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a b s t r a c t
Background: Inﬂuenza H5N1 virus constitutes a pandemic threat and development of effective H5N1
vaccines is a global priority. Anti-inﬂuenza antibodies directed towards the haemagglutinin (HA) deﬁne a
correlate of protection. Both antibody concentration and avidity may be important for virus neutralization
and resolving inﬂuenza disease.
Methods: We conducted a phase I clinical trial of a virosomal H5N1 vaccine adjuvanted with the immunostimulating complex Matrix MTM . Sixty adults were intramuscularly immunized with two vaccine doses
(21 days apart) of 30 g HA alone or 1.5, 7.5 or 30 g HA adjuvanted with Matrix MTM . Serum H5 HA1speciﬁc antibodies and virus neutralization were determined at days 0, 21, 42, 180 and 360 and long-term
memory B cells at day 360 post-vaccination. The binding of the HA speciﬁc antibodies was measured by
avidity NaSCN-elution ELISA and surface plasmon resonance (SPR).
Results: The H5 HA1-speciﬁc IgG response peaked after the second dose (day 42), was dominated by
IgG1 and IgG3 and was highest in the adjuvanted vaccine groups. IgG titres correlated signiﬁcantly with
virus neutralization at all time points (Spearman r ≥ 0.66, p < 0.0001). By elution ELISA, serum antibody
avidity was highest at days 180 and 360 post vaccination and did not correlate with virus neutralization.
Long-lasting H5 HA1-speciﬁc memory B cells produced high IgG antibody avidity similar to serum IgG.
Conclusions: Maturation of serum antibody avidity continued up to day 360 after inﬂuenza H5N1 vaccination. Virus neutralization correlated with serum H5 HA1-speciﬁc IgG antibody concentrations and not
antibody avidity.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Highly pathogenic inﬂuenza H5N1 viruses remain a pandemic
threat and therefore effective H5N1 vaccines are needed. Antiinﬂuenza immunity is multifaceted [1–4] and despite the promise

∗ Corresponding author at: Inﬂuenza Centre, Department of Clinical Science, University of Bergen, N-5021 Bergen, Norway. Tel.: +47 55974668.
E-mail address: rebecca.cox@k2.uib.no (R.J. Cox).
1
These authors contributed equally.
http://dx.doi.org/10.1016/j.vaccine.2014.06.009
0264-410X/© 2014 Elsevier Ltd. All rights reserved.

