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1 | INTRODUCTION

Ryo Shinnakasu® | Tomohiro Kurosakil*

Abstract

Influenza is one of the best examples of highly mutable viruses that are able to es-
cape immune surveillance. Indeed, in response to influenza seasonal infection or vac-
cination, the majority of the induced antibodies are strain-specific. Current vaccine
against the seasonal strains with the strategy of surveillance-prediction-vaccine does
not cover an unmet virus strain leading to pandemic. Recently, antibodies targeting
conserved epitopes on the hemagglutinin (HA) protein have been identified, albeit
rarely, and they often showed broad protection. These antibody discoveries have
brought the feasibility to develop a universal vaccine. Most of these antibodies bind
the HA stem domain and accumulate in the memory B cell compartment. Broadly
reactive stem-biased memory responses were induced by infection with antigenically
divergent influenza strains and were able to eradicate these viruses, together indicat-
ing the importance of generating memory B cells expressing high-quality anti-stem
antibodies. Here, we emphasize recent progress in our understanding of how such
memory B cells can be generated and discuss how these advances may be relevant to

the quest for a universal influenza vaccine.
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A unique feature of this virus is its diversity. Influenza viruses

are mainly divided into two types, A and B. The more virulent type

Each year approximately one billion cases of influenza virus infec-
tion are reported, of which 3-5 million are severe cases and 290-650
thousand lead to deaths.! Influenza virus infection is also a global
socioeconomic issue.?

Influenza vaccine development was launched immediately after
Smith et al® isolated influenza A virus in 1933, and the vaccines were

tested®” during the 1930s and 1940s.

This article is part of a series of reviews covering B and Th cell response to Ag in vivo:
implications for vaccine development and diseases appearing in Volume 296 of
Immunological Reviews

© 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

A can be further classified into 18 different hemagglutinin (HA) sub-
types and 11 different neuraminidase subtypes, theoretically 198
combinations (in fact 131 subtypes have been detected in nature).
Type A influenza HA proteins are divided into two groups, group 1
(H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) and
group 2 (H3, H4, H7, H10, H14, and H15), based on phylogenetic
similarity (Figure 1). Not only that, what also makes it difficult
to generate an effective vaccine is the fact that influenza viruses
are constantly changing by “drift and shift.” As a result, the Global

Influenza Surveillance and Response System (GISRS) was launched
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in 1952 and now includes over 150 institutions in more than 110
countries. The GISRS monitors the circulating influenza viruses year
around and recommends the virus types, subtypes, lineages, and
strains for the seasonal flu vaccine once a year. However, for making
an annual vaccine, determining and targeting a specific virus strain,
which is continuously changing, are not so easy. Although the vac-
cine effectiveness can differ from one subtype to the other and year
to year, overall it ranges from 10% to 60% with an average of 40%
between 2004 and 2019 in the United States (Past Seasons Vaccine
Effectiveness Estimates, https://www.cdc.gov/flu/vaccines-work/
past-seasons-estimates.html). Note that these seasonal vaccines will
provide little or no protection against unpredictable pandemic influ-
enza viruses such as H5N1 and H7N9.

Multiple immune reactions contribute to protection in influenza
infection. Among them, antibodies alone can adequately protect
from infection, while T cell-mediated reactions seem to play an im-
portant role in recovery.®”’ Influenza vaccines induce serum antibod-
ies against two major glycoproteins on the surface of the virus, HA
and NA. Antibodies against the globular head of HA are detected by
the HI (HA inhibition) assay, and their titers boosted by vaccination
are generally correlated with protection.® Interestingly, Clements
et al’ reported that serum titers detected by the NA inhibition assay
are correlated with protection against virus challenge or iliness after
use of the inactivated vaccine. To date, the influenza vaccine is de-
signed to target the HA protein.

