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Epitope design–based approaches to elicit stem-binding bnAb responses
Typically, humans are successively exposed to relative closely related influenza viruses, 
through infection or vaccination. It has been shown that pre-exposure to antigenically 
related strains generates an antibody response predominantly directed against the HA 
head [1]. In line with this finding, evaluation of heterosubtypic antibody responses 
induced by the seasonal influenza vaccine in a human-to-mouse serum transfer 
model indicate that broadly neutralizing antibody responses wane after repeated 
exposure to the same immunogen [2]. In contrast, analyses of immune responses after 
exposure to the pandemic H1N1 strain that emerged in 2009 revealed that exposure 
to new, distantly related strains triggers the induction of relative high levels of stem-
binding antibodies in both humans and mice [1,3-6]. This prompted the hypothesis 
that exposure to novel HA prevents head dominance and will boost stem-directed 
antibody responses (Figure 1).

Nachbagauer et al demonstrated that broadly reactive stem-binding antibodies 
were induced after a single vaccination with a candidate pandemic H5N1 virosomal 
vaccine, as measured by binding to a chimeric HA (composed of an exotic H6 head 
domain and an H1 stalk domain). However, levels of broadly reactive stem-binding 
antibodies were not boosted after the second immunization, in contrast to HAI-
positive antibodies [7,8]. In our lab, we confirmed the results of Nachbagauer et al by 
assessing the CR9114-competing antibodies in plasma samples of the same clinical 
trial and showed in addition that participants who received Matrix-M adjuvanted H5N1 
virosomal vaccine induced significantly higher levels of CR9114-competing antibodies 
compared with participants who received the vaccine without Matrix-M (manuscript 
submitted). These findings are in agreement with those from another study in which 
the stem-directed antibody response in humans was assessed after H5 vaccination 
[9]. Taken together, these results support the hypothesis that the induction of anti-HA 
head antibody responses after the first immunization directs the antibody response 
after the second immunization towards the immunodominant head. Therefore, various 
approaches aimed at avoiding dominant HA head-directed responses are currently 
being pursued.

Glycan shielding
An interesting approach to prevent dominant head-directed responses is to modify 
the HA head domain by adding N-linked glycans to mask the immunodominant 
antigenic sites (Figure 1). This approach has been shown to reduce the immune 
response to the head domain, while inducing higher levels of stem-directed antibodies 
in comparison to the unmodified (wildtype) HA. In agreement with the higher levels of 
stem-binding antibodies in mice immunized with the modified HA, the animals were 
better protected against lethal viral infection as compared to mice immunized with 
the unmodified (wildtype) HA [10,11]. This suggests that shielding immunodominant 
epitopes on the head domain can redirect the antibody response toward the conserved 
stem domain.
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Chimeric HA immunogens
Another approach is sequential immunizations with different chimeric HA-based 
vaccines. In mice, sequential injections of chimeric HAs composed of a conserved 
stem domain and irrelevant, exotic head domains indeed induced higher levels 
of stem-binding antibodies compared to sequential injections of the same HA  
(Figure 1). The stem-binding antibodies were able to protect mice and ferrets against 
virus strains that were antigenically unrelated to the chimeric HA that was used as 
vaccine [12-14]. A drawback of this approach is that HA head–directed responses still 
occur, so to prevent these dominant responses a different HA head must be used in 
any subsequent vaccine.

HA stem-based immunogens
To avoid HA head–directed responses altogether, HA immunogens lacking the head 
region are being developed (Figure 1). The ability of the HA stem domain to induce 
cross-reactive antibody responses was recognized as early as 1983 [15]. The first 
evidence that stem-based immunogens could induce heterosubtypic protection 
was provided more than a decade later. Mice immunized with monkey kidney 
cells expressing an H2 HA stem–based immunogen were more likely to survive 
heterosubtypic H1N1 challenge than mice immunized with cells that expressed 
the full-length HA [16].