of recent adjuvanted H5N1 vaccines [5], their effectiveness
remains to be demonstrated. One concern is that the surrogate
correlate of protection used for licensure of seasonal inﬂuenza
vaccines (haemagglutination inhibition (HI) titre ≥40) may not be
extrapolated to H5N1 vaccines. This currently accepted correlate
of protection has shown limitations in predicting protection even
for seasonal inﬂuenza strains [6,7], emphasizing the need for more
robust correlates of protection. Few inﬂuenza vaccine studies
have characterized the avidity of the vaccine-induced antibodies,
particularly against the H5N1 strain. High avidity antibodies are
important for protection against a number of pathogens [8–10]
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and were associated with increased virus neutralization and
milder disease upon infection during the 2009 inﬂuenza pandemic
(A(H1N1)pdm09) [11]. For seasonal inﬂuenza infection, antibody
avidity increased during the acute to convalescence phase, whilst
no change in avidity was observed from pre to 45 days post seasonal inﬂuenza vaccine [12]. H5N1 vaccines require adjuvants to
increase immunogenicity and the oil-in-water adjuvant MF59 was
found to increase the avidity of vaccine-induced antibodies [13].
Here we examined the avidity of the antibody response elicited
after the ﬁrst and the second immunization with an H5N1 virosomal inﬂuenza vaccine and the subsequent long-term response up
to one year. Sixty healthy adult volunteers were enrolled in a phase
I clinical trial and immunized with the vaccine alone or in combination with a proprietary immunostimulating complex adjuvant
(Matrix MTM ) [14]. We observed that although the levels of H5
HA1-speciﬁc circulating antibodies rapidly declined after immunization, the IgG antibody avidity increased over time and reached
the highest levels at day 360 into the study. This applied to both the
vaccine-induced IgG antibody subclasses (IgG1 and IgG3). We then
compared the association between H5N1 virus microneutralisation
(MN) and avidity of the HA speciﬁc serum response. Whereas the
serum inﬂuenza-speciﬁc IgG antibody titres correlated signiﬁcantly
with MN responses, antibody avidity did not.
2. Material and methods
2.1. Study protocol
Sixty healthy volunteers (aged 20–49) were included in the
phase 1 clinical trial (ClinicalTrials.gov registration NCT00868218)
[14]. Virosomal vaccine (NIBRG-14 HA and neuraminidase, Crucell,
The Netherlands) was administered intramuscularly as two doses
(21 days apart) of 30 g HA alone or 1.5, 7.5 or 30 g HA adjuvanted with 50 g of Matrix MTM (Isconova AB, Sweden) [14]. Sera
were collected at days 0, 21, 42, 180 and 360 and peripheral blood
mononuclear cells (PBMC’s) were isolated at day 360.
2.2. IgG and IgG subclass ELISA
Sera
were
evaluated
for
antibodies
against
HA1
(A/Vietnam/1203/2004(H5N1); amino acids 1–345, C-terminal
6xHis tagged from eEnzyme® , USA. Ninety-six well plates (Nunc
maxisorp, Roskilde, Denmark) were coated with 0.3 g/ml HA1 in
PBS and incubated (2–8 ◦ C) overnight. For the IgG subclass ELISA,
0.325 g/ml donkey anti-human IgG (Jackson ImmunoResearch,
USA) was used to coat standard wells. Plates were blocked with 5%
milk, 0.1% Tween-20, 1% BSA solution in PBS prior to addition of
serum and incubation for 1 h. For the IgG ELISA, mouse anti-human
IgG HRP (BD, USA) was added at a ﬁnal dilution of 1:4000. In
the subclass ELISA experiments IgG1, IgG2, IgG4 (Calbiochem) or
IgG3 (Sigma) standards were added in two-fold dilutions starting
from 0.025, 0.025, 0.0025 and 0.003 g/ml, respectively. Mouse
anti-human IgG1 (0.1 g/ml), IgG2 (2 g/ml), IgG3 and IgG4
(1 g/ml) (SKY BIO) were used as secondary antibodies before
detection with HRP conjugated donkey anti-mouse IgG (Jackson
ImmunoResearch) and TMB substrate (Europa Ltd.). After stopping
the reaction with 0.5 N HCl, the absorbance was read at 450 nm
subtracting a background reference of 620 nm.
2.3. Elution ELISA
The relative avidity of H5N1 HA1 speciﬁc IgG antibodies was
determined by a NaSCN elution ELISA assay [15], performed as
described for IgG and IgG subclass ELISA, but including an extra step
where NaSCN was added 1 h after the sera, followed by incubation
for 1 h. We measured avidity by two methods. Firstly, all serum
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samples were diluted 1:500 and subjected to increasing concentrations of NaSCN: 0–1.8 M. The avidity index (AI) was deﬁned as
the concentration of NaSCN yielding a 50% reduction in absorbance
from untreated wells [15]. Alternatively, all serum samples were
