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Antibody avidity, persistence, and response to antigen recall:
comparison of vaccine adjuvants
Sonia Budroni1,10, Francesca Buricchi1,10, Andrea Cavallone 1,10, Patricia Bourguignon2, Magalie Caubet2, Vincent Dewar2,
Ugo D’Oro 1, Oretta Finco1, Nathalie Garçon3, Mohamed El Idrissi2, Michel Janssens 1, Geert Leroux-Roels4, Arnaud Marchant5,
Tino Schwarz6, Pierre Van Damme7, Gianfranco Volpini1, Robbert van der Most2, Arnaud M. Didierlaurent8,9 and Wivine Burny 2✉

Differences in innate immune ‘imprinting’ between vaccine adjuvants may mediate dissimilar effects on the quantity/quality of
persisting adaptive responses. We compared antibody avidity maturation, antibody/memory B cell/CD4+ T cell response durability,
and recall responses to non-adjuvanted fractional-dose antigen administered 1-year post-immunization (Day [D]360), between
hepatitis B vaccines containing Adjuvant System (AS)01B, AS01E, AS03, AS04, or Alum (NCT00805389). Both the antibody and B cell
levels ranked similarly (AS01B/E/AS03 > AS04 > Alum) at peak response, at D360, and following their increases post-antigen recall
(D390). Proportions of high-avidity antibodies increased post-dose 2 across all groups and persisted at D360, but avidity maturation
appeared to be more strongly promoted by AS vs. Alum. Post-antigen recall, frequencies of subjects with high-avidity antibodies
increased only markedly in the AS groups. Among the AS, total antibody responses were lowest for AS04. However, proportions of
high-avidity antibodies were similar between groups, suggesting that MPL in AS04 contributes to avidity maturation. Specific
combinations of immunoenhancers in the AS, regardless of their individual nature, increase antibody persistence and avidity
maturation.
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INTRODUCTION
Protection against many infectious diseases is mediated by a
functional, persistent antibody response, which is thus a critical
immune correlate for many licensed human vaccines. The
durability of vaccine-acquired antibody responses varies greatly
between antigens1. Antibodies induced by viral infections, or by
vaccination with live-attenuated viruses, can persist for decades2.
However, most vaccines based on protein antigens require
repeated immunizations to generate immunological memory,
and to maintain antibody responses above protective levels2. The
level of antigen–antibody binding avidity, a qualitative response
index, can also correlate with protection. This has been demon-
strated for the RTS, S malaria vaccine, amongst others, and for
several monoclonal antibodies (mAb) treatments3,4. Reversely,
low-avidity antibodies have been associated with antibody-
mediated disease enhancement following a certain respiratory
syncytial virus, dengue, or pandemic influenza vaccinations5.
Moreover, inadequate levels of avidity maturation (the latter
defined as the increase of avidity over time) can heighten
susceptibility to viral infection, as seen for mumps vaccines6. Thus,
both quantitative and qualitative yardsticks can determine vaccine
efficacy.
Vaccine adjuvants, such as oil-in-water emulsions or Toll-like

receptor (TLR) agonists, are linked to both of these aspects of the
antibody response. By enhancing innate immunity, including
responses of stimulated antigen-loaded antigen-presenting cells
(APCs), they promote activation of naive B cells and CD4+ T cells7.
Potentially mediated through increased T cell receptor (TCR)
avidity, and via enhanced interactions with dendritic cells and B

cells, CD4+ T cells can differentiate into T follicular helper (TFH)
cells. The latter cells are thought to drive B cell differentiation,
most likely at the plasmablast level8. In turn, differences in
plasmablasts translate into qualitative differences in the B cells
responsible for long-term antibody maintenance, increased
avidity, and expanded repertoires for immediate antibody
production9–11. Enhancement of innate signaling can be obtained
via a specific adjuvant combination (a GSK proprietary ‘Adjuvant
System’, or AS). Examples are AS01B (TLR4 ligand 3-O-desacyl-4′-
monophosphoryl lipid A [MPL] and QS-21 formulated into
cholesterol-containing liposomes), AS01E (half-dose AS01B with
respect to MPL and QS-21 quantities), the α-
tocopherol–containing oil-in-water emulsion AS03, and AS04
(aluminum salt [Alum] and MPL)12–15. All four AS are currently
used in licensed and candidate vaccines7.
Antibody avidity (as well as titers) can also be significantly

enhanced by repeated immunization, particularly when the
vaccine contains an effective adjuvant3,10,16,17. To counter vaccine
shortages and stretch vaccine supplies, the feasibility of booster
immunizations with reduced antigen and adjuvant doses has
been evaluated18,19. However, the effects of the antigen or
adjuvant dose used in such boosters, on their effectiveness,
remain under-researched.
Using adjuvanted vaccines based on hepatitis B surface antigen

(HBsAg) in healthy hepatitis B virus (HBV)-naive participants, we
previously reported head-to-head comparisons of the gene
expression and innate and adaptive immune responses between
the four AS12,20,21. The licensed Alum-adjuvanted HBsAg vaccine
was thereby used as a comparator. We found a general ranking of
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adaptive and innate response levels between the five adjuvants
(AS01B ≥ AS01E > AS03 > AS04 > Alum). In addition, we detected a
core innate gene signature, which emerged after the second
vaccination in AS01B/E and AS03 recipients. This signature was
characterized by positive regulation of genes associated with
innate-cell and interferon (IFN)-related responses, and by negative
regulation of NK cell-associated genes in the blood. The presence
of this signature, and the early CRP, IL-6, and IFN-related serum
responses, correlated with the magnitude of HBsAg-specific
antibody responses.
In the present exploratory study, we evaluated how these

adjuvants compare with respect to the durability of antibody
concentrations and memory B cell and CD40L+ CD4+ T cell
responses in blood, up to one-year post-vaccination. We also
compared the adjuvants with respect to their capacities to elicit
functional immune memory, by evaluating the response upon
non-adjuvanted antigen recall. To this end, we administered the
third vaccination with HBsAg alone, containing 1/4th of the
standard (20 µg) vaccine antigen dose, at one-year post-dose 1.
We hypothesized that the different levels of innate stimulation by
the adjuvanted prime-boost vaccinations result in differences in
any elicited TFH subsets. These differences will then translate into
variable levels of memory B cell ‘imprinting’, which in turn lead to
quantitative and qualitative differences in persisting and recall
responses. Indeed, long-lived plasma cells (PCs) elicited by the first
two vaccine doses and residing amongst others in the bone
marrow (BM), have been shown to provide long-term antibody
maintenance22. However, it is expected that memory B cells,
differentiated into short-lived PCs, would be responsible for the
immediate antibody response post-antigen recall. Of note, levels
of a key enzyme in B cell somatic hypermutation and antibody
avidity maturation were shown to be increased following
vaccination23. Thus, as antigen exposure modulates the B cell
response, any antibody quality measurements after the antigen
recall are likely to reflect qualitative changes in memory B cells.
Assessment of vaccine-elicited immunity was first performed for

quantitative response levels, and then qualitatively by character-
izing the kinetics of avidity maturation of polyclonal antibody
populations in the sera. Avidity was quantified using an innovative
method24,25 (submitted manuscript) to model the antibody-
antigen reaction profiles obtained by a microfluidic ligand-
binding assay.
The results contribute to our current knowledge of the effect of

adjuvants on antibody quality and support the selection of
adjuvants and optimized immunization regimens in clinical
vaccine development.