The discovery of stem-binding bnAbs sparked efforts to develop stem-based 
immunogens. However, removing the HA head while retaining a stable stem that 
structurally resembles the stem of the full-length trimeric HA molecule is complicated 
due to structural constraints. One of the first soluble H1 and H3 HA stem–based 
immunogens produced in E. coli may have suffered from suboptimal stem 
conformation, as bnAbs bound with lower affinity to these immunogens than to full-
length HA. Nevertheless, these immunogens did elicit antibodies that could compete 
with stem-binding bnAbs for binding to HA and protected mice against challenge with 
homologous and heterologous strains [17,18]. A study by Steel et al reported headless 
HA immunogens of H1 and H3 origin that were produced in HEK293T cells but were 
not tested for preservation of the native stem conformation. Immunization of mice with 
the H1-based headless HA displayed on a virus-like particle induced cross-reactive 
immune responses and provided protection in mice after homologous challenge [19]. 
Mallajosyula et al designed an H1 HA stem–based trimeric immunogen containing 
a foldon trimerization domain at the membrane-proximal end that was produced in E. 
coli. Although CR6261 showed lower binding affinity to the immunogen than to full-
length recombinant HA, the immunogen did induce group 1 and group 2 neutralizing 
antibody responses and could protect mice against the homologous strain and 
a heterosubtypic strain, although the data supporting heterosubtypic protection was 
very weak [20]. A major drawback of most early studies, including those mentioned 
here, is that relatively low doses of challenge virus were used [17-21].

Recently, we and others have independently succeeded in designing HA 
stem–based immunogens capable of eliciting antibody responses that provide 
heterosubtypic protection in different animal models [22,23]. Yassine et al used an 
iterative structure-based approach to optimize their H1 HA stem–based immunogen. 
Each generation of immunogens was evaluated for binding to stem-binding bnAbs, 
and co-crystallography guided the later stages of the design. The HEK293 cell–derived 
immunogens were trimerized at the membrane-distal end of the molecule and a ferritin 
domain was introduced at the membrane-proximal end of the immunogens in the final 
stage, enabling self-assembly on nanoparticles (NPs). Cryo-electron microscopy 
analysis revealed that the multivalent presentation on NPs improved the conformation 
of the immunogens because splaying of the membrane-proximal region that was seen 
in early-generation immunogens was reduced in the final immunogens.

Figure 1. Model of antibody specificities induced after different kinds of vaccinations. Upper left 
panel: sequential vaccination with current seasonal influenza vaccines usually containing closely 
related strains results in a strain-specific HA head–dominated antibody response. Upper right panel: 
adjuvation enhances the overall magnitude of head-directed and stem-directed antibody responses 
induced by the seasonal influenza vaccines, but does not overcome the HA head–dominated 
response. Lower left and middle panel: vaccination with glycan shielded HA, novel (pandemic) HA 
or chimeric (c)HA prevents head dominance and boosts stem-directed antibody responses. Lower 
right panel: HA stem-based immunogens induce stem-directed antibody response only. Depicted 
are a representative HA molecule (gray) with head-directed antibodies in yellow and stem-directed 
antibodies in red.
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Vaccination of mice and ferrets with the two final immunogens on NPs adjuvanted 
with Ribi elicited antibodies that bound several influenza A group 1 HAs. In mice, 
postvaccination serum showed some reactivity to group 2 HAs. Compared with 
the seasonal vaccine, immunization with the stem immunogens induced higher levels 
of stem-binding antibodies. The breadth of neutralization was lower than the breadth 
of binding, and heterosubtypic neutralization was low or undetectable, even though 
neutralizing activity against divergent H1 strains was observed. Despite insignificant 
neutralizing activity against H5N1, immunization of both mice and ferrets did protect 
against lethal challenge with an H5N1 virus. Passive transfer of immunoglobulins 
of immunized mice to naive mice established that the protection was mainly  
antibody-mediated [23].

Our group combined rational design and library approaches to design a HEK293-
expressed stem-based immunogen that was designated mini-HA. The mini-HA was 
based on the sequence of an H1 HA and binding to CR6261 was used as a surrogate for 
correct stem conformation as well as for selection of candidates throughout the design 
process. The final design contained a GCN4-trimerization motif at the membrane-
distal end of the molecule and an (additional) cysteine-bridge, resulting in the stable 
trimeric mini-HA #4900, which was able to bind CR6261 and CR9114 with the same 
affinity as full-length HA. The overlay of the crystal structure of mini-HA #4900 in 
complex with CR9114 showed high similarities with the structure of the full-length 
HA, but this mini-HA, like the immunogen produced by Yassine et al, showed a more 
open, splayed conformation at the base of the trimer.