pre-diluted to OD450 of 0.7 ± 0.3 and treated with 1.5 M NaSCN.
The antibody binding resistance to 1.5 M NaSCN was calculated as:
(OD450 treated serum/OD450 untreated serum) × 100%.
2.4. Surface plasmon resonance (SPR) analysis
Sera were analyzed for binding of H5 HA1 by SPR using a Biacore
T200 instrument (Biacore AB, Sweden) at 25 ◦ C. H5 HA1 was immobilized at pH 7.4 on an NTA chip by Ni2+ -NTA chelation followed by
amine coupling. Sera were pre-diluted to an ELISA OD450 of 0.7 ± 0.3
and four serum concentrations in running buffer HBS-EP (Biacore
AB, Sweden) pH 7.4 were injected at a ﬂow rate of 30 l/min for each
subject, with one concentration injected in duplicate. Regeneration (10 mM glycine–HCl, pH 2.5) was performed after each cycle.
The SPR data were analyzed with Biacore T200 evaluation software
version 1.0 and corrected for non-speciﬁc binding.
2.5. Memory B cell response
Memory B cell responses were determined in PBMC’s isolated at day 360 from 7 to 9 subjects randomly selected from
each vaccine group or eight controls (vaccinated with one
dose of AS03 adjuvanted A(H1N1)pdm09 split virus vaccine
(A/California/7/2009(H1N1)-like virus), Pandemrix, Clinicaltrials.gov NCT01003288 5 months earlier but not H5N1 vaccine).
PBMC’s were in vitro stimulated with mitogens (0.01 g/ml
pokeweed mitogen (Sigma–Aldrich, USA), 0.001% heat-killed,
formalin-ﬁxed Staphylococcus aureus Cowan I strain (Merck Chemicals, USA) and 3 g/ml fully phosphothioated CpG ODN- 2006
(Integrated DNA Technologies, USA)) in a method modiﬁed from
Ref. [16]. Memory B cell culture supernatants were analyzed for H5
HA1-speciﬁc antibodies by NaSCN elution ELISA.
2.6. Virus microneutralisation assay
The microneutralisation assay was performed against the
NIBRG-14 (H5N1) virus as previously described [17]. Each sample was analyzed in duplicate and the geometric mean titre (GMT)
calculated.
2.7. Statistics
Comparisons were performed in GraphPad prism v5.0f by oneway ANOVA with Dunnett’s post hoc test, using the non-adjuvanted
group as reference or Tukey’s post hoc test. Student’s t-test was
used when comparing two groups.
3. Results
The H5N1-speciﬁc antibody responses were investigated by
ELISA and microneutralisation (MN) after H5N1 vaccination. Antibody binding was analyzed using the avidity NaSCN elution ELISA or
SPR and was determined towards H5 HA1, as antibodies directed
towards the head region of HA are the most important for virus
neutralization [18–20].
3.1. Two doses of H5N1 vaccine elicits high concentrations of H5
HA1 speciﬁc antibodies and long-term high avidity antibodies
No H5 HA1-speciﬁc IgG was detected pre-vaccination but the
antibody concentrations increased in all vaccine groups at 21 days
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Fig. 1. The H5 HA1-speciﬁc IgG antibody concentrations and avidity. Volunteers were vaccinated with two doses of H5N1 virosomal vaccine 30 g HA alone (−) or 1.5, 7.5
or 30 g HA with Matrix MTM (+). (A) The concentrations of H5 HA1-speciﬁc antibodies were measured in the serum pre-vaccination and at days 21 (n = 60), 42 (n = 58), 180
(n = 53) and 360 (n = 54) post vaccination by ELISA using 1:500 serum dilutions. (B) A 1:500 dilution of serum was incubated with increasing concentrations of NaSCN and
the avidity index calculated as the NaSCN concentration giving a 50% reduction in absorbance from untreated samples. (C) All sera were standardized to the dilution (IgG
titres) that gives an absorbance of 0.7 ± 0.3. (D). The standardized sera were treated with 1.5 M NaSCN and the percentage of antibodies remaining bound was measured
by dividing the absorbance after 1.5 M NaSCN with that of untreated samples × 100%. *, ** and *** indicate statistically signiﬁcant differences from the 30 g-alone group
(p < 0.05, p < 0.01 and p < 0.001, respectively), measured using the One-way ANOVA with Dunnet’ post hoc test. N.D. = not detected. (E) The capability of serum antibodies to
bind H5 HA1 was evaluated by surface plasmon resonance spectroscopy (SPR) in three subjects randomly selected from each vaccine group. H5 HA1 was immobilized on
an NTA chip by Ni2+ -NTA chelation followed by amine coupling. Sera were pre-diluted to an absorbance of 0.7 ± 0.3, in the H5 HA1 ELISA and four serum concentrations
(two-fold dilutions in running buffer HBS-EP pH 7.4) were assayed per sample. SPR sensorgrams from one representative individual. The lowest serum dilution is indicated
on the sensorgrams. The individual SPR sensorgrams can be found in the supplementary materials (supplementary Fig. 1).