The ultimate goal is to develop a universal vaccine against both a
broad range of seasonal influenza virus strains and pandemic strains.
In this regard, in 1993, Okuno et al'® first isolated a broadly neutral-
izing antibody (bnAb) against group 1 influenza viruses. This finding

Group 2

FIGURE 1 Phylogenetic tree of major influenza A virus HA
subtypes. Sixteen HA subtypes are separated into group 1 (blue)
and group 2 (red) based on phylogenetic relatedness. Nine hundred
seventy-five segments of the HA sequences were aligned, and

the phylogenetic tree was generated using Influenza Research
Database website® followed by iTOL.8! H17N10 and H18N11 are
not listed here
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demonstrated the feasibility of developing a universal vaccine. This
mADb, called C179, recognizes a unique conformation formed by the
HA1 and HA2 domains of the stem region of HA, which is evolu-
tionally well-conserved among many strains ** (Figure 2). Since
2008, many groups have succeeded in isolating human monoclonal
antibodies able to neutralize a broad spectrum of influenza virus
strains.*> Among them, some bnAbs even recognize both group 1
and group 2 viruses.

Despite molecular identification for broadly reactive antibodies
as mentioned above, it has not been clear which type of cells are
majorly responsible for protection against re-infection of variant in-
fluenza viruses in vivo. In this regard, we summarize recent progress
to show the importance of memory B cells. Then, we discuss the
potential ways to induce memory B cells carrying broadly reactive
antibodies in breadth and affinity.

2 | ROLES OF MEMORY B CELLS
2.1 | Viral strategies for evading immunity

Influenza viruses acquire seasonal mutations, which results in the
evolution of viral envelope proteins (primary targets of antibody-
mediated protection) comprising variable regions (head region) and
conserved regions (stem region) (Figure 2); the stem region is essen-
tial for virus survival.

In order to protect the conserved domains from antibody sur-
veillance, viruses are thought to employ at least two strategies.
First, the conserved domains are weakly immunogenic or immuno-
logically subdominant in contrast to the immunologically dominant
head domains,™® for instance, because the precursor frequency of
B cells with germline ancestor antibodies recognizing the conserved

1416 5nd mice (unpublished data).

regions is inherently low in humans
Even so, there are still significant numbers of such B cells; however,
the conserved regions also provide steric hindrance to prevent anti-
body access.!” Second, the structural mimicry of host self-antigens
by epitopes within the conserved domains moderates immunogenic-
ity through immunological tolerance, thereby mitigating the gener-
ation of broadly reactive antibodies toward the conserved epitopes.
Indeed, previous studies revealed that the majority of unmutated
germline ancestors of broadly reactive antibodies against HIV* or

influenza viruses %7

are autoreactive or polyreactive. Hence, as dis-
cussed later, targeting to block these virus survival strategies would

be one possible approach when considering vaccine development.

2.2 | Evidence for the importance of memory B cells
in re-infection by variant viruses

Among the two humoral memory compartments derived from GC,
long-lived plasma cells (LLPCs) and memory B cells, LLPCs secrete
antibodies with the highest affinities for the primary infection virus;

therefore, they are mostly directed toward the dominant HA head
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epitopes with the strain bias. On the other hand, memory B cells
have been speculated to express protective antibodies recognizing
subdominant stem epitopes of drifted virus (Figure 3A). This idea
was initially based on studies of the antibody response in humans
to vaccination with the pandemic 2009 H1N1 influenza vaccine,
which showed that individuals who had lower levels of pre-existing
antibodies to this pandemic type virus generated broadly reactive
anti-stem memory responses. Moreover, these antibodies of plasma-
blasts derived from several branches of the clonotypes’ phylogeny
over two consecutive years had undergone somatic hypermutation
(SHM).Y These observations suggested that those plasmablasts
were activated from memory B cells.

