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GENERAL INTRODUCTION
Influenza A and B viruses cause significant morbidity and mortality due to annual 
epidemics. The estimated annual rates of influenza attack globally are about 5–10% 
among adults and 20–30% among children (WHO Fact sheet, March 2014), resulting 
in a large health and economic burden for society. Whereas influenza B viruses only 
infect humans and seals, influenza A viruses have a broad range of hosts including 
humans, birds and pigs, so there is a constant threat of these viruses crossing 
the species barrier and causing human pandemics.

Influenza viruses can be classified on the basis of the antigenic properties of their 
major surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Influenza 
A encompasses 18 HA and 11 NA subtypes and can be divided into two phylogenetic 
groups (group 1 and group 2) based on the HA subtype. Group 1 viruses contain H1, 
H2, H5, H6, H8, H9, H11, H12, H13, H16, H17 and H18, whereas group 2 viruses 
contain H3, H4, H7, H10, H14 and H15. Influenza B is classified into two HA lineages: 
B/Yamagata and B/Victoria. Currently, H1N1, H3N2 and both influenza B serotypes 
co-circulate in humans and cause seasonal epidemics.

Viral HA changes continuously, accumulating mutations that allow the virus to 
escape from host immunity, a process called antigenic drift. A more dramatic change 
in antigen composition, mainly occurring in influenza A viruses, is described as 
antigenic shift. The influenza virus has a segmented genome, so one virus can acquire 
gene segments from another when different influenza viruses co-infect the same host 
cell. This antigenic shift can give rise to influenza strains containing HA of zoonotic 
origin. A major antigenic change can enable a virus to evade pre-existing protective 
immunity, which can result in pandemic outbreaks associated with high morbidity and 
mortality rates.

Vaccination is the main strategy for influenza control. Current seasonal influenza 
vaccines are trivalent or quadrivalent formulations containing an H1N1, an H3N2 
and one or two influenza B strains. They elicit antibodies primarily directed against 
the receptor binding site on the head domain of the HA molecule, thereby preventing 
viral interaction with host cells and subsequent viral entry into these cells. However, 
it is particularly the HA head domain that is subject to antigenic drift. Consequently, 
seasonal vaccines provide a limited breadth of protection and require almost annual 
reformulation to be effective.

Despite annual updating, seasonal vaccines have only moderate to low potential 
to prevent medically-attended influenza illness, according to observational studies 
evaluating influenza vaccine effectiveness (Figure 1). These studies report variable 
vaccine effectiveness that is generally not higher than 60%, indicating that 
the current vaccines are clearly suboptimal. Moreover, results from a prospective 
influenza vaccination study in household cohorts point towards modest prevention of 
community-acquired influenza infection and no prevention of household transmission 
[1]. Worse still, seasonal vaccines are ineffective against pandemic strains. Because 
of these limitations of the available influenza vaccines, there is enormous interest in 
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novel vaccination strategies capable of eliciting broad and long-lasting protection 
against both seasonal and pandemic influenza.

Figure 1. Effectiveness of seasonal influenza vaccines. Adjusted vaccine effectiveness estimates for 
influenza seasons 2005 until 2015 in the USA, as adapted from the Centers for Disease Control and 
Prevention website (http://www.cdc.gov/flu/professionals/vaccination/effectiveness-studies.htm). 
Vaccine effectiveness estimates for the 2008–2009 season are lacking because they have not yet 
been published.

The identification of broadly neutralizing antibodies (bnAbs) directed against 
the HA molecule was a first step towards developing such a vaccine. Researchers 
have identified bnAbs targeting conserved epitopes in the head or the stem domain 
of HA. The HA stem domain contains the machinery that mediates fusion of viral 
and host endosomal membranes, allowing release of the viral genetic material into 
the host cytosol. During the fusion process, HA undergoes major conformational 
changes. Structural constraints imposed by the prefusion and postfusion states as 
well as the metastability of HA make the stem domain less permissive for mutations 
than the HA head. Consequently, the stem domain is relatively well conserved 
across influenza subtypes (Figure 2) and antibodies directed against this region have 
demonstrated cross-subtype or even cross-group neutralizing activity. However, 
elicitation of stem-binding antibodies remains a challenge. 