post vaccination (Fig. 1A). After the second vaccination, signiﬁcantly higher responses (p < 0.05) were observed in the adjuvanted
groups compared to the group that had received virosomal vaccine
alone (day 42). At days 180 and 360, the antibody concentrations
declined. Signiﬁcantly higher IgG concentrations were observed in
the 30 g HA adjuvanted than in the non-adjuvanted group at days
180 (p < 0.001) and 360 (p < 0.05).
Antibody avidity was studied by treating serum with
NaSCN in the ELISA. The NaSCN concentration yielding a

50% reduction in binding absorbance from untreated serum
samples was denoted as the avidity index (AI). Increasing
AI indicates increased antibody avidity. At day 21, a mean
AI < 0.6 M was observed in all vaccine groups (Fig. 1B). No
increase in AI was found three weeks after the second vaccine
dose (<0.5 M). At day 180, the AI’s increased to >0.7 M in all
adjuvanted groups signiﬁcantly higher (p < 0.05) than in the
non-adjuvanted group. The antibody AI in the non-adjuvanted
group increased up to day 360, at which there were no signiﬁcant
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differences in antibody avidity amongst the different vaccine
groups.
To conﬁrm the long-term increase in avidity and provide a more
comprehensive analysis and minimize the inﬂuence of serum IgG
antibody concentrations on avidity, we standardized the IgG concentrations by pre-diluting the sera to an ELISA absorbance of
0.7 ± 0.3 (Fig. 1C). To measure avidity, the standardized untreated
sera were compared to those treated with 1.5 M NaSCN, a concentration, which yielded 40–95% reduction in antibody binding. The
percentage of IgG antibodies bound after 1.5 M NaSCN treatment
was 5–10% in all groups at day 21 and 4–7% at day 42 (Fig. 1D). After
180 days, 10–15% antibodies were bound after NaSCN treatment in
all vaccine groups and this response was further augmented at day
360 where >20% of IgG antibodies were bound after NaSCN elution
in all adjuvanted groups. No signiﬁcant difference in resistance to
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NaSCN treatment was observed between the adjuvanted and nonadjuvanted groups. Subjects with high avidity IgG antibodies at day
180 maintained this at day 360 as indicated by a signiﬁcant correlation between percentage antibodies bound after 1.5 M NaSCN
treatment at the two time points (data not shown).
3.2. SPR binding
To measure the antibody binding strength in real-time, we initially selected sera from three subjects in each vaccine group for
SPR analysis towards H5 HA1 at days 0, 42 and 180. To minimize
the potential impact of antibody concentration on avidity measurements, the SPR analysis was performed on sera standardized
by IgG ELISA (OD = 0.7). The magnitude of the SPR response (yaxis, response units (RU)) is due to mass changes, brought about