Supporting the collateral roles of memory B cells against drifted
viruses, Purtha et al showed that mouse memory B cell responses to
West Nile virus retain the ability to engage variant viruses, whereas
antibody derived from LLPCs is poorly able to inhibit the variant
viruses. More recently, mouse and human studies have further
strengthened this concept. In a mouse model infection (Narita in-
fluenza infection followed by re-infection with Narita or PR8 virus),
pre-existing antibodies secreted by LLPCs protected from the ho-
mologous challenge (Narita re-infection), whereas protection from
heterologous challenge (PR8 re-infection) required memory B cell
activation. These memory B cells were mostly GC-experienced and
primarily directed toward the conserved HA stem regions.20 In addi-
tion, human longitudinal studies of Dengue and Zika virus responses
showed that memory B cell responses are more diverse (cross-re-
active with both Dengue and Zika) than those of LLPC-derived
antibodies.?

Further question will be whether influenza HA stem-specific
memory B cells can differentiate into LLPCs and secrete anti-stem
antibodies for long time? Miller et al?? performed a longitudinal
study of serum antibody titers against HA stem. The titer increases
over 20-year period. Further Nachbagauer also reported that the el-
derly had the highest antibody titers against the stem.?®> However,

immunodominance of specific region of the HA such as head globular

FIGURE 2 Hemagglutinin head

and stem and their conserved

regions. Structure view of trimerized
hemagglutinin proteins of influenza
virus. A homotrimer shown as a sphere
model. HA1 and HA2 are colored in
green and blue, respectively. The other
polypeptides of HAs are depicted as a
ribbon model. Conserved amino acids
among group 1 influenza viruses are
colored in gold overlaid on the model on
the left. Amino acids of the C179 binding
region are colored in red. These views
were generated by Protean 3D using the
structure PDB 4HLZ

C179 binding Red

domain might interfere the anti-stem humoral responses upon con-

ventional vaccination!” as we discuss later.

2.3 | Potential mechanisms by which broadly
reactive GC B cells enter the memory B cell
compartment

Then, in the case of influenza, how do broadly reactive GC B cells
enter the memory B cell pool, rather than the LLPC pool? While
many previous GC studies have focused on understanding how the
B cells undergo maturation toward the production of higher-affinity
antibodies,?*?° there has been an increased realization that the GC
responses simultaneously support the development of a diverse
population of antigen-specific B cells. Excellent reviews have been

2627 which are

published describing recent progress in GC biology,
highly recommended to the reader.

Considering these recent advances in GC biology, at least three
non-mutually exclusive possible mechanisms for the generation of
anti-stem antibodies can be envisaged (Figure 3B). First, since almost
100 clones are known to be able to enter the GC response in an in-
dividual GC,?8 anti-stem B cell clones can have a chance to get into
a GC. Because inter-clonal selection seems to be not so stringent
during the early GC period, anti-stem GC cells could be maturated
to some extent during the early time point. During GC reactions,
memory B cells with not so high-affinity antibodies are preferentially

2930 and these anti-stem GC cells are

generated at early time points,
allowed to enter the memory pool during this time frame. According
to this temporal model, at a later time point these anti-stem clones
are outcompeted by immunodominant anti-head clones. Second, as
another type of regulation, GC diversity may be promoted by anti-
body-mediated feedback, as dominant GC clones bearing antibodies
specific for particular epitopes, for instance in the head region, give
rise to plasma cells that secrete antibody that masks these epitopes,

thereby enhancing the selection of clones that bind other epitopes,
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forinstance in an originally subdominant stem region. In this case, GC
clones with anti-stem antibodies would not necessarily come up only
at the early phase. Finally, as mentioned above, many of the unmu-
tated germline ancestors of anti-stem antibodies are autoreactive.
In this regard, studies of Sabouri et al have important implications.3*
They showed that autoreactive GC B cells first acquire mutations
that decrease their affinity for both the self-antigen and foreign
antigen. This state may be positively selected during GC reactions,
because the large decrease in receptor occupancy by self-antigen
reciprocally permits increased uptake of the foreign antigen, thereby
obtaining increased T cell help. Then, these GC cells might have a