STEM-BINDING BROADLY NEUTRALIZING ANTIBODIES
Identification of bnAbs
The first human stem-binding bnAbs were identified in response to the highly 
pathogenic avian influenza H5N1 virus, which emerged at the end of the previous 
century. Throsby et al created a phage library of IgM+ memory B cells isolated from 

volunteers one week after seasonal influenza vaccination and screened for reactivity 
to recombinant H5 HA (Table 1) [2]. This yielded a panel of 13 antibodies able to 
bind divergent group 1 viruses. The most effective of these antibodies (named 
CR6261) neutralized numerous group 1, but not group 2 viruses. In line with its in vitro 
neutralizing activity, CR6261 had protective efficacy in H5N1 and H1N1 animal models 
[2-4]. The co-crystal structures of CR6261–HA complexes revealed that the antibody 
binds a highly conserved region in the stem of HA (Figure 3) and binding interactions 
are entirely mediated by the heavy chain derived from the VH1-69 germline, with 
major contribution from the heavy chain complementarity-determining region 2 
(HCDR2) (Figure 4) [5]. Strikingly, the heavy chains of 12 of the initial panel of 13 
isolated antibodies were derived from the VH1-69 germline.

Sui et al published comparable findings. H5 HA reactive clones were selected 
from a human non-immune antibody phage display library and 10 antibodies that 
neutralized H5N1 viruses were identified (Table 1). The most potent antibody, F10, 
neutralized virus strains from 8 different group 1 subtypes and had in vivo efficacy 
in mouse lethal H5N1 and H1N1 challenge models. Nine out of the ten antibodies, 
including F10, used the VH1-69 germline. Co-crystallography showed that the epitope 
of F10 is virtually identical to that of CR6261, with strikingly similar interactions of 
the HCDR2 (Figure 3 and 4) [6]. The isolation of VH1-69–derived bnAbs was not 

Figure 2. Amino acid conservation of HA within influenza A group 1, group 2 and influenza B. 
Conservation percentage of influenza A group 1, influenza A group 2 and influenza B projected 
on H1 A/South Carolina/1/1918 (PDBID 1RUZ), H3 A/Hong Kong/1/1968 (PDBID 3EYM) and B/
Hong Kong/8/1973 (PDBID 3BT6), respectively. One monomer of the HA trimers is colored from 
dark red (indicating more than 99% conservation) to white (indicating less than 60% conservation). 
Conservation was calculated based on the US National Center for Biotechnology Information (NCBI) 
flu database set as of December 2011. Only complete and non-redundant HA sequences were used.
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an artifact of the phage display technique, as others who investigated naturally 
selected influenza A group 1 bnAb responses after vaccination with seasonal [7,8] or 
(experimental) pandemic [9-11] influenza vaccines observed a clear preferential use of 
VH1-69 among the stem-binding bnAbs (Table 1).

Interventions that target more than influenza A group 1 strains are required for 
universal influenza protection. In contrast to the wealth of group 1 reactive bnAbs, 
very few human bnAbs with group 2 specificity have been described, suggesting that 
these are rare. Two that have been described are CR8020 and CR8043, which were 
recovered from memory B cells (Table 1). These bnAbs use both their heavy and light 
chains (derived from VH1-18 and VK3-20, in CR8020; and from VH1-03 and VΚ4-01 
in CR8043) to target a conserved epitope that is located even lower down the HA 
stem than the epitope of CR6261 and F10 (Figure 3) [12,13]. The first cross-group 
bnAb that recognizes all group 1 and group 2 influenza A subtypes was described 
by Corti et al (Table 1). Their FI6 bnAb binds roughly the same epitope as CR6261 
and F10 (Figure 3), although it uses a different angle of approach. Interestingly, FI6 is 
not derived from the VH1-69 germline, but uses a VH3-30–derived heavy chain and 
a VΚ4-1–derived light chain to interact with HA. Its long HCDR3 loop contributes 80% 
of the binding interface (Figure 4) [14].

