015)
6:6833. doi: 10.1038/ncomms7833

208. Bodewes R, De Mutsert G, Van Der Klis FRM, Ventresca M, Wilks S,
Smith DJ, et al. Prevalence of antibodies against seasonal influenza A and
B Viruses in children in Netherlands. Clin Vacc Immunol. (2011) 18:469–
76. doi: 10.1128/CVI.00396-10

209. Mbawuike IN, Piedra PA, Cate TR, Couch RB. Cytotoxic T lymphocyte
responses of infants after natural infection or immunization with live cold-
& combinant or Inactivated Influenza A. Virus Vacc. (1996) 11:105–11.
doi: 10.1002/(SICI)1096-9071(199610)50:2<105::AID-JMV1>3.0.CO;2-E

210. Akondy RS, Fitch M, Edupuganti S, Yang S, Kissick HT, Li KW,
et al. Origin and differentiation of human memory CD8T cells
after vaccination. Nature. (2017) 552:362–7. doi: 10.1038/nature
24633

211. van de Sandt CE, Hillaire MLB, Geelhoed-Mieras MM, Osterhaus
ADME, Fouchier RAM, Rimmelzwaan GF. Human influenza A virus-
specific CD8+ T-Cell response is long-lived. J Infect Dis. (2015) 212:81–
5. doi: 10.1093/infdis/jiv018

212. Vogt A, Mahe B, Costagliola D, Bonduelle O, Hadam S, Schaefer G,
et al. Transcutaneous anti-influenza vaccination promotes both CD4 and
CD8T cell immune responses in humans. J Immunol. (2008) 180:1482–
9. doi: 10.4049/jimmunol.180.3.1482

213. Pleguezuelos O, Robinson S, Stoloff GA, Caparrós-Wanderley W. Synthetic
Influenza vaccine (FLU-v) stimulates cell mediated immunity in a double-
blind, randomised, placebo-controlled Phase I trial.Vaccine. (2012) 30:4655–
60. doi: 10.1016/j.vaccine.2012.04.089

214. Stoloff GA, Caparros-Wanderley W. Synthetic multi-epitope peptides
identified in silico induce protective immunity against multiple influenza
serotypes. Eur J Immunol. (2007) 37:2441–9. doi: 10.1002/eji.200
737254

215. Pleguezuelos O, Robinson S, Fernandez A, Stoloff GA, Mann A, Gilbert A,
et al. A synthetic influenza virus vaccine induces a cellular immune response
that correlates with reduction in symptomatology and virus shedding in a
randomized phase Ib live-virus challenge in humans. Clin Vacc Immunol.

(2015) 22:828–35. doi: 10.1128/CVI.00098-15
216. Berthoud TK, Hamill M, Lillie PJ, Hwenda L, Collins KA, Ewer

KJ, et al. Potent CD8+T-cell immunogenicity in humans of a novel
heterosubtypic influenza a vaccine, MVA-NP+M1. Clin Infect Dis. (2011)
52:1–7. doi: 10.1093/cid/ciq015

217. Saha S, Yoshida S, Ohba K, Matsui K, Matsuda T, Takeshita F, et al. A fused
gene of nucleoprotein (NP) and herpes simplex virus genes (VP22) induces
highly protective immunity against different subtypes of influenza virus.
Virology. (2006) 35:48–57. doi: 10.1016/j.virol.2006.04.015

218. WangW, Li R, Deng Y, LuN, ChenH,Meng X, et al. Protective efficacy of the
conserved NP, PB1, and M1 proteins as immunogens in DNA- and vaccinia
virus-based universal influenza A virus vaccines in mice. Clin Vacc Immunol.

(2015) 22:618–30. doi: 10.1128/CVI.00091-15
219. Ilyinskii PO, Meriin AB, Gabai VL, Zhirnov OP, Thoidis G, Shneider AM.

Prime-boost vaccination with a combination of proteosome-degradable
and wild-type forms of two influenza proteins leads to augmented
CTL response. Vaccine. (2008) 26:2177–85. doi: 10.1016/j.vaccine.2008.
02.050

220. Tough DF, Borrow P, Sprent J. Induction of bystander T cell proliferation
by viruses and type I interferon in vivo. Science. (1996) 272:1947–
50. doi: 10.1126/science.272.5270.1947

221. Sckisel GD, Tietze JK, Zamora AE, Hsiao HH, Priest SO, Wilkins DEC, et al.
Influenza infection results in local expansion of memory CD8+T cells with
antigen non-specific phenotype and function. Clin Exp Immunol. (2014)
175:79–91. doi: 10.1111/cei.12186

222. Van Rhijn I, Godfrey DI, Rossjohn J, Moody DB. Lipid and small-
molecule display by CD1 and MR1. Nat Rev Immunol. (2015) 15:643–
54. doi: 10.1038/nri3889