RESULTS
Durability and proliferation capacity of memory B/T cells are
independent of the adjuvant type
We first compared, between adjuvant groups, the durability of
immune memory up to one-year post-dose 1 (Day [D]360) in the
‘Booster’ cohort (N= 265). HBsAg-specific antibodies, memory B
cells, and CD40L+ CD4+ T cells were assessed. Subjects received
two doses of HBsAg vaccine adjuvanted with AS01B, AS01E, AS03,
AS04, or Alum, at D0 and D3021. Then, to investigate memory
functionality, we contrasted the recall responses to low-dose non-
adjuvanted HBsAg administered at D360.
Based on geometric means of concentrations/frequencies

(GMCs/GMFs) at D360, all groups displayed persisting HBsAg-
specific antibody, memory B cell, and CD4+ T cell responses (Fig.
1a–c). For HBsAg/Alum and HBsAg/AS01B, this was consistent with
data for other populations26–28. For all three immune parameters,
we observed at D360 only slight changes from the peak levels
measured at D60, irrespective of the adjuvant (Fig. 2a–c). With
respect to memory B cell responses, the larger third quartiles (Q3)

in the AS04 group suggested greater interindividual variability for
this AS than for the other AS. Similar observations were made for
the innate and adaptive responses following the second dose of
HBsAg/AS0420,21. Since the proportional changes over time were
largely similar between groups, the quantitative differences in
peak responses persisted at D360 (AS01B/E/AS03 > AS04 > Alum
[antibodies]; AS01B/E ≥ AS03 > AS04/Alum [B/T cells]). Together
with the minor changes in memory B cell and antibody GMFs/
GMCs from D60 to D360, the data suggest ongoing antibody
production. Possibly this aligns with the 150-day half-life of HBsAg
antibodies in healthy adults29. In addition, the data suggest that
functional immune memory was induced and maintained. The
latter was confirmed by the robust anamnestic antibody
responses seen in all groups two weeks after revaccination with
HBsAg alone (D374), which persisted at D390. Since all groups had
comparable proportional changes in GMCs from D360 to D390,
they ranked similarly at D390 as they did at D60 or D360. Relative
to antibodies, changes in memory B cell and CD4+ T cell GMFs
were smaller, and D374 levels did not substantially exceed
respective peak levels in all groups except the AS04 group. In
the latter group, the revaccination induced a strong boost of,
particularly memory B cell responses. As for GMCs/GMFs, median
fold-changes in pre/post-recall responses were substantially larger
for antibodies than for B and T cells (Fig. 2d–f). The interindividual
variability in the D374/D360 ratios of antibody and memory B cell
responses was greater for AS04 than for the other AS. For the
memory B cell responses, this aligned with the D360/D60 ratios.
This suggests that the inter-individual differences between the
AS04 recipients that were present at D360 were fine-tuned and
amplified after the revaccination. Along with the above-described
data (Figs. 1, 2a–c), this hints at a different behavior of AS04.
Antibody secretion shortly after antigen recall is thought to

depend on restimulated memory B cells that become short-lived
PCs22. In addition to these direct responses, D390 antibody
concentrations will also depend on quantities of pre-existing
(D360) antibodies, thought to be exclusively maintained by
longlived BM PCs operating independently of memory B cells or
antigen stimulation. Our data hint at a low-to-moderate associa-
tion between D360 memory B cell levels, and increases in serum
antibody concentrations upon revaccination (ΔD390-D360) (Sup-
plementary Fig. 1). These associations appeared to be more
prominent for AS01 and AS03 than for AS04 or Alum. Indeed,
several recipients of Alum (N= 24) or AS04 (N= 16) displayed
increased antibody responses without memory B cell responses.
Similar trends were seen in other populations, both for responses
to HBsAg/Alum and, though infrequently, for responses to AS04-
adjuvanted human papillomavirus (HPV) vaccine30–32. The differ-
ences between groups may be consistent with our hypothesis
that, due to dissimilar innate signals provided to CD4+ T cells by
the adjuvanted vaccines, the different levels of T cell help received
by memory B cells result in short-lived PCs with diverging
qualities, for example in terms of affinity maturation11,23. However,
whether such differences translate into dissimilar antibody-
production capacities by these cells is unknown. In addition, the
data may be obfuscated by the variability of the B cell enzyme-
linked immunosorbent spot (ELISPOT) assay33.
Overall, the differences between the adjuvants displayed in the

magnitudes of humoral and cellular responses at the peak were
maintained with respect to the long-term and recall responses
(Fig. 1). The adjuvants may however differ in their abilities to
promote functional B cell memory responses. To that aim, we next
compared the adjuvants’ effects on antibody avidity, using a
cohort subset (N= 99). Relative to the full cohort, this subset
exhibited comparable kinetic patterns in humoral and cellular
responses (Supplementary Figs. 2 and 3). However, as compared
to the full dataset, variability in D374/D360 fold-changes in
memory B cell frequencies appeared higher for Alum, and lower
for AS04 (Supplementary Fig. 3e).
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Antibody avidity analysis
Antibody avidity for HBsAg of the sera was quantified using an
adaptation of a high-throughput affinity assay initially developed
for mAbs and Fabs24,25. Repeated runs of a serum sample by
microfluidic ligand-binding assay34 resulted in a set of fluores-
cence intensity (FI) distributions (‘antibody capture profiles’), from
which an averaged capture profile was computed. For each
sample, the total FI (FITOT) value was estimated from the area
under the averaged capture profile. A plot of the FITOT values
against the corresponding CLIA antibody concentrations demon-
strated a correlation between the two parameters (Supplementary
Fig. 4). We then subjected the averaged profiles to a mathematical
modeling and analysis strategy (summarized in Fig. 3, see
Supplementary Fig. 5 and “Methods” section for details).
Deconvolution of the averaged capture profiles allowed separat-
ing a sample’s antibody population into a higher-avidity (first) and
a medium-to-low-avidity (second) component. The FI value
corresponding to first-component antibodies (FI1) over the FITOT
of the sample, %FI1, was a measure of the proportion of high-
avidity HBsAg-specific antibodies. W1 was proportional to the full
width at half maximum (FWHM) of the capture profile of the first-
component antibodies and represented their binding avidity. W1

values <5 (corresponding to KD < 10−10 M in Biacore measure-
ments), were arbitrarily defined as ‘high-avidity’24,25 (submitted
manuscript). Thus, the FI-based (FI1, FITOT, %FI1) and W1

parameters represented quantitative and qualitative approaches,
respectively, to characterize the avidity of the main antibody
populations in polyclonal serum.

AS elicit higher proportions of high-avidity antibodies than
Alum after antigen recall
We then investigated the adjuvants’ capacities to enhance the
relative proportion of high-avidity antibodies produced after each
antigen encounter, by comparing %FI1 kinetics between groups at
D30, D60, D360, and D390. To optimally appreciate any differences
in avidity, we performed these analyses on subjects of the cohort
subset with CLIA antibody concentrations and FITOT values higher
than or equal to the respective assay cut-offs, on at least one of
these timepoints (N= 95).
Median proportions of high-avidity antibodies post-dose 1

(D30) were either slightly increased (~5% FI1; AS01B, AS04) or at
baseline (other adjuvants; Fig. 4a). The proportions increased post-
dose 2 (D60) to circa 20% (AS01B, Alum) or 35–45% (other AS) of
the total amount of bound antibodies. One year post-vaccination
(D360), median %FI1 levels were slightly reduced, and distributions
were largely comparable between groups. However, after the
revaccination (D390), a dichotomy was observed between Alum
and the AS (medians: ~25% vs. 45–65%, respectively), with a
tendency towards a higher median for AS03. In addition, higher-
than-median %FI1 levels tended to be more frequent for AS01B or
AS03 as compared to the other adjuvants (Q3: 100 vs. 50–65%,
respectively).
We then plotted the distributions of subjects (y-axis) with levels

less than or equal to a given %FI1 value (x-axis), using Empirical
Cumulative Distribution Function (ECDF) curves (Fig. 4b). Across
groups, at least half of the subjects displayed baseline %FI1 at D30.
These proportions were reduced at D60 (though only slightly for
AS01B) with comparable distributions between groups. The latter
was also the case at D360, though baseline values were detected

Fig. 1 Persistence and post-antigen recall responses of HBsAg-specific antibodies, memory B cells, and CD4+ T cells in the Booster
Cohort. Subjects of the per-protocol Booster Cohort (N= 265) received two doses of hepatitis B surface antigen (HBsAg) vaccine adjuvanted
with AS01B, AS01E, AS03, AS04, or Alum at Day (D)0 and D30. They also received revaccination with non-adjuvanted HBsAg, using 1/4th of the
adjuvanted antigen dose, at D360. Lines and symbols are color-coded according to the adjuvant groups presented in the key. Presented are
the kinetics of geometric mean concentrations (GMC) of anti-HBsAg antibodies with 95% confidence intervals (CI; a), and the kinetics of
geometric mean frequencies (GMF) of HBsAg-specific IgG-secreting memory B cells (b) or CD40L+ CD4+ T cells (c).
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for half of the Alum recipients, and in ~20–35% of AS recipients.
Stronger contrasts between the distributions for Alum and the AS
were seen at D390. While for Alum the D360 and D390
distributions were comparable, in the AS groups more recipients
displayed increased %FI1 values at D390 relative to D360 (i.e.,
curves shifting to the right). This trend appeared most evident in
the AS03 group. For example, proportions of subjects with FI1 ≤
60% were circa 0.4, 0.5, and 0.7 for AS03, AS01B, and AS01E/AS04,
respectively, but 1.0 for Alum. These trends were statistically
confirmed (Kolmogorov-Smirnov test without correction for
multiplicity) by significant intergroup differences, detected only
at D390. These differences comprised higher values for AS01B,
AS01E, AS03, and AS04 than for Alum (p-values: 0.04, 0.01, 9 ×
10−5, and 0.02, respectively), and higher values for AS03 as
compared to AS04 (p-value= 0.04).
Overall, the use of an AS instead of Alum for the first two

vaccinations appears to have functionally altered memory B cells,

such that higher proportions of high-avidity antibodies are
produced upon antigen recall in vivo. This trend was particularly
manifest for AS03.