The immunogenicity and protective efficacy of mini-HA #4900 was tested in 
mice and non-human primates (NHPs). In both species, mini-HA #4900 adjuvanted 
with Matrix-M was able to elicit antibodies with strong reactivity to several different 
group 1 HAs. Antibodies elicited with mini-HA #4900 had heterosubtypic neutralizing 
activity, competed with bnAb CR9114 for binding to HA and induced ADCC activity. 
Mice immunized with the mini-HA were protected against lethal heterologous 
and heterosubtypic challenges, and a serum transfer experiment showed that this 
protection was at least partially antibody-dependent. In NHPs, mini-HA #4900 reduced 
disease symptoms after H1N1 infection to the same extent as the seasonal vaccine 
did. However, the broadly neutralizing antibody responses induced by mini-HA #4900 
were not observed in NHPs that received seasonal virosomal vaccine [22].

CONCLUSIONS AND FURTHER DIRECTIONS
The identification of bnAbs with reactivity across influenza A group 1 and group 
2 viruses, or even across influenza A and B viruses, and demonstrated efficacy in 
divergent influenza animal models suggests that a universal vaccine should be 
feasible. Clinical trials will have to provide direct evidence that stem-binding 
bnAbs, and more specifically VH1-69 bnAbs, provide broad protection in humans. 
Furthermore, these trials will give important information regarding the emergence of 
resistance and potential harmful effects of bnAbs. If the clinical use of bnAb proves to 

be safe and efficacious, this paves the way for bnAb-based universal vaccine design. 
Both Yassine et al and Impagliazzo et al designed a stable stem-based immunogen 
in which the epitope of bnAbs (including the very broad-spectrum antibodies FI6 
and CR9114) is preserved, as demonstrated by bnAb binding and co-crystallography 
studies. Induction of antibody-mediated heterosubtypic protection within influenza 
A group 1 was convincingly shown in both studies. This is a major step forward for 
universal vaccine design.

Although immunization with the stem-based immunogens induces bnAbs with 
reactivity across influenza A group 1 viruses, reactivity across group 1 and 2 is low 
or undetected and protection against group 2 strains was not reported. Induction of 
influenza A group 2 bnAb responses remains a challenge for future studies. Whether 
this can be achieved by using other adjuvants, by adjusting the current immunogens 
or by designing a separate group 2-based immunogen is currently unknown.

Whether a stem-based vaccine approach is necessary for influenza B remains to be 
established. None of the studies reported influenza B–directed responses. However, 
the HAs of the two circulating influenza B lineages are relatively conserved, with an 
amino acid diversity of less than 10% (Figure 2 chapter 1). Our group has described 
two influenza B–specific bnAbs, CR8033 and CR8071 (Figure 3, chapter 1), that target 
the HA head region [24], indicating that full-length influenza B HA could already 
induce cross-reactive influenza B antibodies. Epidemiological data provide additional 
support for this [25]. A potent adjuvant might enhance cross-reactive influenza B 
responses to sufficient levels. Indeed, our experiments with seasonal influenza vaccine 
in mice demonstrated that both homologous and cross-reactive HAI influenza B titers 
were enhanced by Matrix-M (chapter 4) [26].

There are currently only a limited number of studies describing the effect of adjuvants 
on influenza vaccine–induced bnAb responses. Although Matrix-M does increase 
cross-reactivity, it seems to do so by enhancing the general immune response. This is 
probably also true for a number of other adjuvants. It will be worth exploring whether 
adjuvants for which relevant antibody-directing properties have been described, such 
as CpG, have a specific effect on bnAb responses when combined with an HA-based 
immunogen. Besides enhancement of (specific) antibody responses, adjuvants can 
contribute to longevity of the immune response induced by vaccination [27]. Reaching 
long-lasting protection will be the ultimate goal for a universal influenza vaccine.

Although potent bnAbs derived from different germlines have been described, 
the biased use of VH1-69 is indisputable. Recent studies have elucidated the unique 
structural and genetic characteristics of VH1-69 stem–binding bnAbs that can explain 
this bias [28-31]. Because binding is solely mediated by the heavy chain and key 
interacting residues are germline-encoded, VH1-69 seems an ideal target to efficiently 
and reproducibly elicit bnAbs. Determining how to elicit them robustly is vital.