better chance to be recruited into the memory B cell pool.
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FIGURE 3 Two humoral memory compartments, LLPCs and
memory B cells. A, Immunodominant head-specific LLPCs and
sub-immunodominant stem-specific memory B cells. The head
region of HA contains epitopes that are immunodominant during
infection or vaccination, while the stem region is subdominant.
Antibodies against the head region have relatively higher affinity
than those against the stem region and are usually strain-specific.
The immunodominant head region-specific B cells differentiate
into LLPCs. In contrast, the subdominant stem region-specific B
cells become memory B cells that are potentially cross-reactive
with other virus strains. B, Three mechanisms of generating stem-
specific memory B cells. As described in Figure 3A, stem-specific
B cells enter the memory B cell pool (Scenario 1). Once individuals
are infected or vaccinated, antibodies against the head region are
dominantly induced and continue to be produced. Those pre-
existing head-specific antibodies mask the HA head epitope in

a subsequent challenge so that unmasked stem-specific B cells
are able to respond and become memory cells (Scenario 2). Since
several HIV and influenza bnAbs likely bind to self-antigens, those
Abs are believed to be derived from a B cell repertoire with low
affinity for self-antigens. Eventually, those B cells undergo SHM
that triggers an override to recognize the stem region of HA. Those
activated B cells can enter the memory pool (Scenario 3)

2.4 | Re-diversification of pre-existing memory B cells

In the case of HIV vaccination, iterative entry of memory B cells into
GC reactions is thought to be required for the generation of more
broadly neutralizing antibodies to various HIV variants. Indeed, the
known antibodies with this capability have a remarkably large num-
ber of mutations generated by SHM. Hence, it will be important to
know whether conventional influenza vaccination induces reentry of
pre-existing, particularly broadly reactive, memory B cells into GCs
and, if not, to understand why this does not take place.

To this end, two human studies analyzed B cell repertoires upon
conventional influenza vaccination. Since they could not directly
analyze GC reactions, these studies had to employ blood samples.
Lau et al*? sorted CD20"°CD38"CD27" plasmablasts at day 7 and
CD27'CD21"° B cells and classical CD27*CD21" memory B cells at
day 14. (CD21" cells are thought to be another subset of memory B
cells, being more prone to differentiate into plasmablasts upon anti-
gen stimulation.) Ellebedy et al®® sorted HA-specific plasmablasts at
day 7 and HA-specific CD20* memory B cells at day 14 (a mixture of
CD21'"° and CD21" memory B cells). Both studies demonstrated some
clonal overlap (~30%) between plasmablasts and memory B cells, in-
dicating that an individual B cell clone can generate both plasmablasts
and memory B cells. The clones found in day 7 HA-specific plasmab-
lasts and day 14 HA-specific CD20* memory B cells were present in
the pre-existing memory B cell population, indicating that pre-exist-
ing memory B cells were indeed activated. Importantly, both studies
showed no overall increase in SHM over time in these de novo gener-
ated plasmablasts and memory B cells after conventional vaccination.

Differing from the above two human studies analyzing whole
anti-HA B cells, Andrews et al traced specifically anti-stem human
memory B cells using H7N9 monovalent inactivated vaccine for H7N9-

naive adults.>* Upon vaccination, pre-existing memory B cells to the



stem region expanded, but these expanded B cells underwent little
additional SHM. In contrast, naive or freshly generated memory B cells
specific for H7N9 head epitopes evolved and maturated over several
months. Collectively, these three human studies indicate that, upon
vaccination with the current influenza vaccine, pre-existing memory B
cells, particularly anti-stem memory B cells, can be activated, but it is
difficult for them to enter the GC and undergo further diversification.

A mouse study has reached the same conclusion and provided
more mechanistic insights into why pre-existing memory B cells can-
not be recruited into GCs. Their experiments used a prime-boost
mouse model (influenza PR8 infection followed by vaccination with
homologous PR8 HA proteins). Upon secondary vaccination, re-
call GCs were mostly derived from new naive B cells, but not from
pre-existing memory B cells.®®

