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Abstract
Oil-in-water adjuvants have been shown to improve immune responses against pandemic
influenza vaccines as well as reduce the effective vaccine dose, increasing the number of doses
available to meet global vaccine demand. Here, we use genome fragment phage display libraries
and surface plasmon resonance to elucidate the effects of MF59 on the quantity, diversity,
specificity, and affinity maturation of human antibody responses to the swine-origin H1N1
vaccine in different age groups. In adults and children, MF59 selectively enhanced antibody
responses to the hemagglutinin 1 (HA1) globular head relative to the more conserved HA2 domain
in terms of increased antibody titers as well as a more diverse antibody epitope repertoire.
Antibody affinity, as inferred by greatly diminished (≥10-fold) off-rate constants, was
significantly increased in toddlers and children who received the MF59-adjuvanted vaccine.
Moreover, MF59 also improved antibody affinity maturation after each sequential vaccination
against avian H5N1 in adults. For both pandemic influenza vaccines, there was a close correlation
between serum antibody affinity and virus-neutralizing capacity. Thus, MF59 quantitatively and
qualitatively enhances functional antibody responses to HA-based vaccines by improving both
epitope breadth and binding affinity, demonstrating the added value of such adjuvants for
influenza vaccines.

INTRODUCTION
The periodic introduction of novel influenza A viruses (IAVs) expressing the serologically
distinct surface proteins hemagglutinin (HA) and neuraminidase (NA) can result in
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pandemics capable of causing millions of deaths worldwide. Inactivated influenza vaccines
based on HA have been the most effective approach for controlling epidemics and
diminishing the effects of pandemics. Because of the fast spread of pandemics, speed is of
the essence in vaccinating the world population. Due to inherent difficulties in generating
sufficient doses of vaccine, it is always an advantage to minimize the amount of antigen per
effective dose. In the case of the highly pathogenic H5N1 virus, a feared potential pandemic
virus, standard subunit vaccines (unadjuvanted) exhibited low immunogenicity even when
used at high doses or with two or more injections (1, 2).

Improving IAV vaccines will likely require the inclusion of adjuvants, which enhance
antigen presentation and innate responses (3) and boost immunogenicity. Only a few
adjuvants are approved for human use. The longest used, alum, was not efficient in IAV
vaccines (4, 5). On the other hand, oil-in-water adjuvants, such as MF59 and AS03, induced
higher IAV-specific antibody seroconversion rates and heterosubtypic neutralization
(against diverse H5N1 types), as well as allowed antigen dose sparing (4, 6–12).

We previously examined the effect of MF59 on the immunogenicity of the H5N1-
inactivated vaccine in adults using whole IAV genome fragment phage display libraries
(GFPDLs) expressing protein fragments from the corresponding HA and NA genes. MF59
shifted the focus of antibody responses from predominantly HA2 sequences (conserved
between H5 and seasonal H1 strains) to sequences in HA1 [receptor binding domain (RBD)]
and NA (sialic acid–binding site). The expanded antibody repertoires correlated with an
increase in the titer of antibodies reactive with native HA and with viral neutralization (VN)
(13).

Here, we describe multiple studies to evaluate the effects of MF59 on the antibody responses
induced by swine-origin influenza virus (SOIV) H1N1 and H5N1 vaccines in various age
groups. In addition to the antibody epitope repertoire, we have investigated antibody affinity
using 7 M urea resistance and calculated antibody off-rate constants by surface plasmon
resonance (SPR). Technically, because antibodies are bivalent, the proper term for their
binding to multivalent antigens like viruses is avidity, but here we use the term affinity
throughout because we do not describe any monovalent interactions. The contribution of
affinity maturation to antiviral protection is surprisingly ill-defined, and indeed, the very
existence of affinity maturation of antiviral antibodies has been questioned (14, 15).

Our findings support the importance of antibody affinity in antiviral immunity and
demonstrate the effectiveness of MF59 in enhancing antibody targeting of relevant
neutralizing domains and increasing antibody affinity maturation after repeated vaccination.