Fig. 2. The serum virus neutralization response and association with H5 HA1-speciﬁc IgG titres. Volunteers were vaccinated with two doses of H5N1 virosomal vaccine
30 g HA alone (−) or 1.5, 7.5 or 30 g HA with Matrix MTM (+). Serum virus microneutralisation (MN) responses were measured against the A/Vietnam/1194/2004 (H5N1)
NIBRG-14 virus pre-vaccination and at days 21 (n = 60), 42 (n = 58), 180 (n = 53) and 360 (n = 54) post vaccination. (A) Virus MN titres in the four vaccine groups. Bars indicate
geometric mean ±95% conﬁdence interval (CI). * indicates statistically signiﬁcant differences in responses (p < 0.05, One-way ANOVA with Dunnet’ post hoc test using the
30 g-group as reference. (B) The kinetics of the total MN and H5 HA1-speciﬁc IgG ELISA titres expressed as the dilution giving an absorbance of 0.7 (mean ±95% CI error
bars). (C, D and E) Correlation between IgG titres (the dilution giving an absorbance of 0.7) and virus MN titres at days 42, 180 and 360 post vaccination. (F, G and H) Plot of
percentage binding remaining after 1.5 M NaSCN versus virus MN titres at days 42, 180 and 360 post vaccination. The Spearman rank correlation coefﬁcient (r) and p-value
are indicated on graphs C–H.
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Fig. 3. The H5 HA1-speciﬁc IgG subclass response. Volunteers were vaccinated with two doses of H5N1 virosomal vaccine (30 g HA) alone (−) or 1.5, 7.5 or 30 g HA with
Matrix MTM (+). The concentrations of H5 HA1-speciﬁc IgG1, IgG2, IgG3 and IgG4 antibodies were measured in the serum pre-vaccination and at days 21 (n = 59), 42 (n = 58) and
180 (n = 53) post vaccination by ELISA. The vaccine stimulated almost exclusively (A) IgG1 and (B) IgG3 antibodies. One subject in each of the 30 g non-adjuvanted and 7.5 g
adjuvanted groups also had IgG2 antibodies, whilst no IgG4 was detected, which are not shown in the ﬁgure. Bars indicate Mean + SEM. (C) and (D) Virus microneutralisation
(MN) was measured against the A/Vietnam/1194/2004 (H5N1) NIBRG-14 virus and plotted against IgG subclass responses both evaluated at day 42. The Spearman rank
correlation coefﬁcients (r) and signiﬁcance values are indicated on the graphs. Eight subjects were selected based on having both detectable IgG1 and IgG3 antibodies at all
time-points and evaluated for IgG subclass avidity. (E) and (F) Increasing concentrations of NaSCN (0.1–1.8 M) were added to the ELISA plates for IgG1 and IgG3, respectively,
and the avidity index was calculated as the NaSCN concentration giving a 50% reduction in absorbance from the untreated sample. Note that avidity could not be estimated
at day 0 due to no H5 HA1-speciﬁc antibodies. *, ** and *** indicate statistically signiﬁcant differences in responses (p < 0.05, p < 0.01 and p < 0.001, respectively), measured
using the One-way ANOVA with either Dunnet’s post hoc test. A and B show signiﬁcance compared to the 30 g-group. E and F compare the response days post vaccination,
using Tukey’s post hoc test for multiple comparison.

by binding of the analyte to ligand on the chip surface. The highest SPR binding RU were observed at 42 days post vaccination
(Fig. 1E and supplementary Fig. 1). A strong binding (slow decay of
antigen–antibody complexes, kd < 10−4 ) was observed at both days
42 and 180, which can be seen from the almost horizontal lines in
the dissociation phase of the sensorgrams in Fig. 1E and supplementary Fig. 1. Theoretically koff rates are independent of analyte
concentrations. However, in contrast to this and what has been

reported previously [13], the slopes of the dissociation phases were
observed to be affected by antibody concentrations (supplementary
Fig. 1). At least a 5% decrease in signal during the dissociation phase
of the binding cycle is required to calculate a reliable dissociation
rate constant by SPR [21]. The very slow decay of antigen–antibody
complexes did not reach 5% within the dissociation phase (600 s)
either at day 42 or day 180, thus it was not possible to reliably
calculate the dissociation rate constants [22].
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Table 1
The percentage of subjects in each vaccine group that had detectable inﬂuenza H5
HA1-speciﬁc IgG1 or IgG3 serum antibodies as measured by ELISA on days 21, 42
and 180 after the ﬁrst vaccine dose. Volunteers were vaccinated with two doses of
H5N1 virosomal vaccine (30 g HA) (−) alone or 1.5, 7.5 or 30 g HA with Matrix
MTM (+).
IgG1
D21
D42
D180