Stronger promotion of avidity maturation by AS than by Alum
We next compared the extents of avidity maturation between
groups based on the kinetics of W1, used as a proxy for the quality
of different responding memory B cells after the adjuvanted
vaccinations or antigen recall (Fig. 4c). Compared parameters
included the group medians of W1 and the frequencies of ‘high-
avidity’ (W1 < 5) subjects. At D30, at least half of the subjects
across groups displayed moderate-to-low avidity profiles, and the
largest differences were detected between Alum and AS01B (W1

medians [‘high-avidity’ subject frequencies]: 9.9 [25%] vs. 5.7
[50%], respectively). After the second vaccination (D60), avidity
increased in all five groups (4.0–4.7 [50–85%]) but was lowest in

Fig. 2 Persistence and post-antigen recall responses of HBsAg-specific antibodies, memory B cells, and CD4+ T cells in the Booster
Cohort. Subjects of the per-protocol Booster Cohort (N= 265) received two doses of hepatitis B surface antigen (HBsAg) vaccine adjuvanted
with AS01B, AS01E, AS03, AS04 or Alum at Day (D)0 and D30, and revaccination with non-adjuvanted HBsAg at D360. Ratios of antibody
concentrations and B cell or T cell frequencies are presented as D360 over D60 (a–c), and as D390 or D374 over D360, i.e., post/pre-antigen
recall (d–f). Boxplots represent medians, first and third quartiles, minima, and maxima. Each symbol represents an individual subject.
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the Alum group. At D360, this divergence was amplified, as avidity
was high across the AS groups while remaining at the threshold in
the Alum group (3.9 or 4.1 [60–81%] vs. 5.0 [50%], respectively).
Post antigen recall (D390), the increase in the frequency of ‘high-
avidity’ subjects was greater for AS01B/E and AS03 than for AS04
(20–35 vs. 8%, respectively). However, the vast majority of AS
recipients exhibited high-avidity profiles, while in the Alum group
levels barely changed upon the antigen recall (3.1–4.2 [87–95%]
vs. 4.7 [53%], respectively). This suggests that avidity maturation
upon antigen recall is more strongly promoted by an AS than
by Alum.
Finally, we integrated the qualitative and quantitative avidity

characterizations. W1, FI1 distribution plots (Fig. 4d) revealed that
post-dose 1 avidity levels were similar between the AS and
slightly lower for Alum (means [squares in the plots] W1: 6–7 and
~8.5, respectively). Upper levels of the 95% confidence intervals
of FI1 (UL; ellipses) were greater for AS01B and AS03 than for the
other adjuvants (~150 and ~300 vs. <50, respectively). However,
only a few subjects (dots) receiving AS01B and AS03 displayed
high FI1 levels. At D60, avidity increased in all groups (means W1:
4–6), confirming that avidity maturation was enhanced by the
second dose. Of note, distributions still overlapped for AS04 and
Alum, at low (<50) FI1 levels. By contrast, distributions for AS01B/E
and AS03 were expanded (UL > 450) and encompassed substan-
tially more ‘high-avidity’ subjects as compared to Alum and AS04.
At D360, avidity levels remained higher in the four AS groups
than in the Alum group, though numbers of ‘high-avidity’
subjects markedly contracted in the AS01B/E and AS03 groups.
Post-revaccination (D390), avidity levels increased across groups,
and the difference in avidities levels for Alum vs. the AS was
maintained (means W1: ~5 vs. 3.5–4, respectively). As at D360,
more AS01B/E or AS03 recipients than AS04 recipients displayed
high-avidity antibody profiles (UL: ~500 vs. ~200, respectively).
This suggests that while all AS induce similar extents of avidity
maturation, the secreted quantity of high-avidity antibodies is
lower for AS04 than for AS01 and AS03. This was consistent with
our conceptual model of different levels of T cell help provided
by these adjuvants.

DISCUSSION
The effects of adjuvant composition on durability and function-
ality of immune memory that can be boosted by antigen recall,
remain underinvestigated. We compared long-term immunogeni-
city, recall responses, and antibody avidity maturation between
HBsAg vaccines formulated with adjuvants used in licensed
vaccines. Our analyses revealed the following. First, despite
inducing different peak antibody, memory B cell, and CD4+ T
cell responses, the adjuvants’ compositions impacted neither the
durability of these responses one-year post-vaccination, nor the
response magnitudes upon antigen recall (though inter-subject
variability in anamnestic antibody responses seemed greater for
AS04). Second, inter-group differences in the extent of avidity
maturation suggested a benefit of using an AS over Alum. Third,
differences between the four AS were subtler: we observed trends
for higher relative proportions of high-avidity antibodies upon
antigen recall for AS03, and for lower absolute amounts, but
similar relative proportions of high-avidity antibodies for AS04.
The persistence of humoral and cellular responses seen with all

five adjuvants indicates that cell-mediated immune memory was
induced and maintained, and resulted in ongoing antibody
production. This aligns with data for other candidate or licensed
vaccines against herpes zoster (AS01), pandemic influenza (AS03),
HPV (AS04), or HBV (Alum)27,28,35–42. Remarkably, only minor
differences in antibody longevity and recall responses were seen
between the adjuvants, which may align with the similar titer half-
lives for MPL/Alum or Alum alone in macaques43. The similarity
observed here contrasts with the considerable differences in
innate response magnitudes between these adjuvants12,20,44.
These responses translated into peak adaptive responses that
differed vastly between AS01B/E or AS03 vs. AS04, and between
AS04 and Alum12,21. Long-term maintenance of serum antibody
levels is mediated by continuous antibody secretion by terminally
differentiated, long-lived PCs, a proportion of which will reside in
the BM45. We hypothesize that, due to the AS01/AS03–AS04/Alum
divergence in innate immune induction, both the circulating B
cells and the fractions of these cells migrating to the BM, will be
more numerous for AS01/AS03 than for AS04/Alum. Once PCs
reach the BM, various immune stimuli are needed for the
transcriptomic and metabolic changes determining their