RESULTS
An MF59-adjuvanted H1N1 vaccine generates broader antibody epitope profiles in adults
and children than the vaccine alone

Immunogenicity of the SOIV-H1N1 vaccine was evaluated in randomized studies of adults
(18 to 60 years), children (3 to 8 years), and toddlers (12 to 35 months), who received either
unadjuvanted vaccine (15 µg of HA per dose) or MF59-adjuvanted vaccine (7.5 µg of HA
per dose). Adults received a single dose, whereas children and toddlers were boosted on day
21. Sera collected 21 days after each vaccination were tested for hemagglutination inhibition
(HAI) and VN capacity. Serum samples with similar VN titers from the unadjuvanted and
MF59-adjuvanted vaccine groups were tested by GFPDL to assess the specificity of anti-HA
and anti-NA antibody responses (Figs. 1 to 3).
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In adults, antibodies in prevaccination sera predominantly bound to SOIV-HA epitopes in
the HA2 region and in the N terminus of the HA1 region (representing conserved regions
between SOIV and seasonal H1N1 viruses) (Fig. 1B and table S1). HA2 and the N terminus
of HA1 together form the stem of HA trimers. None of these prevaccination sera exhibited
VN or HAI activity, as expected from the low functionality of antibodies specific for these
regions, which typically are not exposed for antibody binding on intact virions (16–18).

After vaccination with the unadjuvanted H1N1 vaccine, 1973 phage clones were captured by
the immune sera, of which 1558 mapped to HA2, 272 to HA1, and 143 to NA. HA1 epitopes
included RBD-spanning sequences, as well as N-terminal sequences (Fig. 1A). Sera from
individuals vaccinated with MF59-adjuvanted vaccine bound 4482 phages (2.3-fold higher
than unadjuvanted immune sera), of which 1659 mapped to HA2, 2561 to HA1, and 262 to
NA. Compared to prevaccination sera, both unadjuvanted and MF59-adjuvanted vaccines
expanded the numbers of HA2-binding antibodies (eight- to ninefold). Expansion of HA1
epitopes was 10-fold higher after vaccination with MF59-adjuvanted compared with
unadjuvanted vaccine (280- and 30-fold increase from baseline, respectively), resulting in an
8.8-fold higher HA1/HA2 ratio (1.543 and 0.175, respectively) (Fig. 1A, right column). The
number of NA-specific phage clones was also increased 2.5-fold in the adjuvanted vaccines
sera compared with unadjuvanted vaccine sera.

We next compared the epitope profiles of sera obtained from 3- to 8-year-old children (five
per group) vaccinated with two doses of H1N1 vaccine (with or without MF59 adjuvant),
with similar titers of virus-neutralizing antibodies (320 to 1280) (Fig. 2, A and B).
Compared to adults, antibodies in prevaccination sera bound less than 20 phage-displayed
epitopes, and all recognized inserts mapped to HA2. Vaccination increased the number of
antibodies that bound HA-specific epitopes by 26-fold, and MF59 increased the number of
HA fragments recognized by more than twofold. As in adults, a predominance of HA2-
specific antibodies in response to the unadjuvanted vaccine was observed (Fig. 2, A and B,
and table S1), and MF59 induced more expansion in the number of HA1 compared with
HA2-binding antibodies (3.43 increase in the HA1/HA2 ratio). Thus, although the
magnitude of the antibody response was lower in 3- to 8-year-old children than adults, the
effects of MF59 in 3- to 8-year-old children were similar to those observed in adults (Figs.
1A and 2A).

An HA2-predominant antibody repertoire is not observed in toddlers
To better understand the cause of preexisting HA2 antibodies in children and adults, we
examined the specificity of antibodies in toddlers (<3 years). Toddlers responded to two
doses of vaccine, and once again, MF59 increased virus-neutralizing antibody titers by a
factor of ~4, from 80 to 320 against 320 to 1280 end-point titer.

Notably, prevaccination sera in this group did not contain HA2-binding antibodies (Fig. 3B).
Vaccination elicited antibodies with broadened specificity for HA and NA fragments, with
twofold more phage clones bound by sera from MF59-adjuvanted compared to unadjuvanted
vaccine (Fig. 3A and table S1). In this age group, there was no preferential response of
HA2-binding antibodies after vaccination, and the MF59-adjuvanted vaccine induced a
similar increase (~2.4-fold) in the number of both HA1- and HA2-binding antibodies
compared to the unadjuvanted H1N1 vaccine (Fig. 3A).