Nakamura et al described another pan-influenza A bnAb, 39.29, which also 
uses the VH3-30 germline, but combined with a VK3-15–derived light chain  
(Table 1). Mainly HCDR3 and the light chain participate in binding (Figure 4). BnAb 
39.29 targets an epitope that largely overlaps with the epitope of the previously 
described bnAbs but uses yet another binding orientation (Figure 3) [15]. A different 
way of targeting roughly the same epitope is demonstrated by the bnAb CT149, 
which uses its VH1-18 heavy chain and VK3-20 light chain to recognize group 1 and 
group 2 influenza A subtypes (Table 1, Figure 3 and 4) [16].
The only bnAb with influenza A and B activity described to date is CR9114, identified 
from a phage library that was constructed using peripheral blood mononuclear cells 
(PBMCs) and IgM-specific primers (Table 1) [17]. It is striking that CR9114, like CR6261 
and F10, uses only its VH1-69–derived heavy chain to bind the HA stem, and that these 
three bnAbs target a nearly identical epitope (Figure 3 and 4). Compared to CR6261 
and F10, the apparent plasticity of the CR9114 HCDR loops allows accommodation 
of differences in the epitope of influenza A group 1, group 2 or influenza B [17]. 
Other differences between the paratopes of CR9114 and other VH1-69 bnAbs, such 
as the smaller contribution of the HCDR1 around the group 1–specific epitope region, 
could explain the unprecedented breadth of binding of CR9114 (Figure 4).

The bnAb CR9114 showed protective efficacy in lethal challenge models of 
both influenza A and influenza B viruses despite the absence of detectable in vitro 
neutralizing activity against the latter. This can be explained by the diverse mechanisms 
of action of stem-binding bnAbs. Neutralization in vitro is mediated by inhibition 
of the conformational changes in HA required for membrane fusion [5,6,14,17,18]. 
In addition, it has been shown that some stem-binding bnAbs block the site that 
needs to be proteolytically cleaved in order to activate HA [14,18]. Besides these 

Table 1. Specifications of studies that described human broadly neutralizing influenza antibodies 
directed against the HA stem

Study Donors used Cell source used Selection
Influenza 
reactivity

Key mAb 
(germline)

Throsby  
2008 [2]

2 weeks post 
seasonal vaccine

CD24+/CD27+/IgM+ rH5 HA A, group 1 CR6261 
(VH1-69)

Sui  
2009 [6]

non-immunized Ig+ rH5 HA A, group 1 F10 
(VH1-69

Corti  
2010 [7]

2 weeks post 
seasonal vaccine

CD22+/IgM-/IgD-/IgA- H5N1 and H1N1 
neutralization

A, group 1 FE43 
(VH1-69)

Wrammert 
2011 [9]

pH1N1 infected, 
9 to 31 days post 
symptoms onset

CD19+/CD20lo/-/CD3-/
CD38high/CD27high

pH1N1 virions 
and recombinant 
pH1 HA

A, H1N1 70-1F02 
(VH1-69)

Whittle  
2014 [10]

2 weeks post H5 
HA DNA prime-
inact H5N1 boost 
vaccine

CD19+/CD27+/CD3-/
CD14-/IgG+

H1-H5 HA cross-
reactive cells 

A, group 1 na

Pappas  
2014 [8]

2 weeks post 
seasonal vaccine 
or H1N1 ‘swine 
flu’ infection 

CD138+ or CD22+ H5N1 
neutralization or 
rH5 HA

A, group 1 na

Ekiert  
2011 [12]

1 week post 
seasonal vaccine

CD19+/CD27+ rH3 HA A, group 2 CR8020 
(VH1-18)

Friesen  
2014 [13]

1 week post 
seasonal vaccine

CD19+/CD27+ rH3 HA A, group 2 CR8043 
(VH1-03)

Corti  
2011 [14]

1 week post 
seasonal vaccine 
or H1N1 infection

CD138+ (IgG producing 
cells) 

Vaccine 
preparations, rH1, 
rH5 and rH7 HA

A, group 1 
and 2

FI6 
(VH3-30)

Li  
2012 [58]