Fig. 3 Summary of the data analysis strategy and main parameters. Figure summarizes the data analysis pipeline applied to characterize
the avidity of polyclonal antibody (Ab) populations in sera obtained after vaccination (see Suppl. Fig. 5 and “Methods” section for details).
Fluorescence intensity (FI) data representing the antigen (Ag)-Ab binding (antibody ‘capture profiles’) were obtained by microfluidic ligand-
binding immunoassay. The area under the capture profile represented the total amount of HBsAg-specific antibodies in the sample (FITOT).
Modeling of the capture profiles using a deconvolution algorithm-generated one or two monoclonal-like Ab populations with similar avidities
(‘components’). Abs in the highest-avidity (‘first’) component is characterized by %FI1 (FI contribution from these Abs [FI1] relative to the FITOT),
and the avidity score W1 representing the binding strength of these Abs. Parameters indicated in red font were used to characterize the
abundance and avidity of the sera. The cutoff for high-avidity Abs was defined as W1 < 5, corresponding to approximately KD < 10−10 M.
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Fig. 4 Adjuvant Systems stimulate avidity maturation before and after antigen recall. Data for the Avidity cohort (N= 95) are color-coded
by adjuvant group according to the key in the figure’s center. FI1, fluorescence intensity attributable to first-component antibodies.
a Frequencies of first-component antibodies in the total HBsAg-specific antibody population (%FI1) are shown. Boxplots represent medians,
interquartile ranges (IQR), and ±1.5 IQR. b Empirical cumulative distribution function (ECDF) curves of the subjects are plotted against %FI1
data. For a given value of t %FI1, ECDF(t) represents the fraction of subjects in the respective group with %FI1 ≤ t. Groups for which the curve is
shifted to the right are composed of subjects with increased %FI1 values. Curves were compared by a one-sided Kolmogorov-Smirnov test
without correction for multiplicity. Asterisks indicate levels of significance by color-coded group (*p < 0.05, **p < 0.01, ***p < 0.001). c. Avidity
of first-component antibodies (W1) is shown. Each symbol represents a subject. Gray lines connect results from the same subject. Horizontal
solid lines represent group medians. Dotted lines represent the threshold dividing subjects with either high-avidity (W1 < 5) or medium-to
low-avidity (W1 ≥ 5) antibody profiles. Numbers above the plots represent percentages of subjects in the group with high-avidity profiles, by
timepoint. d. FI1, W1 plots show 95% confidence intervals (ellipses), group means (squares), and individual subjects (dots). Ellipse extensions
reflect either higher numbers of high-avidity antibodies (shift on the x-axis to the right), or increased antibody avidity (upward shift on the y-
axis). Upper-right corners represent the optimal situation: a high abundance of high-avidity antibodies.
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differentiation into long-lived PCs46. However, the extent to which
these processes can be improved by adjuvants remains to be
determined, and our D360 data suggest that the behavior and
longevity of the BM PCs are also independent of the original
innate immune activation. Furthermore, the similar antibody recall
responses for the five groups suggest that also boost ability of
memory B cells was independent of the original innate signal
mediated by these adjuvants. This similarity could be caused by
comparable levels of antibody production for the adjuvants, due
to a hypothetical maximum production threshold per B cell.
Further research to test these hypotheses could focus on TFH cells
in the draining lymph node, B cell receptor (BCR) repertoires, and
specific antibody subtypes, all of which were identified as
correlates of long-term immunity in mice47 (though this may not
be fully predictive for primates43). Our findings may also be
supported by assessing BM B cells in animal models. Finally, these
effects can be antigen-dependent and at least partially specific to
HBsAg. Indeed, specific antibody responses to RTS,S/AS01E
vaccine (circumsporozoite [CS] malaria antigen on an HBsAg
carrier) were significantly less durable for CS than for HBsAg48,
despite the induction of CS-specific memory B cells and T-helper
cells49,50. We conclude that from a quantitative perspective, the
benefit of using a specific adjuvant or AS lies in maximizing the
peak response, to prolong the duration of protection when
immunity wanes over time (Fig. 5).
Primary vaccination with TLR or oil-in-water-adjuvants elicits

high-avidity antibodies –as demonstrated for these AS combined
with other antigens10,18,41,51,52—and the induced memory B cells
undergo further maturation and differentiation upon antigen
recall. Minor differences in quantitative antibody persistence were
detected between the adjuvants. Furthermore, affinity maturation
parameters (i.e., the W1-based avidity levels, numbers of subjects
with a high-avidity response, and %FI1-based proportions of high-
avidity antibodies) appeared to differ when comparing the AS
with Alum. Indeed, in the AS groups, levels of at least one of these
parameters increased after each antigen exposure, consistent with
murine data showing that repeated immunization is required for
somatic mutation and avidity maturation53. The increase in avidity
over time suggests that the robust innate immune stimulation
provided by AS01B/E and AS03 had a long-term effect on the
quality of memory B cells and CD4+ T cells. We hypothesize that
this caused these cells to evolve after each exposure, magnifying
the contrasts between vaccine arms over time. The difference
after revaccination between the AS vs. Alum may be due to
imprinted differences in memory B cells or BCR repertoires, as a
result of different levels of T cell help received by antigen-specific
B cells and plasmablasts. This bias towards higher-avidity
antibodies for AS recipients suggests that the antigen recall
preferentially stimulated memory B cells that had received higher-
quality T cell ‘help’ mediated through innate stimuli from the AS-
containing vaccines. A non-exclusive alternative mechanism is
that B cells with the highest avidity are most successful in
capturing and subsequently presenting the antigen (MHC-peptide
complex) to TFH cells and that such cells thus receive the strongest
expansion and maturation signals.
Interestingly, AS04 induced an avidity maturation pattern

similar to that seen for AS01 and AS03, despite being less potent
in terms of absolute quantities of high-avidity antibodies and
adaptive cells. Similarly, avidity for the vaccine antigens increased
over time and/or with the number of vaccinations following AS04-
adjuvanted HPV vaccination17,41,54. The trend for higher propor-
tions of high-avidity antibodies after the antigen recall for AS03
relative to the other adjuvants was unexpected, given the similar
innate and transcriptomic responses post-dose 2 previously
detected for AS01 and AS0312,20. This is of interest when
compared with observations in infant macaques, where antibody
avidity to the (HIV) vaccine antigen tended to be lower with the
oil-in-water adjuvant MF59 as compared with AS0155. Possibly

AS03 delivers a unique signal to the responsible APCs, B cells, and
CD4+ T cells that went undetected in the previous analyses, and in
which α-tocopherol present in AS03 plays a role15. The collective
data highlight the need to further our understanding of the
correlation between adjuvant-induced innate responses and
antibody quality. Of note, AS03 is currently being evaluated for
the benefit of different COVID-19 vaccine candidates in develop-
ment56–59. The importance of antibody avidity is further illustrated
by the observation that increased mAb affinity mediated broader
protection against SARS-coronavirus strains60.
The conclusion that low-dose antigen recall in the absence of

adjuvant mediated both qualitative and quantitative immune
enhancements is of particular interest considering previous
evaluations of fractional-dose RTS,S/AS01 vaccine, or AS03-
adjuvanted pandemic influenza vaccines. These studies demon-
strated that, relative to the full-dose vaccines, fractional-dose
priming vaccinations induced comparable neutralizing titers61, and
fractional-dose booster vaccinations induced increased levels of
antibody avidity and somatic hypermutation frequency in B
cells18,19. Possibly this is explained by murine data obtained after
immunizations with limiting concentrations of protein antigen62–64.
Under these circumstances, antigen-specific B cells, acting as APCs,
mediated priming of circulating T cells to deliver T cell help,
leading to competitive exclusion of B cells with lower specificities,
and thus to higher proportions or higher-avidity antibodies. By
contrast, B cells with APC abilities were not required using high
antigen doses. Overall, the responses to non-adjuvanted antigen
recall indicate that an adjuvant may not be required to obtain a
robust response to a booster dose following primary vaccinations.
Besides the obvious advantages with respect to antigen sparing

Fig. 5 Benefits of Adjuvant Systems over Alum for vaccine
antibody responses. Schematic presentation of the benefits of
using an Adjuvant System (AS) over Alum to formulate HBsAg
vaccines is presented for the different aspects of the antibody (Ab)
response. The immunization schedule comprised two primary
vaccinations administered at day (D)0 and D30 (solid arrows) and
a non-adjuvanted antigen recall (open arrow) administered at D360.
The table summarizes the expected added benefits of the adjuvant
choice (an AS or Alum) for enhancement of quantitative and
qualitative aspects of the response at different timepoints post-
vaccination or after antigen recall; ‘++’ and ‘+’ denote significant
and moderate-to-slight enhancement, respectively, and ‘–’ denotes
no clear benefit, i.e., similar proportional decline/enhancement for
AS and Alum. The graph shows the abundance of HBsAg-specific
Abs (total fluorescence intensity [FITOT]; full bars), the relative
abundance of high-avidity specific Abs (fluorescence intensity of the
first component Abs [FI1]; the bottom part of bars), and Ab avidity
levels (W1; lines/symbols). Bars, lines, and symbols are color-coded
according to the adjuvant groups presented below the graph. The
horizontal dotted line represents the threshold for high avidity, with
high-avidity profiles defined as W1 < 5.
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and adjuvant sparing, this concept may also be of interest in
specific populations or settings in which administration of
adjuvants may be a theoretical concern. Particularly in these cases,
decisions on booster composition should be grounded in careful
benefit/risk analyses. This is highlighted by the link between innate
immune responses or prevaccination B cell phenotypes, and
reactogenicity, as detected for some AS-adjuvanted vaccines12,44,65.
Currently, informed decision-making on this issue is hampered by
the lack of control groups receiving adjuvanted reduced-antigen
boosters.
It is generally accepted that CD4 helps stimulates affinity

maturation23, with TFH cells as the implicated T cell subset. The
observation that the addition of MF59 led to increased TFH
responses in human vaccinees66 suggests that a similar mechan-
ism operates here, and could explain how AS drive increased
avidity. We acknowledge that our study was limited by a lack of
specific markers (i.e., CXCR5, PD1, and BCL6) and timepoints (e.g.,
D7 post-vaccination67) to detect circulating TFH cells. This prevents
determining whether the qualitative enhancement by AS was due
to increased TFH cell activation and promotion of germinal center
reactions. Nevertheless, this notion seems to be supported by the
TFH-cell responses detected in lymph nodes of AS03-treated mice,
and in the blood of human recipients of AS01-adjuvanted malaria
vaccines67,68. Further analysis of our dataset demonstrated that
circulating CD40L+ CD4+ T cell levels at D360 neither correlated
with the increase in antibody titers post-revaccination (data not
shown) nor with peak titers21. Moreover, all five vaccine arms
displayed similar functional cytokine profiles of responding CD4+