These results suggest that the abundance of HA2-specific antibodies in adults is due to
repeated IAV infections or vaccinations, although antibodies that cross-react with the large
number of other pathogens encountered by older individuals may be present. The selective
enhancement of HA1-specific antibodies after MF59-adjuvanted vaccination may indicate a
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difference in the requirement for activating primary in opposition to recall antibody
responses.

The MF59-adjuvanted vaccine elicits antibodies with a higher binding capacity to properly
folded HA1 globular domain than unadjuvanted vaccine

On the basis of the extensive literature on the specificity of anti-HA antibodies (17, 19, 20)
and our previous study (13), we expected that increased recognition of the fragments from
the globular domain would correlate with increased recognition of folded recombinant HA1
globular domain revealed by SPR. Indeed, binding to properly folded HA1 [previously
described (21)] was significantly higher for antibodies from the MF59-adjuvanted vaccine
sera compared with sera from unadjuvanted vaccine recipients in all three age groups (Fig.
4, A to D), with the most pronounced difference observed in the youngest age group (12 to
35 months) (Fig. 4, C and D; P = 0.00001).

To further investigate the effect of MF59 on the quality of antibody responses, we extended
our analysis to enzyme-linked immunosorbent assay (ELISA). In ELISA, as in other
equilibrium-based assays (for example, HAI and VN), it is not feasible to discriminate
between the contributions of antibody affinity and antibody concentration to the binding
titer. It is possible, however, to approximate antibody affinity by measuring the effect of
denaturants on antibody binding (22, 23), because low-affinity antibodies are more rapidly
eluted.

To this end, we performed a standard ELISA with immobilized properly folded recombinant
HA1 (21); this assay was modified such that bound serum antibodies (from the same serum
samples used in GFPDL analysis) were briefly exposed to 7 M urea before addition of the
secondary labeled anti-human immunoglobulin G (IgG) antibody. MF59 increased the
fraction of 7 M urea–resistant antibodies in an age-related manner (Fig. 5): The effects were
highest in toddlers (<20% against >65%, P = 0.002) and lowest in adults (30 to 40% against
40 to 65%, P = 0.167), with an intermediate effect in 3 to 8 year olds (40% against >70%, P
= 0.015).

Antibody avidities can also be determined by the ratio of antibody on and off rates as
determined by SPR. Antibody on rates typically fall in a fairly narrow range with avidity
principally resulting from decreases in off rates (24–29). Although determining on rates
requires knowledge of antibody concentration (14), off-rate measurements are independent
of antibody concentration and hence can be measured for serum antibodies bound to antigen
(25, 30).

To determine polyclonal antibody off rates via SPR, we first demonstrated that although
post-vaccination human sera tested in serial dilutions yielded different maximal resonance
unit (RU) binding to recombinant HA1 (rHA1), the kinetics of dissociation were identical
and hence independent of serum antibody concentration. As seen in Fig. 6A, antibody
concentration independence was indicated by parallel lines in the dissociation phase for the
10- and 100-fold dilution for each post-vaccination human serum. Antibody off-rate
constants, which describe the stability of the complex by measuring the fraction of
complexes that decays per second in the disassociation phase, were determined with the Bio-
Rad ProteOn manager software for the heterogeneous sample model. To improve the
accuracy of measurements, we determined the off-rate constants from two independent SPR
runs for each sample.

The off-rate constants of individual sera supported the results in the 7 M urea treatment
(Figs. 5 and 6, B to G). Lower off rates correlated with increased VN titers in the three age
groups. Off-rate constants of anti-HA1 antibodies from toddlers and young children who had
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received nonadjuvanted vaccine ranged from 1.0 × 10−3 to 1.5 × 10−3 s−1 after two
vaccinations and correlated with modest VN titers (40 to 320) (Fig. 6, B and D). In
comparison, the antibodies generated by MF59-adjuvanted vaccine displayed slower off-rate
constants (reaching <1 × 10−4 s−1 in some individuals) and correlated with higher VN titers
(Fig. 6, C and E). As with other parameters examined, the magnitude and statistical
significance of the adjuvant effects were age-dependent, with stronger effects in toddlers and
the least effect seen in the adult population who also had sera with higher VN titers (320 to
1280) (Fig. 6, G and F). The inverse correlation between VN titers and off-rate constants
strongly suggests that an increase in antibody affinity plays an essential role in the
neutralization of the SOIV-H1N1 virus. In conclusion, MF59 greatly enhanced the affinity
of antibodies specific for the HA globular domain, which was most evident in the young age
groups and, in general, in subjects with limited previous exposure to the antigens present in
the influenza vaccines.