1 week post 
pH1N1 vaccine

CD19+/CD20lo/-/CD3-/
CD38high/CD27high

pH1N1 virions 
and recombinant 
pH1 HA

A, group 1 
and 2

05-2G02 
(VH1-18)a

Nakamura  
2013 [15]

1 week post 
seasonal vaccine

CD38high/IgG+, enriched 
in SCID mice

rH1, rH3 HA A, group 1 
and 2

39.29 
(VH3-30)

Henry 
Dunand 
2015 [89] 

post pH1N1 
vaccine

Undefinedb rH3/H7 HA 
antibody 
microarray

A, group 1 
and 2

045-
051310-
2B06 
(VH1-18)a

Wu  
2015 [16]

2-3 weeks post 
pH1N1 infection

PBMCs Recombinant 
pH1 and H3 
HA antibody 
microarray 

A, group 1 
and 2

CT149 
(VH1-18)

Andrews  
2015 [11]

1 or 2-3 weeks 
post pH1N1 
vaccine  
(prime or boost)

CD19+/CD3-/CD38high/
CD27high and CD19+/
CD3-/CD38int/CD27int 

pH1N1 virus and 
recombinant pH1 
HA

A, group 1 
(and 2)

na

Dreyfus  
2012 [17]

1 week post 
seasonal vaccine

VH sequences amplified 
from PBMCs with IgM 

specific primers

rH3, H7, BVictoria, 
BYamagata, H4 HA

A group 
1 and 2, 
and B

CR9114 
(VH1-69)

aThese bnAbs were not structurally characterized and therefore not included in the body of this thesis. 
bDescribed as ‘previously detected H3 reactive mAbs’. Na not applicable, studies do not identify a key mAb 
but a panel of mAbs.
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mechanisms that directly prevent viral infection of host cells, Fc-mediated effector 
functions such as antibody-dependent cellular cytotoxicity (ADCC) contribute to 
the in vivo efficacy of stem-binding bnAbs [19]. This has been shown for FI6 [14] 
and could explain the discrepancy between the in vitro and in vivo neutralizing 
activity of CR9114 against influenza B viruses [17] and viruses of the H2 subtype  
(unpublished results).

The potential clinical application of bnAbs is currently being investigated in 
several human viral challenge studies (ClinicalTrials.gov Identifiers NCT01938352, 
NCT01980966, NCT02371668). Two potential concerns of bnAb(-based) therapy 
should be taken into account. First, for some of the bnAbs it has been shown that 
escape mutants can be generated in vitro [12,13,20]. It is currently unknown if 
escape mutants arise in vivo as well and whether the escape mutations affect viral 
fitnesss. Escape mutants can be a potential problem for monoclonal antibody-based 

Figure 3. Characteristics of bnAbs. Left panel: projection of the approximate epitopes of bnAbs super-
imposed on a single influenza HA molecule for visualization purposes. The 8M2 footprint on H2N2 
(PDBID 4HFU), 2G1 on H2N2 (PDBID 4HG4), CR8033 on B (EMD-2143), CR8071 on B (PDBID 4FQJ), 
39.29 on H3N2 (PDBID 4KVN), CT149 on H7N9 (PDBID 4R8W), CR6261 on H5N1 (PDBID 3GBM), 
F10 on H5N1 (PDBID 3FKU), CR9114 on H5N1 (PDBID 4FQI), FI6 on H3N2 (PDBID 3ZTJ), CR8020 
on H3N2 (PDBID 3SDY) and CR8043 on H3N2 (PDBID 4NM8). Right panel: breadth of binding of  
bnAbs. + indicates demonstrated reactivity to at least one influenza HA of the indicated subtype, - 
indicates demonstrated lack of reactivity and nd indicates not determined.

treatments, however, in the context of vaccination it might be less of a concern since 
polyclonal responses are to be induced. Second, non-neutralizing stem-binding 
bnAbs have been associated with enhanced influenza disease. Several studies using 
a swine model have shown that stem-binding antibodies induced by vaccination can 
enhance pathology after infection with an antigenically distinct strain by promoting 
virus membrane fusion and viral entry into host cells [21-23]. Negative effects of this 
kind have not been described in studies of mice or ferrets receiving bnAbs. Hence, 
the significance of these findings is currently unknown. The ongoing clinical studies 
will provide important information about the safety and efficacy of bnAbs.