One important limitation for studying VH1-69–derived antibody elicitation is 
the absence of a mouse ortholog of the human VH1-69 gene. Stem-binding bnAbs 
that target an epitope similar to that targeted by the human stem-binding bnAbs 
are being elicited in mice, as exemplified by the prototypic murine bnAb C179 [32]. 
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Like the human bnAbs, C179 interacts with the hydrophobic groove but binding is 
mediated by both the heavy and light chain, with major contributions of the HCDR1 
and HCDR3 but not HCDR2. Non-human primate models do not seem to be a good 
alternative to study VH1-69 antibody induction. Although HA stem–binding bnAb 
responses in NHP have been reported [22,33], data to support the presence of 
a NHP VH1-69 equivalent are currently lacking. Transgenic mice carrying a human 
rearrangeable VH1-69 gene could be very useful for inducing VH1-69 antibodies and 
for selecting immunogens inducing VH1-69. Such an approach has been described 
for the development of HIV immunogens capable of inducing naive B cells expressing 
germline versions of HIV bnAbs [34,35]. Interestingly, Yassine et al showed that one 
of their immunogens was able to signal through a germline-reverted CR6261 B cell 
receptor (BCR) through a HCDR2–dependent recognition, suggesting that their 
immunogen is able to stimulate naive B cells [23]. Whether that is also the case in vivo 
is currently unknown.

FUTURE PERSPECTIVE ON UNIVERSAL INFLUENZA VACCINES
Epitope design–based approaches such as stem-based HA have shown promising 
results in several preclinical studies. It would be interesting to investigate how 
different immunogens, in combination with different adjuvants, direct the B cell 
repertoire. However, even if it proves possible to induce specific (VH1-69) B cells 
with broadly neutralizing activity, the contribution of these B cells to the serum 
bnAb response remains to be determined. One has to take into account that there 
is a mismatch between the peripheral B cell receptor repertoire and the serum antibody 
repertoire, as bone marrow plasma cells are the dominant B cells that provide serum 
antibodies (>95%) [36] and only a very small proportion (5–10%) of the peripheral 
plasmablasts migrate to the bone marrow, where they ensure long-lasting serological 
memory [37]. An interesting clinical trial that addresses the link between cellular 
B cell and serological responses has recently being initiated (NCT02485639). This 
study aims to investigate HA stem–reactive responses among blood plasmablasts, 
bone marrow plasma cells and serum at different time points after seasonal influenza 
vaccination. An exciting new development is the integration of techniques such as 
next-generation sequencing to analyze the human B cell repertoire and protein mass 
spectometry to analyze the serum antibody repertoire. This allows comprehensive, 
high-resolution assessment of the identity and abundance of antigen-specific antibodies in 
serum and reveals how this repertoire compares with the peripheral B cell repertoire [38]. 
Using such techniques, it would now be possible to determine the contribution of specific 
VH-family usage (in particular VH1-69) to the broadly neutralizing antibody response in 
humans. In preclinical models, these techniques could aid selection of immunogens-
adjuvant combinations that induce specific and long-lasting broadly neutralizing  
antibody responses.

Because immune history has been shown to affect the antibody response, it is vital 
to investigate candidate HA-based immunogens in pre-exposed animal models or in 

the human population. Currently, there is a lack of direct evidence that stem-binding 
bnAbs provide protection against influenza infection and disease burden in humans. 
Several studies have investigated the prevalence of stem-binding antibodies in people 
of different ages. In particular, stem-binding antibodies directed against influenza 
A group 1 HAs are present in humans and their levels increases with age [31,39,40]. 
A Dutch epidemiological study showed that children are especially susceptible to 
H1N1 infection, but that disease severity is low. In contrast, elderly persons are at 
low risk of infection, but those infected are at high risk of severe disease. Together, 
these data suggest that stem-binding antibodies can prevent infection, but do not 
reduce disease severity once infection occurs [41]. Human infection studies have 
shown that pre-existing influenza-specific T cells correlate with low disease severity 
[42]. In addition, it was recently demonstrated that pre-existing virus-specific CD8+ T 
cells correlate with protection against pH1N1-related disease severity in humans [43]. 
Altogether, combining stem-based immunogen to elicit bnAb responses with a strong 
T cell–inducing component such as Matrix-M could be the way forward to design an 
effective universal influenza vaccine.
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