30−
50%
64%
50%

IgG3
1.5+
20%
100%
79%

7.5+
47%
100%
79%

30+
87%
86%
100%

30−
20%
67%
36%

1.5+
40%
93%
71%

7.5+
36%
100%
64%

30+
47%
80%
91%

Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.vaccine.2014.06.009.
3.3. Virus microneutralisation responses correlated with serum
IgG concentration not avidity
Sera were evaluated for neutralization of the homologous live
NIBRG-14 (H5N1) virus (Fig. 2A). No subjects had pre-vaccination
MN titres. At day 21, the titres remained low (<20). At days 42 and
180, signiﬁcantly higher responses were observed in the 30 g HA
adjuvanted compared to the corresponding non-adjuvanted group
(p < 0.05) (Fig. 2A). At day 360, the MN titres had declined to levels similar to those observed after 1st vaccine dose. The kinetics of
the MN response followed that of the serum inﬂuenza-speciﬁc IgG
antibody concentration (Fig. 2B). There was a signiﬁcant correlation between IgG antibody titres and MN titres at days 42, 180 and
360 (r ≥ 0.66, p < 0.0001, Fig. 2C–E). In contrast, no correlation was
observed between antibody avidity and MN titres (r ≤ 0.17, p ≥ 0.22,
Fig. 2F–H).
3.4. The H5N1 vaccines stimulate IgG1 and IgG3 antibodies and
both subclasses display increased long-term avidity
H5 HA1-speciﬁc IgG1 and IgG3 were detected in the majority of
the vaccinees, with only two subjects having detectable IgG2 and
none had an IgG4 response (Fig. 3A and B and Table 1). Signiﬁcantly
higher IgG1 and IgG3 concentrations were found in the 1.5 g
and 30 g adjuvanted groups compared to 30 g non-adjuvanted
group (p < 0.05) at day 42. As IgG correlated with MN titres, we
correlated MN titres with the IgG subclasses. MN titres correlated
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strongly with IgG1 (Spearman r = 0.71, p < 0.0001) and also with
IgG3 (r = 0.55, p < 0.0001) (Fig. 3C and D).
Eight vaccinees had both detectable IgG1 and IgG3 at all
post-vaccination serum sampling time points and these were
selected for avidity analysis. The avidity indices for IgG1 and IgG3
antibodies indicated a higher avidity for both antibody subclasses
at days 180 and 360, compared to days 21 and 42 (Fig. 3E and F).
3.5. Memory B cell responses
H5N1 vaccination stimulates both long-lived plasma cells,
that can secrete inﬂuenza-speciﬁc antibodies for many years and
B memory (Bmem) cells that can be re-activated upon antigen re-exposure and rapidly differentiate into antibody secreting
cells producing afﬁnity-matured antibodies. The long-term Bmem
response was evaluated in 7–8 volunteers from each vaccine group
at day 360 and 8 controls only immunized with an adjuvanted
A(H1N1)pdm09 (Fig. 4A) by mitogen stimulation and harvesting
of Bmem supernatants. H5 HA1-speciﬁc IgG was only observed in
H5N1 vaccinated subjects and not in the A(H1N1)pdm09 vaccinees (Fig. 4A). The HA1-speciﬁc antibodies in the memory B cell
supernatant displayed higher avidity indices and percentage of
antibodies bound after 1.5 M NaSCN (Fig. 4B and C) than in the
serum, but this was only signiﬁcant in both assays for the 1.5 g
adjuvanted group.
4. Discussion
Highly pathogenic inﬂuenza H5N1 viruses continue to sporadically transmit to humans and remain a pandemic threat. Recently,
immunogenic H5N1 vaccine candidates have been developed [5].
We have evaluated a novel Matrix MTM adjuvanted virosomal H5N1
vaccine, which was highly immunogenic and fulﬁlled the EU serology criteria for licensure [14]. However, the surrogate correlates of
protection for seasonal inﬂuenza may not be directly extrapolated
to pandemic strains. H5N1 infection has a markedly different
clinical course and age distribution than seasonal inﬂuenza and
the general population has limited pre-existing immunity [23],
thus requiring a prime-boost vaccine regimen. Furthermore, the
conventional HI methodology is modiﬁed by replacing turkey
with horse erythrocytes to improve the sensitivity when detecting
anti-H5N1 antibody [24]. Consequently, the immunogenicity
criteria used for seasonal inﬂuenza may not apply to H5N1