MF59 enhances antibody affinity maturation after repeat dosing with the H5N1 subunit
vaccine

The adjuvant effect on antibody affinity maturation as measured by either 7 M urea
resistance or SPR was most pronounced in the influenzanaïve groups. This suggested that
MF59 might have a greater effect on the affinity of HA-specific antibodies elicited by the
H5N1 vaccine in adults, because H5N1 viruses do not circulate in humans.

The H5N1 antibody responses in adults were typical of a primary immune response in a
naïve population as previously described (13) (Fig. 7). To assess antibody affinity
maturation after repeated vaccination and its effect on VN, we followed the serum VN titer
and corresponding polyclonal serum off-rate constants after every vaccination for each
individual. The values for each individual vaccinee are depicted with the same colored
symbol after the first, second, and third immunizations in the three corresponding figures of
each arm (Fig. 7, A to F). After the first vaccination, VN titers were below detectable limits,
and off-rate constants of native H5-binding antibodies were high (1 × 10−3 s−1; that is low
affinity). Second and third doses of unadjuvanted vaccine elicited neutralizing antibodies in
the 40 to 320 range with a parallel decrease in antibody off-rate constants. In the MF59-
adjuvanted vaccine group, a clear improvement of antibody affinity maturation was
observed after repeated vaccination between the second and third dose, with off-rate
constants reaching 1 × 10−5 s−1 and VN titers ranging from 160 to 640. As with the SOIV-
H1N1 vaccine, there was a tight inverse correlation between VN titer and off-rate constants.
ELISA revealed similar behavior of antibody affinity as measured by 7 M urea resistance
(Fig. 7G).

These findings clearly demonstrated that MF59 improved the immunogenicity of both the
SOIV-H1N1 and H5N1 vaccines by increasing antibody avidity. Such improvements to
antibody qualities are predicted to improve protective immunity in vivo.

DISCUSSION
The insufficient immunogenicity of the original H5N1 vaccine led to the inclusion of MF59
and AS03 adjuvants in influenza vaccines, which enabled the vaccine to achieve U.S. Food
and Drug Administration and European Union criteria of seroconversion and seroprotection
rates. At the onset of the SOIV-H1N1 pandemic in Europe, these adjuvants were combined
with the SOIV-H1N1 vaccines to enhance immunogenicity and allow dose sparing (8–11).

Here, we provide the initial characterization of the effects of oil-in-water adjuvants on the
quality of antibodies induced by the SOIV-H1N1 vaccine in different age populations. Our
data clearly show that MF59 enhances VN responses by both quantitative and qualitative
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improvement in HA-specific antibody responses by increasing the diversity of epitope
repertoire recognized in the HA1 globular domain and by enhancing the affinity of
antibodies specific for native HA. On the basis of the increased magnitude of the effect of
MF59 on anti–SOIV-H1N1 responses in younger individuals, and similar findings with the
H5N1 vaccine in H5N1-naïve adults, it is likely that the major effect of MF59 is exerted on
naïve B cells, increasing the rate of somatic hypermutation. Therefore, MF59 and similar
adjuvants have the potential to overcome the tendency in some individuals to generate low-
affinity antibodies with pathological potential.

We show that in the face of a novel IAV pandemic, most preexisting serum antibodies are
specific for HA2. These antibodies would be induced by previous clinically overt or
subclinical infections with influenza viruses or by previous immunizations (mainly in adults)
with conventional, nonadjuvanted seasonal influenza vaccines. This is consistent with
previous findings that HA2 antibodies are highly cross-reactive, which is expected because
of the much higher sequence conservation in HA2 compared to HA1 (13). The RBD of
HA1, where antigenic drift is most extensive, is particularly diverse.