T cells21. Therefore, our results merit deeper T cell phenotyping
and TCR repertoire analyses. In addition, BCR repertoire sequen-
cing (as performed for HBsAg/Alum and AS03-adjuvanted
influenza vaccines11,69), plasmablast identification, and deep
profiling of the functionalities of the humoral response such as
antibody isotype distribution and fine-specificity (manuscript in
preparation) may further elucidate underlying immune
mechanisms.
Finally, our innovative approach to measuring the avidity of

polyclonal serum antibodies is promising in the context of vaccine
clinical trial settings, due to the high-throughput set-up24,25

(submitted manuscript). It offers considerable advantages over
existing avidity assays, which either provide avidity measures
averaged over all mAb populations (chaotropic ELISA, biolayer
interferometry), are time-consuming (surface plasmon resonance),
or can be biased by antibody specificity (chaotropic ELISA70).
Altogether, despite inducing quantitatively dissimilar levels of

immune responses, differently composed Adjuvant Systems
appear to have similar abilities to induce persistent immunity
and robust responses after antigen recall. Relative to AS01B/E and
AS03, AS04 elicited fewer high-avidity antibodies but comparable
avidity maturation patterns. These compelling data can be
exploited in vaccine design, formulation, and dosing.

METHODS
Ethical statement
The observer-blind, randomized, controlled trial (ClinicalTrials.gov identi-
fier: NCT00805389) was registered on December 9, 2008, and conducted
from December 2008 to July 2011. The protocol was approved by all
institutional Ethics Committees and was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice guidelines. Written
informed consent was obtained from each participant before trial
participation.

Study design
Participants were healthy HBV-naïve men and women aged 18–45 years,
who were randomized (1:1:1:1:1) to receive two doses of 20 μg HBsAg
vaccine adjuvanted with AS01B, AS01E, AS03, AS04, or Alum21. AS01E
contained half the MPL and QS-21 quantities present in AS01B. QS-21 refers

to Quillaja saponaria Molina, fraction 21 (Licensed by GSK from Antigenics
LLC, a wholly-owned subsidiary of Agenus Inc., a Delaware, USA
corporation). Participants were vaccinated at D0 and 30 and received a
challenge dose with 5 μg non-adjuvanted HBsAg antigen at 1-year post-
dose 1 (D360). They were followed until one-month post-challenge (D390).
As pre-specified analyses, persistence and boost ability of the adaptive

immune response were evaluated in the Booster ATP immunogenicity
cohort (‘Booster cohort’; N= 265), and in a cohort subset (N= 99). This
subset comprised only the subjects selected for microarray analyses, as
reported elsewhere20. The AS01B, AS01E, AS03, AS04, and Alum groups
contained 55, 52, 54, 54, and 50 participants in the Booster cohort, and 15,
20, 25, 18, and 21 participants in the cohort subset, respectively. Blood
samples were collected at prevaccination (D0), 1 month after the first dose
(D30), and 2 weeks, 1 month, and 5 months after the second dose (D44,
D60, and D180, respectively). Blood samples were also collected before
and two weeks after the antigen recall (D360 and D374), and, for analyses
of anti-HBsAg antibodies only, one month after the antigen recall (D390).
Adaptive immune responses up to D60 have previously been described for
a larger cohort (N= 293 for antibodies and memory B cells; N= 599 for
CD4+ T cells)21.
Antibody avidity (a post-hoc analysis) was evaluated at D30, D60, D360,

and D390. Analyses were performed for the Booster cohort subset (N= 99;
described above), excluding three subjects who were (CLIA) seronegative
on all four timepoints (see Supplementary Fig. 4c). This left 96 subjects in
the initial analysis. One subject was subsequentially excluded due to
exhibiting FITOT values below the Gyrolab assay cutoff (specified below) on
all four timepoints. Therefore, all other avidity analyses (see Figs. 4 and 5,
and Supplementary Fig. 4 a/b) were performed on the remaining
95 subjects with both the CLIA antibody concentration and FITOT value ≥
respective assay cut-offs, on ≥1 of the four timepoints. These 95 subjects
are elsewhere in this article referred to as the ‘Avidity cohort’ (N= 15, 20,
25, 18, and 17, in the AS01B, AS01E, AS03, AS04, and Alum groups
respectively).

Quantitative immunogenicity assays
As described previously21, total anti-HBsAg immunoglobulin (Ig) concentra-
tions were measured using a commercial CLIA with a cutoff of ≥6.2mIU/mL.
HBsAg-specific memory B cell frequencies, and frequencies of HBsAg-specific
CD4+ T cells expressing at least CD40L, were quantified by ELISPOT assay
and intracellular cytokine staining (ICS) assay, respectively21. Frozen
peripheral blood mononuclear cells were used in both assays. ELISPOT data
are expressed as numbers of HBsAg-specific IgG-producing memory B cells
per million IgG-producing memory B cells. ICS data are expressed as
numbers of HBsAg-specific CD4+ T cells expressing at least CD40L, per
million CD4+ T cells, after subtracting the background values. The activation
marker CD40L was selected because CD40L+ CD4 T cells likely contain TFH
subsets, as CD40L signaling leads to leads to B cell activation8. The use of this
marker also allowed detection of HBsAg-specific CD4+ T cells not producing
the measured cytokines (IL-2/IFN-γ/TNF-α), which represented a substantial
proportion (around one-third) of the CD4+ T cell response21. Descriptive
statistical analyses were performed using SAS software (SAS Institute,
Cary, NC).

Avidity characterization
Antibody avidity for HBsAg was quantified using an adaptation of a high-
throughput methodology initially developed to quantify mAb or Fab
affinity24,25 (submitted manuscript).
Briefly, FI distributions (averaged capture profiles) obtained by Gyrolab-

miniaturized immunoassay34 were subjected to mathematical modeling
using a deconvolution algorithm. The methodology allowed separating the
antibody populations in a serum sample into a first and second
component containing the higher-avidity and medium-to-low-avidity
antibodies, respectively. The separate steps are outlined below (“Genera-
tion of input data by Gyrolab immunoassay”, “Data analysis pipeline to
estimate the avidity of pAb solutions” and “Application to the adjuvant
group comparison”).