Fig. 4. The long-term memory B cell response 360 days post vaccination. Volunteers were vaccinated with two doses of H5N1 virosomal vaccine (30 g HA) alone (−) or
1.5, 7.5 or 30 g HA with Matrix MTM (+). Eight subjects that had only received the AS03 adjuvanted A(H1N1)pdm09 vaccine (eight months into the study) but not the H5N1
vaccine were included as a control group (pH1N1). H5N1-speciﬁc memory B cell responses were measured in half of the volunteers in each group, randomly selected, by
stimulating peripheral blood mononuclear cells (PBMC’s) isolated at day 360 post vaccination with B cell mitogens in vitro. (A) The concentration of H5 HA1 speciﬁc IgG
antibodies in the supernatant of in vitro stimulated cells (Bmem supernatant), using a 5-fold dilution. * and *** indicate statistically signiﬁcant differences in responses
(p < 0.05 and p < 0.001, respectively, One-way ANOVA with Dunnet s post hoc test using the 30 g- or A(H1N1)pdm09 vaccine group as references. (B) Three to four subjects
in each vaccine group had measurable IgG antibodies in the Bmem supernatants with ≥0.4 absorbance units and were analyzed by avidity ELISA. The Bmem supernatant and
serum IgG antibody avidity index calculated as the NaSCN concentration yielding a 50% reduction in binding from that of the untreated sample. (C) The Bmem supernatant
and serum IgG antibody avidity calculated as the percentage binding resistance to 1.5 M NaSCN. Data show the mean ± SEM and each symbol represents the response of
one individual. * and ** indicate statistically signiﬁcant differences in avidity responses in serum versus Bmem supernatant within each vaccine group (p < 0.05 and p < 0.01,
respectively, Student t-test).
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vaccines. Candidate H5N1 vaccines should therefore be evaluated
in a broader range of immunological assays [25] including characterizing the quality and functionality of the antibody responses.
Here we have investigated the long-term antibody avidity
changes after vaccination. Although the peak in inﬂuenza speciﬁc
IgG (ELISA) and functional (MN) antibodies appeared 3 weeks after
the last vaccination, the avidity continued to rise and was highest
at 180–360 days post-vaccination. The increased long-term avidity could be due to continued maturation of the antibody response
from residual antigen [26–28]. In addition, high avidity antibody
producing plasma cells may outlive lower avidity ones in competition for survival niches in the bone marrow. Note that the responses
at day 360 may have been inﬂuenced by the A(H1N1)pdm09, which
peaked in activity 8 months into the study with 53 subjects receiving an AS03 adjuvanted A(H1N1)pdm09 vaccine [29].
Maintaining limited numbers of strong binding antibodies is a
more efﬁcient strategy than the redundancy of many low avidity
antibodies. Studies conducted during the A(H1N1)pdm09 pandemic found higher H1 HA1 antibody avidity in the elderly than
young individuals pre-infection [11], post-vaccination [18] and
post-infection [30] and the higher antibody avidity was correlated
with fewer elderly people being ill from the A(H1N1)pdm09 infection. In the present study we observed high long-term serum IgG
antibody avidity by elution ELISA, but this did not correlate with MN
responses. Instead, the ability of sera to neutralize virus correlated
with H5 HA1-speciﬁc IgG concentrations. Studies of monoclonal
antibodies have illustrated the importance of individual antibody
avidity for protection against viruses [1,31–34]. The lack of correlation between serum antibody avidity and MN responses may be
explained by high avidity antibodies being predominantly directed
towards epitopes that are less efﬁcient for virus neutralization [35].
Moreover, the majority of antibodies after two doses of adjuvanted
H5N1 vaccine may have sufﬁciently high avidity to neutralize
inﬂuenza virus so that further increases in avidity offer no improved
neutralization. The high avidity antibodies may play other important roles than virus neutralization e.g. complement activation or
opsonisation, both of which contribute to anti-inﬂuenza immunity
[36,37].
The H5N1 vaccine elicited predominantly H5 HA1-speciﬁc IgG1
and IgG3 antibodies similar to ﬁndings for seasonal inﬂuenza vaccines [38,39]. The antibody avidity of both of these IgG subclasses
was highest at days 180 and 360 with IgG3 antibody avidity higher
than IgG1 antibody avidity. IgG1 and IgG3 antibodies are the most
effective antibody subclasses for complement ﬁxation, opsonization and antibody-dependent cell-mediated cytotoxicity [40,41].
IgG subclasses have different virus neutralization capability [42,43]
and we noted that peak MN titres correlated more strongly with
IgG1 than IgG3.
Memory B cells (Bmem) can be rapidly reactivated upon secondary immunization and differentiate into plasma cells producing
high avidity antibodies [44]. Bmem cells may also recognize viral
escape mutants more effectively than long-lived plasma cells [45].
We detected long-term H5-HA1 reactive Bmem cells in all vaccine groups at day 360 and not in subjects who had received the
A(H1N1)pdm09 but no H5N1 vaccine. The avidity of the antibodies
secreted by Bmem cells was compared to serum antibody avidity.
The low antibody concentrations only permitted Bmem antibody
avidity analysis of 3–4 subjects in each vaccine group. The Bmem
cells were activated to produce inﬂuenza-speciﬁc antibodies with
similar or higher avidity to serum antibodies.
A strength of this study is that we assessed antibody avidity
by three different assays. Initially, we used the same serum dilution for all samples and added increasing NaSCN concentrations,
Secondly, we standardized all sera to the same absorbance values
(concentration) and treated the sera with a single NaSCN concentration. The ﬁrst method is a multi-point assay where the avidity is