So, why then do pre-existing memory B cells, upon conventional vac-
cination, behave in a seemingly non-beneficial way for us (Figure 4)? First,
previous transfer experiments demonstrate that memory B cells defined
by surface IgG expression or by markers of more mature memory pheno-
type are prone to differentiate into plasmablasts,36 rather than entering
into GCs. Such types of memory B cells prone to plasmablasts might be
preferentially activated, probably because of their higher affinity for the
secondary antigen. Second, it is generally thought that memory B cells
have higher affinity and are present at higher precursor frequencies than
naive B cells specific for the same antigen. However, given that several
different memory subsets coexist, only one of which has the propensity
to enter GCs, the actual number of generated memory B cells capable of
entering the GC might be small. In contrast, the number of naive B cells
with sufficient affinity to enter a primary GC reaction is large. Hence, the
precursor frequency of memory B cells capable of reentering GCs might
be very small. Finally, in contrast to transfer experiments into naive mice,
in non-transfer conditions, negative feedback by pre-existing and/or de
novo generated antibodies might operate, which could limit GC entry of
clones specific for epitopes targeted by these antibodies. It will be im-
portant to elucidate which mechanisms are predominantly responsible

for the inability of memory B cells to reenter the GC.

3 | DESIGN OF UNIVERSAL VACCINES
INDUCING ANTI-STEM ANTIBODIES

It is likely that an effective vaccination approach for influenza will
depend on several rounds of vaccination and the generation of mem-
ory B cells with good quality of anti-stem antibodies at each round
that can further reenter the GC. So, the important factors are as
follows: (a) Which kind of antibodies these memory B cells should
have; (b) which immunogen design should be used; and (c) how we

can recruit memory B cells into GCs.

3.1 | Which kind of antibodies

Do antibodies induced by vaccination require neutralization activ-

ity? Antibodies raised by the seasonal vaccine are directed to the
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FIGURE 4 Mechanisms by which pre-existing memory B

cells are at a disadvantage for GC entry. (Scenario 1) In transfer
experiments, memory B cells are prone to become plasmablasts
without entering the GC. (Scenario 2) Naive B cells have sufficient
affinity, and the majority of them are licensed to enter the GC.
Although memory B cells are believed to have high affinity and
should be licensed to enter the GC, in fact, only a small subset of
memory B cells has the capacity to enter the GC. (Scenario 3) Pre-
existing antibodies can mask epitopes that are supposed to guide
memory B cells to enter the GC so that the number of memory B
cells able to enter the GC is limited

globular head of HA and block virus entry into host cells. The level
of HA inhibition activity reflecting the blocking level of virus entry is

well-correlated with neutralization activity and in vivo protection. In
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the mouse model, Fc receptor-mediated antibody-dependent cellu-
lar cytotoxicity (ADCC) plays an important role in in vivo protection
through®” (Figure 5). Adding the neutralizing activity to the ADCC
activity will certainly enhance protection in vivo. However, to what
degree ADCC contributes to in vivo protection over neutralization
activity in humans has not yet been determined. Another interesting
question is whether the way an antibody recognizes antigen is also
important to its ADCC function. Ravetch's group reported that bnAb
targeting to the HA stem also carry out ADCC.%8%? Inducing these
dual functioned antibodies by vaccination ideally would maximize
the efficacy of a universal vaccine.

Several structural studies of the protein complex of HA and
bnAbs have been performed. Surprisingly, these antibodies, in-
cluding F16v3,*° CR9114,** CR6261,%2 CR8020,*® and $9-3-37%*
from humans and C179'° from mouse, recognize a common
structural epitope of the hydrophobic groove formed by the
HA1 and HA2 domains. These findings clearly demonstrate that
the area of the epitope with broadly neutralizing activity is very

narrow.

Immunological Reviews

3.2 | Which immunogen should be used?