DEVELOPMENT OF BNABS
Interventions targeting the highly conserved HA stem region clearly have universal 
potential for combating influenza. Whereas FI6 and 39.29 use different binding 
modes than CR6261, F10 and CR9114, hot spot interactions are highly conserved. All 
bnAbs interact similarly with a hydrophobic groove in HA, although the interacting 
hydrophobic residues are placed in different loops. CT149 seems to be an exception 
in this regard (Figure 4). VH1-69 bnAbs represent an interesting case, because 
the germline-encoded Phe54 located in the HCDR2 serves as key hotspot for binding 

Figure 4. Structural basis of bnAb–HA interactions. Left panel: a H5 HA trimer in complex with the Fab 
of CR9114 (PBDID 4FQI). The HA is colored white, and the heavy and light chains of CR9114 Fab 
are colored orange and yellow, respectively. The HA region depicted in the panels on the right is 
indicated with a square. Right panel: CDR loops of F10, CR6261, CR9114, FI6, 32.29 and CT149 
interacting with their respective epitope. Only side chains involved in interactions have been plotted. 
HCDR1 loops are indicated in blue, HCDR2 in green, HCDR3 in red, the FR3 loop in purple and LCDRs 
in yellow. The epitope atoms have been colored according to the closest loop with a 4 Å cut-off.
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to the groove. VH1-69 is unique for its hydrophobic HCDR2, and VH1-69–derived 
bnAbs that use the HCDR2 to recognize hydrophobic pockets on the influenza HA head 
or on other viral pathogens have been described [24-27]. It has been speculated that 
VH1-69 has been favored by evolutionary selection because of its inherent potential 
for binding influenza viruses [28,29]. Indeed, there are indications that the germline-
encoded precursors of VH1-69 bnAbs, including CR6261 and CR9114, bind HA with 
low affinity and can act as functional B cell receptors [8,28]. Furthermore, whereas 
VH1-69 bnAbs contain somatic mutations in their framework and CDRs indicative of 
antibody maturation, the antibody sequences are quite conventional and only a few 
mutations are required for conversion to high-affinity binding [8,17,28,30]. VH1-69-
derived B cells are present at a relatively high percentage in the human antibody 
repertoire [31]. Altogether, these findings suggest that elicitation of VH1-69–derived 
bnAbs upon vaccination would be a common event.

Although stem-binding bnAbs can be isolated from peripheral B cells after 
vaccination with seasonal influenza vaccines [2,7,8,14,17], their levels in serum are 
insignificant and vary among individuals [7,9,32,33]. The reason for this is unclear. 
Several factors might contribute to the low levels of bnAbs after influenza vaccination; 
the immunodominance of the HA head domain [7,32] and poor accessibility of 
the membrane-proximal epitope [11] have been suggested as possible barriers. In 
addition, an inability to activate bnAb precursor B cells could prevent the efficient 
elicitation of stem-binding bnAbs. First of all, position 54 of VH1-69 is polymorphic 
in the human population, and in ~40% of human alleles the phenylalanine that serves 
as a key contact for HA binding is replaced by a leucine [31]. Two recent studies have 
demonstrated that lack of a Phe54 allelic variant may indeed limit the effectiveness 
of bnAb induction [8,34]. Furthermore, irrespective of the VH1-69 polymorphism, 
the affinity of germline-encoded VH1-69 antibodies to HA under physiological 
conditions could be too low to activate B cell priming. Both scenarios limit bnAb 
responses because precursor B cells first need to acquire specific somatic mutations. 
Finally, bnAbs have been shown to be polyreactive, which may limit the expression of 
broadly neutralizing stem-binding B cells by host immunoregulatory mechanisms [11].

Strategies for increasing subdominant stem-binding bnAb responses are currently 
being investigated.