Generation of input data by Gyrolab immunoassay
Antibody avidity for HBsAg in post-vaccination sera was quantified using
an adaptation of a high-throughput methodology initially developed to
quantify mAb or Fab affinity in out-of-equilibrium solutions (refs. 24,25;
submitted manuscript). The methodology entails the mathematical
modeling of fluorescence intensity (FI) distributions obtained by Gyrolab
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microfluidic ligand-binding immunoassay34. In the current Gyrolab
analysis, the capture reagent was biotinylated HBsAg diluted in PBS/
Tween20 (0.01%), used at 100 µg/mL. Goat anti-human Fcγ-fragment
specific IgG (Jackson ImmunoResearch; #109-606-170) at 25 nM was used
as detection reagent and Rexipp F buffer (Gyros Protein technologies) as
diluent. Control (buffer only) samples were run in parallel to determine
experimental background signals. Data were analyzed according to the
Gyrolab three-step method (capture, analyte, detection) using Gyrolab
Bioaffy 200 CDs and Gyrolab Viewer software. Each serum sample in the
analysis (N= 342) was run at least 5 times at a 1:40 dilution. This dilution
was selected based on dose-response curves generated for 43 randomly
chosen serum samples to select the range of linearity (i.e., the range where
concentration is linearly proportional to the FI signal). Two-dimensional
capture profiles were obtained by integrating the FI signals along the
longitudinal coordinate, such that the FI value (y-axis) as a function of the
radial coordinate of the antigen-saturated capture column (x-axis). From
the individual capture profiles per run, one profile per sample was
obtained by computing the mean and 95% confidence intervals (CI) from
the distribution of FI values obtained by the repeated runs for each radial
position. The resulting averaged capture profile with 95% CI (‘pAb profile’)
was the input of the algorithm to define avidity (see Section “Data analysis
pipeline to estimate the avidity of pAb solutions”).
As reported elsewhere (refs. 24,25; submitted manuscript), capture

profiles for mAb solutions can be described by fitting an approximated
Landau probability distribution71,72 L(x) to the data, with a correction for
background signals:

L xð Þ ¼ y0 þ A � exp � 1
2

x �m
W

þ exp � x �m
W

� �� �� �
(1)

wherem is the radial coordinate of the FI peak,W is the affinity score, A is a
normalization parameter, and y0 is the background signal. W is
proportional to the curve’s full-width-at-half-maximum, and A is propor-
tional to the FI peak value. In addition, the starting point of a profile was
defined as the radial coordinate where FI ≤ 1% of FI peak and represented
the lowest coordinate corresponding to a binding signal rather than to a
background signal.

Data analysis pipeline to estimate the avidity of pAb solutions
Because a pAb profile constitutes a mix of the profiles of populations of
mAb-like clones of similar avidity (‘components’), the avidity of a sample
could be estimated by applying a deconvolution algorithm to the pAb
profile. The aim was to identify the number of components (1, 2, or 3),
quantify the avidity parameters for each component, and identify the
highest-avidity component. The analysis pipeline is summarized in
Supplementary Fig. 5. To enhance the variability of the repeated profiles,
100 bootstrap profiles were created from each pAb profile. This was done
by drawing for each radial position, an FI value from a uniform distribution,
with the extreme FI values corresponding to the 95% CI of the pAb profile.
Estimation of the m value of the first component (m1) was required for a

correct regression. This was performed by measuring the pAb profile’s
starting point, SPMIX, directly from the profile, and by estimating a variable
q from the bootstrap profiles. Because the locations within the lattice
locations differ between different CDs due to set-up variability, q is a CD-
specific parameter. The following assumptions were made:

a. The area-under-the-curve (area) for mAbs relates to A and W, as:
area= A ×W × √ (2π);

b. There is a linear relationship between m and W, namely: m= s ×W
+ q, where s= 1.47. Using this equation with W and q as free
parameters, a two-component nonlinear least square (NLS) regres-
sion was performed of all bootstrap profiles generated for the same
CD. A mean q was then computed from the obtained distribution of
q values;

c. For mAb profile, the starting point (SPMONO) relates to W as: SPMONO

= 2.634 ×W, and the starting point for its first component, SPMONO1

relates to the SPMIX as:

SPMONO1= 1.038 × SPMIX.
Using the mean q value (see b), m1 is then described as:

m1 ¼
2:634
s :q� 1:038:SPMIX

2:634
s � 1

� bias (2)

where ‘bias’ represents a constant correction term to minimize the error
between expected and real values, equal to −3.

In the “model selection” step the number of components of the pAb
profile is selected. Based on the L(x) distribution (see Section “Generation
of input data by Gyrolab immunoassay”), a 1-component, a 2-component,
and a 3-component NLS regression were performed for each pAb profile,
using for the multi-component regressions the m1 value determined in
Step 1. The three regressions were compared based on their Bayesian
Information Criterion (BIC) score. The model with the lowest score was
selected, provided the following two threshold criteria set for A and FI were
met: if for one component of a multi-component description, the FI value
accounted for <10% of the total FI, and the A value was <10% of the A
values of the other components, the description was discarded. This was
done even if the associated BIC score was lower than that for a 1-
component description, in order to prevent the algorithm from introdu-
cing small, non-biological Ab populations which would artificially improve
the goodness-of-fit.
The selected model was applied to the 100 bootstrap profiles (using m1

in either case), yielding a set of A, m, and W values. From a mean L(x)
regression for the selected component, the mean A, m, and W values were
estimated for the pAb profile. Based on the obtained W values, the first or
only component, and the second and third components (if detected), were
defined as the high-avidity, medium-to-low avidity, and low-avidity
components, respectively. Of note, across the current samples, the
goodness-of-fit was consistently higher for the 1-component or 2-
component descriptions than for the 3-component description, and the
latter were therefore not included in the analyses. This can be explained by
the fact that the samples were collected after vaccination, and contained
few low-avidity antibodies.

Application to the adjuvant group comparison
Comparisons between the adjuvant groups were based on the total FI
value (area under the pAb profile; FITOT) of the sample, representing its
total amount of HBsAg-specific antibodies, and on the parameters of the
first (or only) component. The latter parameters included the W1 affinity
score as a qualitative criterion, and the percentage of the FITOT belonging
to the first component (%FI1), i.e., the proportion of high-avidity
antibodies of the total amount of specific antibodies, as a quantitative
criterion. Due to the inability of the algorithm to analyze profiles close to
the background noise, subjects with antibody capture profiles with an FI
peak < technical cut-off of 0.15 (approximately 3 times the typical noise
value) at all timepoints were excluded from the analyses. For each group,
descriptive statistical analyses were performed on the W, FI, and %FI1
data, and ECDF curves (Fig. 4b) were generated. Proportions of subjects
with a high-avidity (W1 < 5) antibody population with associated two-
sided 95% Clopper-Pearson CI were calculated for each group and
timepoint. ECDF values were compared using one-sided Kolmogorov-
Smirnov tests without correction for multiplicity, as implemented in the
ks.test() function in R software, v3.6.2 (R Foundation for Statistical
Computing). Analyses and graphs were developed using RStudio version
1.1.463 (RStudio, Inc., Boston, MA).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
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website (ClinicalTrials.gov identifier: NCT00805389).

CODE AVAILABILITY
Full code used for the analyses presented in this manuscript is available upon request
to the corresponding author.

Received: 8 July 2020; Accepted: 9 April 2021;

S. Budroni et al.

9

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2021)    78 

http://www.clinicalstudydatarequest.com


REFERENCES
1. Hangartner, L., Zinkernagel, R. M. & Hengartner, H. Antiviral antibody responses:

the two extremes of a wide spectrum. Nat. Rev. Immunol. 6, 231–243 (2006).
2. Antia, A. et al. Heterogeneity and longevity of antibody memory to viruses and

vaccines. PLoS Biol. 16, e2006601 (2018).
3. Dobaño, C. et al. Concentration and avidity of antibodies to different circum-

sporozoite epitopes correlate with RTS,S/AS01E malaria vaccine efficacy. Nat.
Commun. 10, 2174 (2019).

4. Singh, S. et al. Monoclonal antibodies: a review. Curr. Clin. Pharm. 13, 85–99
(2018).

5. Smatti, M. K., Al Thani, A. A. & Yassine, H. M. Viral-induced enhanced disease
illness. Front. Microbiol. 9, 2991 (2018).

6. Lee, Y. C. et al. Haemophilus influenzae type b vaccine failure in children is
associated with inadequate production of high-quality antibody. Clin. Infect. Dis.
46, 186–192 (2008).

7. Del Giudice, G., Rappuoli, R. & Didierlaurent, A. M. Correlates of adjuvanticity: a
review on adjuvants in licensed vaccines. Semin. Immunol. 39, 14–21 (2018).

8. Crotty, S. T follicular helper cell biology: a decade of discovery and diseases.
Immunity 50, 1132–1148 (2019).

9. van der Most, R. G. et al. Seeking help: B cells adapting to flu variability. Sci. Transl.
Med. 6, 246ps248 (2014).

10. Khurana, S. et al. AS03-adjuvanted H5N1 vaccine promotes antibody diversity
and affinity maturation, NAI titers, cross-clade H5N1 neutralization, but not H1N1
cross-subtype neutralization. npj Vaccines 3, 40 (2018).

11. Galson, J. D., Trück, J., Kelly, D. F. & van der Most, R. G. Investigating the effect of
AS03 adjuvant on the plasma cell repertoire following pH1N1 influenza vacci-
nation. Sci. Rep. 6, 37229 (2016).