How can we induce activation of B cells harboring stem-specific
antibodies? In the past, several attempts were made to develop a
universal vaccine. In 1996, Sagawa et al*” first expressed a headless
HA (A/Okuda/57 (H2N2)) on CV-1 cells and used them to immunize
mice. They could show limited cross-protection against influenza
viruses A/FM/1/47 (H1N1). In 2010, Bommakanti et al*® designed
an HA2-based immunogen and showed cross-strain protection but
not the cross-subtypic protection. In 2013, Palese's group generated
a series of recombinant chimeric HAs with variable globular head
domains and stem domains.*’ Sequential immunization with these
chimeric HAs predominantly induced production of stem-specific
antibodies. The strategies described above did demonstrate cross-
protection from virus challenges but not cross-neutralization. In
2015, protein structure-based design and screenings provided two
headless HA recombinant proteins that could induce cross-protec-
tion.*®*° One of them even showed the induction of broadly neu-
tralizing antibodies using the pre-clinical adjuvant matrix M.* These

ADCC

Neutralizing Ab

Ab N

\ Non-Neutralizi

Non-Neutralizin

«Q

X

4

Fc receptor

Neutralizing Ab
Neutralizing Ab _—// No?eutralizing Ab
M ]

g

s

V. Mp N\ A2
/

0

f\ Fusmn

Stem-specific Ab

HA protein conformational change
in acidic condition

Replication
Lysosome @ @
Binding to the target cells ‘ /
L pH 5 Translatl Infected cells )

Wre 2y ’
\

Translation

Endocyt03|s \\/

n e

Sialic Acid
Block binding A

I Ieave #\
Neuramlnldase
]

J
2: Stem-specific Abs @ Budding |
Head-specific Abs \ Release
Neutralizing =\

Neuraminidase-specific Abs

FIGURE 5 Two major functions of antibodies for protection. Antibodies directly target viruses and prevent their entry into the host cell
by blocking the virus-host cell interaction (1) or membrane fusion (2). Recent studies also demonstrated that some antibodies can inhibit
the virus neuraminidase activity (3) critical for virus budding.82 In addition, after virus infection, viral envelope proteins expressed on the
infected cell surface are opsonized by antibodies. Effector cells, for example, NK cells, recognize these antibody-opsonized infected cells
via their Fc receptors and then eliminate the infected cells by antibody-dependent cellular cytotoxicity
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structure studies clearly showed the importance of conformation of

the HA to fully induce broadly neutralizing and protective antibod-
ies. Surprisingly, many of these stem-targeted bnAbs shared a com-
mon conformational epitope with C179.1! Targeting this small region
of the conformational epitope is a challenge for designing a stable
vaccine antigen.

For immunogen design, two concerns exist. First, choosing an
antigen epitope enabling induction of autoantibody had better
be avoided. There exists a trade-off between autoreactivity and
breadth of the cross-reactive antibody. Various BCR transgenic
mouse studies of bnAbs against HIV demonstrated that bnAbs
are autoreactive and designated to be inactivated by central toler-
ance.’®% In fact, Bajic et al* showed biochemically that 6 influenza
bnAbs are poly- and self-reactive. Our recent investigation of one
bnAb revealed that the bnAb-bearing B cell is self-reactive and tar-
geted for receptor editing in vivo (unpublished results). Given these
observations, we need to design an antigen able to induce antibodies
that broadly neutralize virus entry and at the same time cannot be a
target for tolerance. In the case of HIV, the b12 antibody seems to
be in this category.’*

Second, as mentioned above in the mouse prime-boost model,
only a minority of memory-derived clones reenter the GC, demon-
strating that the constriction of the relatively divergent primary
memory B cell repertoire takes place by boosting.35 Therefore, in
order to be efficiently targeted by sequential vaccination, an epitope
should be rendered dominant from the beginning. Thus, efforts to
target epitopes of interest by engineering high-affinity germline an-
tibody-targeting immunogens® or occluding normally immunodom-

7

inant regions®” are needed.

3.3 | How do memory B cells enter secondary GCs?