IMPROVEMENT OF CURRENT SEASONAL VACCINES WITH 
ADJUVANTS
An attractive strategy to enhance stem-binding bnAb responses induced by seasonal 
influenza vaccines is to add an adjuvant. Several adjuvants have been used in 
combination with seasonal or pandemic influenza vaccines. The majority of adjuvants 
function by improving the generally low immunogenicity of highly purified modern 
vaccine formulations, but some have specific immunomodulatory properties that 
might favor bnAb responses. Because of the relatively recent discovery of bnAbs and 
the fact that the universal correlate of protection, the hemagglutination inhibition 

assay (HAI assay), does not detect stem-binding antibodies, there are few reports of 
studies specifically investigating the impact of adjuvants on stem-binding antibody 
responses. Here, we will discuss the current clinically approved influenza adjuvants 
as well as two experimental adjuvants with the potential to specifically improve 
heterosubtypic or VH1-69 antibody responses.

CLINICALLY APPROVED ADJUVANTS
For decades, aluminium salts (alum) were the only approved adjuvants for human 
applications. The immunopotentiating properties of alum-based adjuvants in 
combination with seasonal influenza vaccines were low in humans and did not exceed 
the immunogenicity of the non-adjuvanted vaccine [35]. With the emergence of H5N1 
in the late 1990’s, alum-based adjuvants were reconsidered. However, oil-in-water 
adjuvants like MF59 and AS03 showed more promising results [36].

In response to the pandemic H1N1 outbreak in 2009, MF59 and AS03 were 
approved for human use in the United States. MF59, which was already clinically 
approved in Europe in 1997 in combination with a seasonal vaccine (Fluad®), consists 
of squalene as an oil-in-water emulsion. AS03 (adjuvant system 03) is the adjuvant 
used in the pH1N1 vaccine Pandemrix®; it contains squalene, DL-α-tocopherol 
(vitamin E) and polysorbate 80.

Influenza vaccines adjuvanted with MF59 or AS03 have been reported to be 
efficacious against vaccine-matched strains, as well as against drifted variants [37-39]. 
A straightforward explanation for the broader coverage of adjuvanted influenza 
vaccines would be that the adjuvants increase the overall magnitude of immune 
responses. Khurana et al compared antibody responses in sera of individuals immunized 
two or three times with an H5N1 vaccine with or without MF59 or alum. Epitope 
mapping revealed a qualitative immunomodulating effect of MF59: the addition of 
MF59 skewed the antibody response towards the HA head domain [40]. However, 
in the light of recent data indicating that pre-exposure to an antigenically related 
vaccine generates an immune response primarily directed towards the HA head [11], 
it seems plausible that the observed immunomodulating effect is antigen-driven and 
not caused by the adjuvant. Regarding AS03, cross-reactive HAI antibody responses 
against drifted seasonal H1N1 strains have been reported in a cohort of people 
who received Pandemrix® in a primary care setting, but further studies to dissect 
the specificity of the antibody responses have not yet been performed [41].

EXPERIMENTAL ADJUVANTS
CpG
An interesting concept is to make use of the immunomodulating properties of 
adjuvants beyond overall enhancement, skewing vaccine-induced immune responses 
into a favorable direction. As discussed before, VH1-69 antibodies have a structural 
advantage over other antibodies in interacting with the broadly neutralizing HA 
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stem epitope. Redirecting the antibody response towards an induction of VH1-69 by 
adjuvation would potentially offer major benefit.

In that perspective, CpG is an interesting adjuvant. CpG has been examined as 
an adjuvant in a number of clinical applications [42]. It has been shown to directly 
interact with B cells via Toll-like receptor 9 (TLR9) in an antigen-independent fashion. 
TLR9 activation is known to drive the formation of IgM+ memory cells in the spleen 
and leads to the differentiation of both IgM+ memory B cells and isotype-switched 
memory B cells into antibody-secreting plasma cells [43-45]. Stimulation of IgM+ 
memory B cells might be relevant for bnAb responses because CR6261 and CR9114 
were derived from the IgM B cell compartment. Furthermore, the immunomodulating 
effect on human immature transitional B cells in vitro in the absence of antigens 
triggers the generation of somatic hypermutated memory B cells. Remarkably, somatic 
hypermutation occurred preferentially in B cells that contained VH1 and VH4/6 
subclasses [46]. These combined data suggest that dominant induction of specific VH 
antibodies, such as VH1-69, may be possible through adjuvation. However, the effect 
of CpG on skewing of VH gene usage in the presence of a clinically applicable antigen 
such as HA remains to be elucidated.