A number of groups have recently described antibodies in mice, ferrets, monkeys, and
humans specific for a discontinuous antigenic site in the HA stem region that cross-react
between related subtypes (for example, H1-H2-H5) with post-attachment virus-neutralizing
activity (31–36). Representative monoclonal antibodies (mAbs) have been shown to prevent
and treat IAV infections in animal models, raising the prospect of generating vaccines that
provide broader immunity within and even across related subtypes (35, 36). It will be of
great interest to examine the effect of MF59 on eliciting such antibodies, and particularly on
increasing their affinity, which may be critical in enhancing their in vivo activity.

Here, we revisited the central question of the role of affinity maturation in antiviral
immunity. In earlier mouse studies using a panel of mouse mAbs specific for vesicular
stomatitis virus (VSV) glycoprotein, protection against VSV infection was independent of
immunoglobulin class, affinity, and VN rate constant. Antibody affinity above a minimal
threshold (about 2 × 10−7 M−1) provided complete protection from acute infection, and
protection depended simply on serum antibody concentration (37, 38). Furthermore, mAbs
generated either early or late after VSV hyperimmunization demonstrated similar high
affinity, with no evidence of time-dependent affinity maturation (14). The authors proposed
that for acute viruses, there is little need for affinity maturation because the virus is cleared
long before higher-affinity antibodies reach effective concentrations. However, these studies
focused on the mouse responses to VSV, for which it appears that a germ-line antibody
offers high neutralizing titers against the virus (15, 39). This is probably an unusual situation
whereby very limited affinity maturation is needed, and does not reflect normal antiviral
antibody responses. Recent studies demonstrate that acute viral infections (including SOIV)
and formalin-inactivated vaccines for measles and respiratory syncytial virus may elicit low-
affinity antibodies that form immune complexes in the lungs and activate complement.
These non-neutralizing antibodies may contribute to enhanced lung pathology with severe
disease and even death after infection (22, 23, 40, 41).

Here, we confirm the importance of antibody affinity in anti-influenza immunity by
demonstrating strong correlation between 7 M urea–resistant serum antibodies and off-rate
constants with VN titers in response to SOIV-H1N1 and H5N1 vaccination. We found that
MF59 adjuvant greatly enhanced affinity maturation especially in naïve populations.

How is an oil-in-water adjuvant such as MF59 able to increase antibody affinity? The
enhancement observed by MF59 of HA1-specific antibodies could be due to a difference in
the requirements for activating naïve HA1-specific as opposed to recall HA2-specific B
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cells. Indeed, previous findings have shown that vaccination with the MF59-adjuvanted
H5N1 vaccine, but not with unadjuvanted vaccine, primes a potent and rapid antigen-
specific CD4+ T cell response that is predictive of the high VN antibody levels found after
booster immunization (42, 43).

Together, our data clearly demonstrate that antibody affinity maturation occurs after
influenza vaccination, particularly in naïve individuals. Most importantly, MF59 enhances
affinity maturation and offers the promise of improved protection in vivo. These findings
provide support for use of adjuvants in influenza vaccines, especially when targeting naïve
populations.

MATERIALS AND METHODS
Description of clinical trials and collection of vaccination samples

Serum or plasma samples were obtained from subjects enrolled in clinical trials with either
the SOIV-H1N1 or the H5N1 vaccine in three different clinical trials sponsored by Novartis
Vaccines and Diagnostics. All study protocols were in accordance with the Helsinki
Declaration and with Good Clinical Practice principles and were approved by the local
ethical committees.

The SOIVA/H1N1 trials were two randomized, single-blind, dose-ranging, multicenter
studies aimed at evaluating immunogenicity, safety, and tolerability of various amounts (3.5
or 7.5 µg of HA) of MF59-adjuvanted and non-adjuvanted, egg-derived, inactivated (15 µg
of HA) SOIV A/H1N1 monovalent subunit vaccine in healthy adults and elderly, age 18
years and above (n = 656, ClinicalTrials.gov no. NCT00971906), and in 720 toddlers,
children, and adolescents with ages ranging from 6 months to 17 years (ClinicalTrials.gov
no. NTC00971542). The composition and the presentation of the vaccine have been already
reported in previous publication (44).