As discussed above, at least three factors can be considered to block
reentry of pre-existing memory B cells into GCs: (a) Among several
coexisting distinct subsets of memory B cells, there is preferential
activation of plasmablast-poised memory B cell subsets; (b) the small
frequency of memory B cells; and (c) negative feedback by antigen-
specific antibodies. In regard to the first issue, skewing to generat-
ing more GC-poised memory B cells seems to be difficult at present,
because of the factors that control the formation of each memory
B cell subset which will be an important challenge in this field now.
For the second point, it is better to use only the target epitope of
interest (occluding normally immunodominant regions) from the
outset, thereby increasing the frequency of memory B cells bear-
ing antibodies to the epitope of interest. In regard to the third pos-
sibility, immunogens had better be specifically designed to escape
antibody feedback by B cell clones already represented in the serum.
For instance, we would design an antigen consisting of either a “no
man(antibody)’s land” epitope in the HA protein or a de novo syn-
thetic antigen proficient for vaccine efficacy.

Apart from manipulating memory B cells, fueling TFH (T follic-

ular helper) cells in GC in vaccine development is also important.

TFH cells control antigen-specific GC responses quantitatively
and qualitatively. Cognitive interaction between TFH cells and B
cells through TCR and MHCII in GC facilitates proliferation of anti-
gen-specific B cells and introduction of SHMs in B cells for affinity
maturation.>® Several human studies showed that the numbers of
peripheral memory TFH cells are correlated with the amount of HIV
bnAbs.””®° Furthermore, an experiment using the macaque animal
model demonstrated that GC TFH cells are associated with bnAbs.%?
Antigen-specific TFH cells are required for GC expansion, and sev-
eral adjuvants are reported to be able to expand TFH cells. These
include squalene-based adjuvants such as MF59,°2%% Alum + TLR7
ligand,®® and other TLR ligands,’*7° and glucopyranosyl lipid adju-
vant-stable emulsion, GLA-SE.”* Hence, adjuvants that facilitate TFH
formation could contribute to enhancing GC formation and mainte-
nance, which in turn could facilitate recruiting memory B cells into
recall GCs. In this context, recent observations that IL-12 receptor
signaling and T-bet in T cells are required for TFH suppression might
have important implications.”? If mechanisms can be identified that
suppress Th1l immunity, they might enhance GC reactions through
facilitating TFH cell differentiation.

Recently, we demonstrated that active vitamin D3 also serves
as an adjuvant by expanding TFH cells, leading to GC expansion and
enhanced humoral immune responses. By being repurposed, appli-
cation of the psoriasis drug Oxarol (active vitamin D3 analog) oint-
ment on the skin after intradermal injection of influenza split vaccine

antigen protected from influenza virus infection.”®

4 | CURRENT STATUS AND PERSPECTIVES

A reasonable goal for the development of a universal influenza vac-
cine has been proposed: “A vaccine with 275% protection against
symptomatic disease caused by group 1 and group 2 influenza A
viruses lasting 212 months in all populations”.’* Currently, several
universal vaccines are in clinical trials.”>’® The leading candidate
is M-001: a single polypeptide consisting of three repetitions of 9
linear, conserved peptides from influenza A and influenza B. These
peptides are derived from the M1 matrix protein, the nucleoprotein,
and the conserved regions of the HA.”” The other vaccines in clinical
trials are MVA-NP + M1, an adenovirus vector expressing NP and M1
from influenza A, Flu-V, four conserved peptides from NP, M1, and
M2 to induce T cell responses,78 and OXV83, arecombinant NP in a
virus-like particle.79 These vaccines mainly induce cellular immunity
by T cells or ADCC. However, they are not optimal for protecting
from the infection; more likely, these vaccines would prevent death.
Vaccines inducing humoral responses are ideal to protect from virus
infection. H1ssF_3928, composed of an HA stem fused with ferritin
nanoparticles,48 is in this category and is under clinical trial. Other
recent preclinical vaccines seem to target humoral responses.
Current progress in the research field of humoral memory re-
sponses based on cellular dynamics provides us with new insights.
These insights will facilitate development of the ideal universal in-

fluenza vaccine. Different from the trial-and-error type of vaccine
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development in the past, these mechanistically based vaccine de-
sign strategies should also be easily applied to other vaccines against
SARS-CoV-2 or other emerging viruses causing respiratory tract

infections.
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