Besides this specific immunomodulatory property, CpG also has an effect on CD4+ 
T-cell polarization, driving a type 1 immune response characterized by induction of 
IgG1 and IgG3 antibody isotypes in humans [47]. Human antibodies of the IgG1 and 
IgG3 isotype are the most potent ADCC inducers (for an overview of Fc-Fc receptor 
biology see [48]). Taking into account that Fc-mediated effector functions, including 
ADCC, contribute to the in vivo efficacy of stem-binding bnAb, adjuvants that 
preferentially induce a type 1 response might broaden influenza vaccine coverage. 
In that perspective, other TLR activators such as monophosphoryl lipid A (MPLA, 
a derivative of lipid A from Salmonella lipopolysaccharide) and its derivatives, as well 
as single-stranded RNA analogues, are also considered useful adjuvants to broaden 
influenza responses. In contrast, alum-based adjuvants are not very suitable as they 
typically induce a type 2 response [47].

Matrix-M 
Potent classes of adjuvants are saponins, which consist of a heterogeneous group of 
triterpene glycosides [49,50]. Saponins are isolated from various plants [51,52], but in 
particular saponin fractions extracted from the bark of the Quillaja saponaria Molina 
tree have been used in several adjuvant formulations [49]. The semi purified crude 
saponin extracted from the Quillaja saponaria Molina tree such as Quil A has been used 
for decades in veterinary vaccines [53]. These semi purified crude saponin extracts 
can contain over 100 different closely related saponins [54]. In addition it contains 
traces of phenols, tannins and different waxes [55]. Consequently, the heterogeneous 
nature of such saponin mixture results in large batches-to-batch variations [50]. 
Though this formulation was applied to horse, cattle and pig, additional adaptation 
was required to make it suitable for clinical applications. Therefore, Quil A was further 

purified into three purified saponin fractions, fraction A (QS-7), fraction B (QS-17 
and QS-18) and fraction C (QS-21). These fractions have been characterized for their 
immune stimulating properties, toxicity and hemolytic activity [56,57]. Fraction B 
had the highest immune stimulating properties, but was highly toxic and is therefore 
not suitable for any clinical application. Fraction C has also high immune stimulating 
properties enhancing both cellular and humoral immune responses, but displayed 
mild toxicity and hemolytic activity while fraction A has moderate immune stimulating 
properties mainly promoting cellular immune responses and is virtually non-toxic or 
hemolytic [56,57]. Today, QS-21 is an important immune stimulating component and 
is successful being used in the adjuvant systems AS01 and AS02 (GSK) [58].

In the 80ths it was discovered that saponins formulated with cholesterol and 
phospholipids form 40nm stable particles. The physical incorporation of target 
antigen(s) in these particles results in so called immune-stimulating complexes (ISCOMs) 
[51]. By formulating the saponins into ISCOM particles the stability of the saponins 
increased and toxicity and lytic activity decreased compared to free saponines while 
retaining their immune stimulating properties [51]. ISCOM formulations were even 
found to be superior compared to antigen mixed with free saponins [49].

However, the physical incorporation of antigens in ISCOMs is challenging in 
particular for small hydrophilic antigens [50]. With the notion that the antigen does 
not need to be physically linked to the ISCOMs to achieve potent immune stimulation 
[59-61], the next generation of ISCOMs, the ISCOM-Matrix technology was  
developed  [62].