The third study used MF59-adjuvanted or non-adjuvanted H5N1 subunit vaccine
(ClinicalTrials.gov no. NCT00382187), and the results obtained have already been reported
in details elsewhere (13, 42, 45).

Pre- and post-vaccination serum samples were tested (i) from 40 adults (18 to 60 years old),
20 young children (3 to 8 years old), and 20 toddlers (12 to 35 months) receiving the
Novartis Vaccine and Diagnostics (NVD) A/H1N1 (A/H1N1/California/07/2009) vaccine
not adjuvanted or adjuvanted with MF59 and given as ready-to-use formulations in prefilled
syringes, and (ii) from 40 adults immunized with the A/H5N1 subunit vaccine (A/Vietnam/
1194/2004) prepared by NVD with and without MF59, and given as ready-to-use
formulations in prefilled syringes (42).

All samples were de-identified. The protocols were evaluated by CBER (Center for
Biologics Evaluation and Research) Research Involving Human Subjects Committee and
were conducted under Research Involving Human Subjects Committee exemption
#03-118B.

Construction of H1N1 GFPDLs and panning of H1N1 GFPDLs with polyclonal human
vaccine sera

Complementary DNA corresponding to all eight gene segments of the A/H1N1/California/
07/2009 was generated from the RNA isolated from egg-grown virus strain and was
henceforth used for cloning. The phage display libraries used in the current study expressed
inserts spanning the HA (fig. S1) and NA genes as previously described for H5N1 GFPDL
(13, 46).
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For each round of panning, an equal volume of sera was used for each group. Before
panning of GFPDL, serum components, which might nonspecifically interact with phage
proteins, were removed by incubation with ultraviolet-killed M13K07 phage-coated petri
dishes. Subsequent GFPDL selection was performed in solution (with protein A/G). Inserts
of bound phages were polymerase chain reaction (PCR)–amplified and sequenced.

Affinity measurements for 7 M urea–resistant antibodies
IgG affinity was determined directly for each individual post-vaccination serum that was
used in GFPDL analysis by a modified ELISA method as previously described (22, 23).
Briefly, ELISA plates were coated with purified HA1 proteins from either SOIV-H1N1 or
H5N1 (A/Vietnam/1203/2004) (22, 23) or subunit influenza vaccines. After blocking with
2% bovine serum albumin (BSA)–phosphate-buffered saline with 0.1% Tween 20 (PBST),
serial dilutions of human sera in 2% BSA–PBST were incubated for 1 hour. Bound IgG was
detected with horseradish peroxidase–conjugated antibodies specific to human IgG-Fc and
OPD (o-phenylenediamine dihydrochloride) as substrate. Samples were read at 490 nm.
Affinity was determined by modifying this immunoassay to include a 10-min wash with 7 M
urea after incubation of sera with the HA-coated wells. Percent of urea-resistant antibodies
was calculated by dividing the optical density (OD) of the urea-washed samples by the OD
of the unwashed samples.

Affinity measurements by SPR
Steady-state equilibrium binding of post-H1N1 or post-H5N1 human vaccine sera was
monitored at 25°C with a ProteOn SPR biosensor (Bio-Rad). The HA1-His6 for the
respective influenza strains (21, 47) was coupled to a GLC sensor chip with amine coupling
with 500 RUs in the test flow cells. Samples of 60 µl of freshly prepared sera at 10- and 100-
fold dilutions were injected at a flow rate of 30 µl/min (120-s contact time) for association,
and disassociation was performed over a 600-s interval (at a flow rate of 30 µl/min).
Responses from the protein surface were corrected for the response from a mock surface and
for responses from a separate buffer-only injection. mAb 2D7 (anti-CCR5) was used as a
negative control in the experiments. Binding kinetics for the human vaccine sera and the
data analysis were calculated with Bio-Rad ProteOn manager software (version 2.0.1).

Antibody off-rate constants that describe the stability of the complex, which is the fraction
of complexes that decays per second, were determined directly from the serum-plasma
sample interaction with rHA1 protein using SPR in the disassociation phase (as described
above) and calculated with the Bio-Rad ProteOn manager software for the heterogeneous
sample model. For accurate measurements, it was important to have parallel lines in the
dissociation phase for the 10- and 100-fold dilution for each post-vaccination human sera.
To improve the measurements, we determined the off-rate constants from two independent
SPR runs.