derived from curve ﬁtting, which has limitations in samples with
low antibody concentrations such as the 180 and 360 days post vaccination [46]. Whereas the second method is a single-point analysis
of avidity. These differences may explain the fact that only a moderate correlation was observed between the two assay platforms
(r = 0.57, p < 0.0001), and also indicate that the antibody starting
concentration may affect avidity measurements. To provide a more
direct insight into real-time binding afﬁnity, we performed SPR
studies. Despite the standardization of antibodies by ELISA, the
highest H5 HA1 binding response by SPR was measured at day 42.
One explanation for this could be the presence of more low avidity antibodies on day 42, for which SPR has better sensitivity than
ELISA [47]). It is unlikely that non-speciﬁc serum components inﬂuenced the binding at day 42 since we observed no binding at day
0. Although the SPR data conﬁrmed strong binding responses at
both days 42 and 180, it did not allow for a quantitative analysis
of avidity between the time-points due to difﬁculties in calculating the dissociation rate constants (Koff ) of binding. Difﬁculties in
comparing high afﬁnity interactions by SPR have previously been
reported [47]. Our results are in contrast to a previous publication where Koff values were determined for antibodies binding to
HA1, and a close correlation was observed between serum antibody
afﬁnity and virus neutralizing capacity after pandemic inﬂuenza
vaccination [13]. The discrepancies could be partly due to the use
of different SPR platforms (Biacore vs ProteOn) and ligand immobilization chemistries used in Khurana et al. [13] and the current
study. Importantly, a major difference between the two studies
is the HA used for avidity analysis. It has been shown that the
potency of HA head-directed antibodies is at least a log higher than
that of stalk-directed antibodies, and this may explain the slow
decay of antigen–antibody complexes observed in this study (supplementary Fig. 1). Overall, SPR data conﬁrmed the strong binding
response in all vaccine groups that was observed by the two ELISA
platforms. However a quantitative comparison of avidity between
the polyclonal serum samples by SPR may require further method
optimization.
This study evaluated in detail the humoral response to HA
after vaccination with virosomal H5N1 vaccine given alone or in
combination with the Matrix MTM adjuvant. The vaccines induced
long-term high avidity antibodies, memory B cells and H5 HA1speciﬁc IgG1 and IgG3 titres. The latter correlated with virus
neutralization. We also addressed how antibody avidity changes
over time, if an adjuvant inﬂuences antibody avidity and if polyclonal serum antibody avidity correlates with virus neutralization.
Importantly, antibody avidity by elution ELISA continued to mature
up to 180–360 days post-vaccination, which is important when
evaluating vaccines administered as multiple dose-regimes, since it
implies that increases in avidity observed after a booster vaccine is
not necessarily a function of the boost, but may result from continued maturation of the antibody response. Secondly, the avidity of
polyclonal serum antibody may not be correlated with in vitro virus
neutralization responses. More studies are therefore needed to
establish the role of serum antibody avidity in inﬂuenza protection.
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