12. Burny, W. et al. Different adjuvants induce common innate pathways that are
associated with enhanced adaptive responses against a model antigen in
humans. Front. Immunol. 8, 943 (2017).

13. Didierlaurent, A. M. et al. AS04, an aluminum salt- and TLR4 agonist-based
adjuvant system, induces a transient localized innate immune
response leading to enhanced adaptive immunity. J. Immunol. 183,
6186–6197 (2009).

14. Didierlaurent, A. M. et al. Enhancement of adaptive immunity by the human
vaccine adjuvant AS01 depends on activated dendritic cells. J. Immunol. 193,
1920–1930 (2014).

15. Morel, S. et al. Adjuvant System AS03 containing α-tocopherol modulates innate
immune response and leads to improved adaptive immunity. Vaccine 29,
2461–2473 (2011).

16. Eidem, S. et al. Persistence and avidity maturation of antibodies to A(H1N1)
pdm09 in healthcare workers following repeated annual vaccinations. Vaccine 33,
4146–4154 (2015).

17. Kemp, T. J. et al. Kinetic and HPV infection effects on cross-type neutralizing
antibody and avidity responses induced by Cervarix®. Vaccine 31, 165–170
(2012).

18. Regules, J. A. et al. Fractional third and fourth dose of RTS,S/AS01 malaria can-
didate vaccine: a Phase 2a controlled human malaria parasite infection and
immunogenicity study. J. Infect. Dis. 214, 762–771 (2016).

19. Chaudhury, S. et al. Delayed fractional dose regimen of the RTS,S/AS01 malaria
vaccine candidate enhances an IgG4 response that inhibits serum opsonopha-
gocytosis. Sci. Rep. 7, 7998 (2017).

20. De Mot, L. Transcriptional profiling of adjuvanted vaccines: variable inter-
individual homogeneity, but core signature linked to antibody responses. Sci.
Transl. Med. 12, eaay8618 (2020).

21. Leroux-Roels, G. et al. Impact of adjuvants on CD4+ T cell and B cell responses to
a protein antigen vaccine: Results from a phase II, randomized, multicenter trial.
Clin. Immunol. 169, 16–27 (2016).

22. Khodadadi, L., Cheng, Q., Radbruch, A. & Hiepe, F. The maintenance of memory
plasma cells. Front Immunol. 10, 721 (2019).

23. Khurana, S., Frasca, D., Blomberg, B. & Golding, H. AID activity in B cells strongly
correlates with polyclonal antibody affinity maturation in-vivo following pan-
demic 2009-H1N1 vaccination in humans. PLoS Pathog. 8, e1002920 (2012).

24. Finco, O., Budroni, S., Buricchi, F., Medini, D. & Volpini, G. Method for measuring
binding reactions. WIPO Patent WO/2015/014922 A2. (Available at
WO2015014922A2.pdf. Accessed 15-10-2020) (2015).

25. Cavallone, A. A case study of mathematical modeling in immunology: the
antibody-antigen binding signal from pAb solutions run in the Gyrolab platform
(presentation). (Available at https://www3.diism.unisi.it/~falaschi/Teaching/
seminarioGSK2018.pdf. Accessed 15-10-2020) (2018).

26. Leroux-Roels, G. et al. Vaccine Adjuvant Systems containing monophosphoryl
lipid A and QS-21 induce strong humoral and cellular immune responses against
hepatitis B surface antigen which persist for at least 4 years after vaccination.
Vaccine 33, 1084–1091 (2015).

27. Poovorawan, Y. et al. Long-term anti-HBs antibody persistence following infant
vaccination against hepatitis B and evaluation of anamnestic response: a 20-year
follow-up study in Thailand. Hum. Vaccin. Immunother. 9, 1679–1684 (2013).

28. Tuaillon, E. et al. Detection of memory B lymphocytes specific to hepatitis B virus
(HBV) surface antigen (HBsAg) from HBsAg-vaccinated or HBV-immunized sub-
jects by ELISPOT assay. J. Immunol. Methods 315, 144–152 (2006).

29. Nommensen, F. E., Go, S. T. & MacLaren, D. M. Half-life of HBs antibody after
hepatitis B vaccination: an aid to timing of booster vaccination. Lancet 2, 847–849
(1989).

30. Pondé, R. A. A. Expression and detection of anti-HBs antibodies after hepatitis B
virus infection or vaccination in the context of protective immunity. Arch. Virol.
164, 2645–2658 (2019).

31. Bauer, T. & Jilg, W. Hepatitis B surface antigen-specific T and B cell memory in
individuals who had lost protective antibodies after hepatitis B vaccination.
Vaccine 24, 572–577 (2006).

32. Nicoli, F. et al. HPV-specific systemic antibody responses and memory B cells are
independently maintained up to 6 years and in a vaccine-specific manner fol-
lowing immunization with Cervarix and Gardasil in adolescent and young adult
women in vaccination programs in Italy. Vaccines 8, 26 (2020).

33. Trück, J. et al. Effect of cryopreservation of peripheral blood mononuclear cells
(PBMCs) on the variability of an antigen-specific memory B cell ELISpot. Hum.
Vaccin. Immunother. 10, 2490–2496 (2014).

34. Mora, J. R., Obenauer-Kutner, L. & Vimal, P. V. Application of the Gyrolab™ platform
to ligand-binding assays: a user’s perspective. Bioanalysis 2, 1711–1715 (2010).

35. Schwarz, T. F. et al. Persistence of immune response to an adjuvanted varicella-
zoster virus subunit vaccine for up to year nine in older adults. Hum. Vaccin.
Immunother. 14, 1370–1377 (2018).

36. Chlibek, R. et al. Long-term immunogenicity and safety of an investigational
herpes zoster subunit vaccine in older adults. Vaccine 34, 863–868 (2016).

37. Trieu, M. C. et al. Antibody responses to influenza A/H1N1pdm09 virus after
pandemic and seasonal influenza vaccination in healthcare workers: a 5-year
follow-up study. Clin. Infect. Dis. 68, 382–392 (2019).

38. Gillard, P. et al. Long-term outcome of the humoral and cellular immune
response of an H5N1 adjuvanted influenza vaccine in elderly persons: 2-year
follow-up of a randomised open-label study. Trials 15, 419 (2014).

39. van der Most, R. G. et al. Long-term persistence of cell-mediated and humoral
responses to A(H1N1)pdm09 influenza virus vaccines and the role of the AS03
Adjuvant System in adults during two randomized controlled trials. Clin. Vaccin.
Immunol. 24, e00553 (2017).

40. Artemchuk, H. et al. Long-term antibody response to human papillomavirus
vaccines: up to 12 years follow-up in the Finnish Maternity Cohort. J. Infect. Dis.
219, 582–589 (2019).

41. Schurink-van ‘t Klooster, T. M., Donken, R., Schepp, R. M., van der Klis, F. R. M. & de
Melker, H. E. Persistence of immune response following bivalent HPV vaccination:
A follow-up study among girls routinely vaccinated with a two-dose schedule.
Vaccine 36, 7580–7587 (2018).

42. Einstein, M. H. et al. Comparison of the immunogenicity of the human papillo-
mavirus (HPV)-16/18 vaccine and the HPV-6/11/16/18 vaccine for oncogenic non-
vaccine types HPV-31 and HPV-45 in healthy women aged 18-45 years. Hum.
Vaccin 7, 1359–1373 (2011).

43. Francica, J. R. et al. Innate transcriptional effects by adjuvants on the magnitude,
quality, and durability of HIV envelope responses in NHPs. Blood Adv. 1,
2329–2342 (2017).

44. Burny, W. et al. Inflammatory parameters associated with systemic reactogenicity
following vaccination with adjuvanted hepatitis B vaccines in humans. Vaccine
37, 2004–2015 (2019).

45. Hammarlund, E. et al. Plasma cell survival in the absence of B cell memory. Nat.
Commun. 8, 1781 (2017).

46. Lightman, S. M., Utley, A. & Lee, K. P. Survival of Long-Lived Plasma Cells (LLPC):
Piecing together the puzzle. Front. Immunol. 10, 965 (2019).

47. Martins, K. A. O. et al. Adjuvant-enhanced CD4 T cell responses are critical to
durable vaccine immunity. EBioMedicine 3, 67–78 (2016).