Statistical analyses
Differences between groups were examined for statistical significance with Student’s t test.
An unadjusted P value of <0.05 was considered to be significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Analysis of antibody repertoires elicited in adults after vaccination with unadjuvanted and
adjuvanted subunit H1N1 vaccines. (A) Distribution of phage clones after affinity selection
with sera obtained from adults before and after single vaccination with subunit SOIV-H1N1
vaccine (with and without MF59 adjuvant). (B) Schematic alignment of the peptides
recognized by post-first H1N1 vaccination sera in the adults, identified by panning with
H1N1-GFPDL A/California/07/2009. The amino acid designation is based on the HA
protein sequence (fig. S1). Bars indicate identified inserts in HA1 (red bars) and HA2 (blue
bars). The thickness of each bar represents the frequencies of repetitively isolated phage
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inserts (only clones with a frequency of two or more are shown; sequenced clones are shown
in table S1). Phage-displaying peptides from sequences within the HA1 receptor binding
domain (RBD) are depicted with yellow bars.
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Fig. 2.
Antibody epitope repertoire elicited in young children after vaccination with unadjuvanted
and adjuvanted subunit H1N1 vaccines. (A) Distribution of phage clones after affinity
selection on sera obtained from young children (3 to 8 years) before and after two
immunizations with subunit SOIV-H1N1 vaccine (with and without MF59 adjuvant). (B)
Schematic alignment of the peptides recognized by post-second H1N1 vaccination sera in
the young children (3 to 8 years) as identified with H1N1-GFPDL A/California/07/2009
(sequenced clones are shown in table S1). Phage-displaying peptides from sequences within
the HA1 RBD are depicted with yellow bars, whereas identified inserts in HA1 are shown as
red bars and HA2 as blue bars. The thickness of each bar represents the frequencies of
repetitively isolated phage inserts (only clones with a frequency of two or more are shown;
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sequenced clones are shown in table S1). The amino acid designation is based on the HA
protein sequence (fig. S1).
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Fig. 3.
Antibody epitope profile elicited in toddlers after vaccination with an unadjuvanted or
MF59-adjuvanted subunit SOIV-H1N1 vaccine. (A) Distribution of phage clones after
affinity selection with sera obtained from toddlers (12 to 35 months) before and after two
immunizations with subunit SOIV-H1N1 vaccine (with and without MF59 adjuvant). (B)
Schematic alignment of the peptides recognized by post-second H1N1 vaccination sera in
the toddlers, identified by panning with H1N1-GFPDL A/California/07/2009. Amino acid
designation is based on the HA protein sequence (fig. S1). Bars indicate identified inserts in
HA1 (red bars) and HA2 (blue bars). Phage-displaying peptides from sequences within the
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HA1 RBD are depicted with yellow bars. The thickness of bars represents the frequencies of
repetitively isolated phage inserts (only clones with a frequency of two or more are shown;
sequenced clones are shown in table S1).
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Fig. 4.
Binding of post-H1N1 vaccination human serum IgG to properly folded HA1 protein. (A to
C) Steady-state equilibrium analysis of the binding of human vaccine serum IgG to properly
folded functional HA1 oligomers was measured with SPR and is shown for two
representative samples from each group. Tenfold-diluted individual post-H1N1 vaccination
sera from the three age groups [adults in (A), young children in (B), and toddlers in (C)] of
the H1N1 vaccine trial were injected simultaneously onto HA1 immobilized on a sensor
chip through the free amine group and onto a blank flow cell, free of peptide. Prevaccination
serum (VN < 20) is included (black) and was used as control in each assay. The VN titers of
each serum used in SPR are in parentheses. Binding of the antibodies to the immobilized
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protein is shown as resonance unit (RU) values. (D) Maximum RU values for HA1 binding
by serum antibodies obtained from multiple individuals before and after vaccination with
either MF59-adjuvanted (red dots) or unadjuvanted SOIV-H1N1 (blue dots) vaccination for
the three age groups.
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Fig. 5.