The combination of 70% saponin fraction A and 30% fraction C (ISCOPREP-703) 
combined in a single ISCOM particle was used for the formulation of ISCOMMATRIX 
(CSL Limited). However, this particular formulation was associated with adverse events. 
Particles that only contained the fraction C saponin (ISCOPREP-QHC) were associated 
with less adverse events while immune stimulating properties were maintained [50]

For the ISCOM-based adjuvant Matrix-M (Novavax) also fraction A and fraction 
C were used as saponin source. Interestingly, by physically separate the A and C 
fractions into two separate particles (Matrix-A and Matrix-C), the toxicity was reduced 
as assessed by toxicity studies in animal models as compared to particles that contain 
both saponin fractions in a single particle. These results led to the final formulation 
of Matrix-M that contains the two individual Matrix-A (85-92%) and Matrix-C (8-15%) 
particles co-formulated with free antigen [50,62]. 

The potential of Matrix-M in combination with seasonal and pandemic candidate 
influenza vaccines has been evaluated in mice [63,64] and humans [65,66].

In mice, Matrix-M improved the cellular and humoral immune responses induced 
by a virosomal H9N2 pandemic candidate vaccine administrated intramuscular. 
Besides improving the response quantitative, the addition of Matrix-M also altered 
the quality of the immune response by skewing the antibody response towards Th1 
type of response as compared to the vaccine alone. The enhancement of the cellular 
responses by Matrix-M adjuvation was mainly observed for CD8+ T cells in this 
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particular study [63]. Matrix-M adjuvation of an H5N1 virosomal vaccine candidate in 
mice demonstrated both enhancement of CD8+ and CD4+ T cells and a more balanced  
Th1/Th2 (IgG2a/IgG1) antibody response. Interestingly, cross-reactive HAI responses 
were reported to H5N1 strains not matching the vaccine strain [64]. Evaluation of 
the same H5N1 vaccine candidate adjuvanted with Matrix-Min humans has been shown 
to be safe and well tolerated in humans causing only transient mild to moderate site 
effects [66] and showed enhanced HAI responses to the vaccine homologous strain 
but also induced cross-reactive HAI responses. In contrast to the cellular responses in 
mice, only CD4+ T cells were enhanced by the addition of Matrix-M [65,66].

Altogether, this makes Matrix-M an attractive adjuvant candidate to explore 
enhancement and broadening of the protective immunity induced by seasonal 
trivalent influenza vaccines.

THESIS SCOPE
The aim of the work described in this thesis was to broaden the protection of current 
seasonal influenza vaccines by redirecting the antibody response towards the stem of 
the HA and induce bnAb responses. To be able to achieve this goal, understanding 
of the mechanism that drives the broad protective efficacy of bnAbs is fundamental. 
Several studies have demonstrated that broad-reactive antibodies require Fc-FcR 
engagement for optimal protection in contrast to strain-specific anti-head antibodies 
that were shown to be independent of Fc engagement [19,67-69]. It was even shown 
that strain-specific anti-head antibodies were unable to efficiently engage FcγRs to 
trigger ADCC [19]. However, a molecular mechanism explaining this observation was 
not provided. In chapter 2 of this thesis we investigate the molecular mechanisms 
on why anti-HA stem antibodies induce robust ADCC responses and strain-specific 
anti-HA head antibodies do not. In chapter 3 we studied ADCC responses of HA 
stem-directed antibodies in human subjects that received seasonal trivalent virosomal 
influenza vaccine (TVV) or a pandemic virosomal influenza vaccine. In addition, 
the ability of seasonal influenza vaccines to confer protection against avian H5N1 was 
assessed in a human-to-mouse serum transfer challenge model, including correlation 
to various immune parameters. 

To redirect the antibody responses towards the conserved stem-region of 
the HA and broaden the protection induced by current seasonal influenza vaccines 
we adjuvanted TVV with Matrix-M. In Chapter 4 and chapter 5 the contribution of 
Matrix-M on TVV-induced HAI responses and protection against vaccine homologous 
and heterologous/heterosubtypic influenza stains was evaluated in mice. Protective 
efficacy of the Matrix-M adjuvanted vaccine was evaluated against H5N1 and H7N9 
in ferrets. 

In chapter 6 the mechanism of protection against avian H5N1 by Matrix-M 
adjuvanted TVV in mice was dissected by challenge studies in serum transferred and 
T-cell depleted mice.

Chapter 7 comprises of a summarizing discussion of the results described in this 
thesis and provides a future perspective on broadly protective universal influenza 
vaccines.
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