Frontiers in Immunology | www.frontiersin.org 17 July 2019 | Volume 10 | Article 1400

https://doi.org/10.1126/sciimmunol.aag2031
https://doi.org/10.1128/JVI.00349-16
https://doi.org/10.1128/JVI.01847-14
https://doi.org/10.1038/326881a0
https://doi.org/10.1002/eji.1830220404
https://doi.org/10.1073/pnas.1603106113
https://doi.org/10.1016/j.vaccine.2009.01.016
https://doi.org/10.1038/s41467-018-07815-5
https://doi.org/10.1038/s41590-019-0320-6
https://doi.org/10.1073/pnas.1221555110
https://doi.org/10.1590/S1806-37132012000100009
https://doi.org/10.3201/eid1709.101196
https://doi.org/10.3201/eid1601.090994
https://doi.org/10.1186/1471-2334-13-6
https://doi.org/10.1038/icb.2015.93
https://doi.org/10.1073/pnas.1007270107
https://doi.org/10.1056/NEJMoa1304459
https://doi.org/10.2147/IDR.S179517
https://doi.org/10.1038/ncomms7833
https://doi.org/10.1128/CVI.00396-10
https://doi.org/10.1002/(SICI)1096-9071(199610)50:2<105::AID-JMV1>3.0.CO;2-E
https://doi.org/10.1038/nature24633
https://doi.org/10.1093/infdis/jiv018
https://doi.org/10.4049/jimmunol.180.3.1482
https://doi.org/10.1016/j.vaccine.2012.04.089
https://doi.org/10.1002/eji.200737254
https://doi.org/10.1128/CVI.00098-15
https://doi.org/10.1093/cid/ciq015
https://doi.org/10.1016/j.virol.2006.04.015
https://doi.org/10.1128/CVI.00091-15
https://doi.org/10.1016/j.vaccine.2008.02.050
https://doi.org/10.1126/science.272.5270.1947
https://doi.org/10.1111/cei.12186
https://doi.org/10.1038/nri3889
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Auladell et al. Immunological Memory Toward Influenza Viruses

223. van Wilgenburg B, Loh L, Chen Z, Pediongco TJ, Wang H, Shi
M, et al. MAIT cells contribute to protection against lethal influenza
infection in vivo. Nat Commun. (2018) 9:4706. doi: 10.1038/s41467-018-0
7207-9

224. Loh L, Wang Z, Sant S, Koutsakos M, Jegaskanda S, Corbett AJ,
et al. Human mucosal-associated invariant T cells contribute to
antiviral influenza immunity via IL-18–dependent activation. Proc

Natl Acad Sci USA. (2016) 113:10133–8. doi: 10.1073/pnas.1610
750113

225. Corbett AJ, Eckle SBG, Birkinshaw RW, Liu L, Patel O, Mahony
J, et al. T-cell activation by transitory neo-antigens derived from
distinct microbial pathways. Nature. (2014) 509:361–5. doi: 10.1038/nature
13160

226. Van Wilgenburg B, Scherwitzl I, Hutchinson EC, Leng T, Kurioka
A, Kulicke C, et al. MAIT cells are activated during human viral
infections. Nat Commun. (2016) 7:11653. doi: 10.1038/ncomms
11653

227. De Santo C, Salio M, Masri SH, Lee LYH, Dong T, Speak AO,
et al. Invariant NKT cells reduce the immunosuppressive activity of
influenza A virus-induced myeloid-derived suppressor cells in mice
and humans. J Clin Investig. (2008) 118:4036–48. doi: 10.1172/JCI
36264

228. Paget C, Ivanov S, Fontaine J, Blanc F, Pichavant M, Renneson J,
et al. Potential role of invariant NKT cells in the control of pulmonary

inflammation and CD8+ T cell response during acute influenza A virus
H3N2 pneumonia. J Immunol. (2011) 187:1515. doi: 10.4049/jimmunol.
1190034

229. Kok WL, Denney L, Benam K, Cole S, Clelland C, McMichael AJ,
et al. Pivotal advance: invariant NKT cells reduce accumulation of
inflammatory monocytes in the lungs and decrease immune-pathology
during severe influenza A virus infection. J Leuk Biol. (2012) 91:357–
68. doi: 10.1189/jlb.0411184

230. Guillonneau C, Mintern JD, Hubert F-X, Hurt AC, Besra GS, Porcelli S,
et al. Combined NKT cell activation and influenza virus vaccination boosts
memory CTL generation and protective immunity. Proc Natl Acad Sci USA.

(2009) 106:3330–5. doi: 10.1073/pnas.0813309106

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Auladell, Jia, Hensen, Chua, Fox, Nguyen, Doherty and

Kedzierska. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 18 July 2019 | Volume 10 | Article 1400

https://doi.org/10.1038/s41467-018-07207-9
https://doi.org/10.1073/pnas.1610750113
https://doi.org/10.1038/nature13160
https://doi.org/10.1038/ncomms11653
https://doi.org/10.1172/JCI36264
https://doi.org/10.4049/jimmunol.1190034
https://doi.org/10.1189/jlb.0411184
https://doi.org/10.1073/pnas.0813309106
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Recalling the Future: Immunological Memory Toward Unpredictable Influenza Viruses
	Introduction
	The Burden of Seasonal Influenza
	Influenza Virus Evolution Poses a Challenge for Long-Term Humoral Immunity and Vaccine Effectiveness
	B Cell Memory and Imprinting Against Prior Strains
	Current Strategies to Improve Seasonal Influenza Vaccine Effectiveness
	Dissecting the B Cell Response
	Heterogenous Memory B Cell Phenotypes Have Different Roles in Secondary Responses
	T Cell-Independent B Cell Responses Against Influenza
	Importance of Location for Influenza-Specific Memory B Cells
	T Follicular Helper Cell Memory: Recent Advances in Influenza Vaccination

	Anti-viral CD8+ T Cell Responses
	T Cell Fate: to Die or Become Memory
	Importance of Generating Long-Term T Cell Memory
	CD8+ T Cells Recognize Highly Conserved Influenza Epitopes
	CD8+ T Cells Can Confer Broad Cross-Protection for Heterologous IAV Strains

	Development of CTL-Based Vaccines
	Lessons Learned From the Yellow Fever Vaccine
	Vaccination Approaches to Induce Memory CD8+ T Cells

	Innate and Bystander T Cell Activation During Influenza Virus Infection

	Concluding Remarks
	Author Contributions
	Funding
	References