48. Valéa, I. et al. Long-term immunogenicity and immune memory response to the
hepatitis B antigen in the RTS,S/AS01E malaria vaccine in African children: a
randomized trial. Hum. Vaccin. Immunother. 16, 1464–1470 (2020).

49. Moncunill, G. et al. RTS,S/AS01E malaria vaccine induces memory and poly-
functional T cell responses in a pediatric African Phase III trial. Front. Immunol. 8,
1008 (2017).

50. Agnandji, S. T. et al. Induction of Plasmodium falciparum-specific CD4+ T cells
and memory B cells in Gabonese children vaccinated with RTS,S/AS01E and RTS,
S/AS02D. PLoS ONE 6, e18559 (2011).

51. Canelle, Q., Dewé, W., Innis, B. L. & van der Most, R. Evaluation of potential
immunogenicity differences between Pandemrix™ and Arepanrix™. Hum. Vaccin.
Immunother. 12, 2289–2298 (2016).

S. Budroni et al.

10

npj Vaccines (2021)    78 Published in partnership with the Sealy Institute for Vaccine Sciences

https://www3.diism.unisi.it/~falaschi/Teaching/seminarioGSK2018.pdf
https://www3.diism.unisi.it/~falaschi/Teaching/seminarioGSK2018.pdf


52. Ajua, A. et al. The effect of immunization schedule with the malaria vaccine
candidate RTS,S/AS01E on protective efficacy and anti-circumsporozoite protein
antibody avidity in African infants. Malar. J. 14, 72 (2015).

53. Wang, Y. et al. Antigen persistence is required for somatic mutation and affinity
maturation of immunoglobulin. Eur. J. Immunol. 30, 2226–2234 (2000).

54. Safaeian, M. et al. Durability of protection afforded by fewer doses of the HPV16/
18 vaccine: the CVT trial. J. Natl Cancer Inst. 110, 205–212 (2018).

55. Phillips, B. et al. Adjuvant-dependent enhancement of HIV Env-specific antibody
responses in infant rhesus macaques. J. Virol. 92, e01051–01018 (2018).

56. Thanh, Le, T. et al. The COVID-19 vaccine development landscape. Nat. Rev. Drug
Discov. 19, 305–306 (2020).

57. Francica, J. R. et al. Vaccination with SARS-CoV-2 spike protein and AS03 adjuvant
induces rapid anamnestic antibodies in the lung and protects against virus chal-
lenge in nonhuman primates. Preprint at bioRxiv: 2021.2003.2002.433390 (2021).

58. Arunachalam, P. S. et al. Adjuvanting a subunit SARS-CoV-2 nanoparticle vaccine
to induce protective immunity in non-human primates. Preprint at bioRxiv:
2021.2002.2010.430696 (2021).

59. Ward, B. J. et al. Phase 1 trial of a candidate recombinant virus-like particle
vaccine for Covid-19 disease produced in plants. Preprint at medRxiv:
2020.2011.2004.20226282 (2020).

60. Rani, M. et al. Increased antibody affinity confers broad in vitro protection against
escape mutants of severe acute respiratory syndrome coronavirus. J. Virol. 86,
9113–9121 (2012).

61. Leroux-Roels, I. et al. Antigen sparing and cross-reactive immunity with an
adjuvanted rH5N1 prototype pandemic influenza vaccine: a randomised con-
trolled trial. Lancet 370, 580–589 (2007).

62. Rivera, A., Chen, C. C., Ron, N., Dougherty, J. P. & Ron, Y. Role of B cells as antigen-
presenting cells in vivo revisited: antigen-specific B cells are essential for T cell
expansion in lymph nodes and for systemic T cell responses to low antigen
concentrations. Int. Immunol. 13, 1583–1593 (2001).

63. Eisen, H. N. & Chakraborty, A. K. Evolving concepts of specificity in immune
reactions. Proc. Natl Acad. Sci. USA 107, 22373–22380 (2010).

64. González-Fernández, A. & Milstein, C. Low antigen dose favours selection of
somatic mutants with hallmarks of antibody affinity maturation. Immunology 93,
149–153 (1998).

65. Sobolev, O. et al. Adjuvanted influenza-H1N1 vaccination reveals lymphoid sig-
natures of age-dependent early responses and of clinical adverse events. Nat.
Immunol. 17, 204–213 (2016).

66. Spensieri, F. et al. Early rise of blood T follicular helper cell subsets and baseline
immunity as predictors of persisting late functional antibody responses to vac-
cination in humans. PLoS ONE 11, e0157066 (2016).

67. Givord, C. et al. Activation of the endoplasmic reticulum stress sensor IRE1α by
the vaccine adjuvant AS03 contributes to its immunostimulatory properties. npj
Vaccines 3, 20 (2018).

68. Pallikkuth, S. et al. A delayed fractionated dose RTS,S AS01 vaccine regimen
mediates protection via improved T follicular helper and B cell responses. Elife 9,
e51889 (2020).

69. Galson, J. D. et al. Analysis of B cell repertoire dynamics following hepatitis B
vaccination in humans, and enrichment of vaccine-specific antibody sequences.
EBioMedicine 2, 2070–2079 (2015).

70. Alexander, M. R. et al. What do chaotrope-based avidity assays for antibodies to
HIV-1 envelope glycoproteins measure? J. Virol. 89, 5981–5995 (2015).

71. Moyal, J. E. Theory of ionization fluctuations. J. Sci. 46, 263–280 (1955).
72. Landau, L. On the energy loss of fast particles by ionization. J. Phys. 8, 201–205 (1944).

ACKNOWLEDGEMENTS
The authors are grateful to the study participants and staff members of the different
study sites, for their contributions to the study. They thank Ellen Oe (GSK) for

providing scientific writing services in the manuscript’s development, and Jonathan
Ghesquière (Business and Decision Life Sciences) for editorial support and manuscript
coordination. GlaxoSmithKline Biologicals SA funded the study, was involved in all
stages of the original study conduct and analysis (ClinicalTrials.gov Identifiers:
NCT00805389) and funded the manuscript’s development. The Business and Decision
Life Sciences platform provided editorial assistance and manuscript coordination, on
behalf of GSK.

AUTHOR CONTRIBUTIONS
F.B., O.F., S.B., A.M.D., R.v.d.M., and W.B. contributed substantially to the conception
and design of the analyses. A.C., F.B., M.J., P.B., G.V., V.D., M.E.I., M.C., and S.B.
participated in the collection and analysis of the data. A.C., F.B., U.D.O., O.F., S.B., A.M.
D., R.v.d.M., W.B., G.L.R., A.M., N.G., P.V.D., and T.S. contributed to the interpretation of
the results. All authors had full access to the data and were involved in critical
revision of the manuscript for important intellectual content. The corresponding
author was responsible for manuscript submission. S.B., F.B. and A.C. are co-first
authors and contributed equally to this work.

COMPETING INTERESTS
F.B., O.F., S.B., M.J., P.B., G.V., V.D., M.E.I., M.C., U.D.O., W.B., and R.v.d.M. are employees
of the GSK group of companies. A.M.D., W.B., and R.v.d.M. hold shares in the GSK
group of companies as part of their employee remuneration. A.M.D. and R.v.d.M. own
patents related to AS01. A.C. and A.M.D. were employees of the GSK group of
companies at the time of the study. A.M., N.G., G.L.R., P.V.D., T.S. report honoraria from
GSK for lecturing, as a member of advisory boards, and conducting clinical trials.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41541-021-00337-0.

Correspondence and requests for materials should be addressed to W.B.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

S. Budroni et al.

11

Published in partnership with the Sealy Institute for Vaccine Sciences npj Vaccines (2021)    78 

https://doi.org/10.1038/s41541-021-00337-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Antibody avidity, persistence, and response to antigen recall: comparison of vaccine adjuvants
	Introduction
	Results
	Durability and proliferation capacity of memory B/T�cells are independent of the adjuvant type
	Antibody avidity analysis
	AS elicit higher proportions of high-avidity antibodies than Alum after antigen recall
	Stronger promotion of avidity maturation by AS than by Alum

	Discussion
	Methods
	Ethical statement
	Study design
	Quantitative immunogenicity assays
	Avidity characterization
	Generation of input data by Gyrolab immunoassay
	Data analysis pipeline to estimate the avidity of pAb solutions
	Application to the adjuvant group comparison
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