Human serum IgG avidity after immunization with an MF59-adjuvanted and unadjuvanted
H1N1 subunit vaccine in different age groups. H1N1-HA1–specific affinity of IgG from
post-H1N1 vaccination human sera after 7 M urea wash in individuals with either MF59-
adjuvanted or unadjuvanted SOIV-H1N1 vaccination for the three age groups is shown (n =
5 to 7). Data are means ± SD of three independent experiments. Differences between groups
were examined for statistical significance with Student’s t test. A P value of <0.05 was
considered to be significant.
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Fig. 6.
Affinity measurements and correlation between in vitro neutralizing capacity and off-rate
constant in human sera after immunization with an MF59-adjuvanted and unadjuvanted
H1N1 subunit vaccine in different age groups. (A) Antibody avidity measurements in
polyclonal serum by off-rate constants with SPR. Antibody off-rate constants that describe
the stability of the complex, which is the fraction of complexes that decays per second, were
determined directly from the serum-plasma sample interaction with rHA1 protein using SPR
in the dissociation phase. For accurate measurements, parallel lines in the dissociation phase
for the 10- and 100-fold dilution for each post-vaccination human sera were required. The
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off-rate constants were determined from two independent SPR runs. (B to G) SPR analysis
of post-vaccinated human sera with MF59-adjuvanted (C, E, and G) or unadjuvanted SOIV-
H1N1 (B, D, and F) vaccine from three age groups of the vaccine trial was performed with
properly folded SOIV-H1N1 HA1 (A/California/07/2009) (21). Serum antibody off-rate
constants and serum-neutralizing antibody titers for different individual vaccinees (each
symbol is one individual) were determined as described in Materials and Methods.
Neutralizing titer is expressed as standardized end-point neutralizing antibody titer of post-
H1N1 vaccine human sera. Antibody off-rate constants of human sera after vaccination with
MF59-adjuvanted or unadjuvanted SOIV-H1N1 vaccine correlated with their in vitro
neutralizing capacity. Correlation statistics of the affinity measurement and off-rate
constants of the human sera between MF59-adjuvanted and unadjuvanted vaccine groups
were statistically significant only for the toddlers’ samples (12 to 35 months) and young
children (3 to 8 years), with P < 0.05 (t test).
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Fig. 7.
Kinetics of antibody affinity maturation to HA after multiple immunizations with an MF59-
adjuvanted and unadjuvanted H5N1 subunit vaccine and its correlation with in vitro VN. (A
to F) Sequential SPR analysis of vaccine sera (after the first, second, and third vaccination
with unadjuvanted or MF59-adjuvanted H5N1 vaccine) was performed with properly folded
H5N1 HA1 (A/Vietnam/1203/2204) (13, 47). Tenfold-diluted individual sera from three
arms of the NVD vaccine trial at 28 days after each immunization were evaluated. After
binding of the sera to the immobilized ligand, antibody off-rate constants were calculated
with a heterogeneous sample model as described in Materials and Methods. Values on the x
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axis denote the end-point VN titers (mean of three replicates) with individual sera in a VN
assay performed with A/Vietnam/1203/2004-rgH5N1×PR8 reassorted virus. Data plotted are
shown for four individuals from the unadjuvanted arm (A, C, and E) and six individuals
from the MF59- adjuvanted H5N1 vaccine arm (B, D, and F) in the NVD trial after first,
second, and third immunizations. To follow the serum VN titer and corresponding
polyclonal serum off-rate constants after every vaccination, the values for each individual
vaccinee are depicted with the same colored symbol after the first, second, and third
immunization in the three corresponding figures of each arm. Statistical analysis of the off-
rate constants between MF59-adjuvanted and unadjuvanted vaccine groups after each
vaccination showed statistical significance betweenMF59-adjuvanted and unadjuvanted
vaccine groups only for samples after the third immunization, with P<0.05 (t test).
(G)H5N1-HA1–specific affinity of serum IgG after 7 M urea wash in individuals after the
third vaccination with either MF59-adjuvanted or unadjuvanted H5N1 subunit vaccine (n =
6). Data are means ± SD of three independent experiments. Differences between groups
were examined for statistical significance with Student’s t test. A P value of <0.05 was
considered to be significant.
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