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Introduction
Seasonal influenza infects 10%-20% of the worldwide population
each year, with a mortality rate of 0.1%-0.2%, and increased mor-
tality in the elderly (1, 2). By contrast, avian influenza viruses that
are endemic to global fowl populations, such as H5N1, infect sig-
nificantly fewer humans per year, but have a much higher mortal-
ity rate (approximately 60% for H5N1) (3). Although these avian
viruses cannot effectively spread from human to human, it has
been suggested that we are on the precipice of highly lethal avian
influenza viruses evolving to allow human-to-human transmis-
sion (4). This could result in the rapid global spread of the virus,
resulting in the next influenza pandemic (3, 5). To mitigate this
concern, pandemic influenza vaccines are urgently needed. These
vaccines will need to provide rapid and robust protection against
the potential threat of an avian influenza pandemic. Current influ-
enza vaccine design strategies, in the best-case scenario, require
5-6 months from determination of the viral sequence to full-scale
vaccine production, time that is not available during a pandemic.
In addition, vaccine strategies that induce equivalent immunity
using less antigen, termed antigen sparing, are needed to expand
the quantity of vaccine available for the global population.
Adjuvants have the potential to decrease antigen quantity
requirements and to improve vaccine effectiveness by enhanc-
ing antigen delivery to antigen-presenting cells and by shaping
the functional potency of the vaccine-induced immune response
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Seasonal and pandemic influenza infection remains a major public health concern worldwide. Driving robust humoral immunity
has been a challenge given preexisting, often cross-reactive, immunity and in particular, poorly immunogenic avian antigens.

To overcome immune barriers, the adjuvant MF59 has been used in seasonal influenza vaccines to increase antibody titers and
improve neutralizing activity, translating to a moderate increase in protection in vulnerable populations. However, its effects on
stimulating antibody effector functions, including NK cell activation, monocyte phagocytosis, and complement activity, all of
which have been implicated in protection against influenza, have yet to be defined. Using systems serology, we assessed changes
in antibody functional profiles in individuals who received H5N1 avian influenza vaccine administered with MF59, with alum,

or delivered unadjuvanted. MF59 elicited antibody responses that stimulated robust neutrophil phagocytosis and complement
activity. Conversely, vaccination with MF59 recruited NK cells poorly and drove moderate monocyte phagocytic activity, both
likely compromised because of the induction of antibodies that did not bind FCGR3A. Collectively, defining the humoral antibody
functions induced by distinct adjuvants may provide a path to designing next-generation vaccines that can selectively leverage
the humoral immune functions, beyond binding and neutralization, resulting in better protection from infection.

(6). Currently, 6 adjuvants have been approved for use in licensed
human vaccines, of which 4 have been assessed for use in influenza
vaccines (7). Among these adjuvants, MF59 is an oil-in-water emul-
sion licensed for use in seasonal influenza vaccines (8). In seasonal
influenza vaccination, MF59 is known to induce monocyte and
granulocyte chemoattractants (9); to alter the antibody-mediated
immune response by inducing heterotypic antibody responses,
increasing the breadth and affinity of the vaccine-induced anti-
bodies; and to increase neutralizing antibody responses (5, 10,
11). Furthermore, MF59 exhibits antigen-sparing activity, driving
robust neutralizing antibody responses at 3-fold lower doses of H5
antigen (11). However, despite its potent immunological effects,
the addition of MF59 does not consistently afford equally potent
enhanced protection from seasonal influenza infection to the level
that would be predicted by the increased antibody responses (12,
13). These data raise the possibility that MF59 is able to drive
enhanced vaccine-induced immunity, but it may fail to raise a key
humoral immune function required to achieve protection.
Although the development of broadly neutralizing antibody
responses against influenza remains a critical goal, emerging evi-
dence suggests that extra-neutralizing antibody functions also
play an important role in protection from infection (14-23). Stud-
ies with passive transfer of neutralizing monoclonal antibodies
in mice have shown that Fcy receptors are required for protection
from lethal infection, via mechanisms that do not block viral entry
(18). In addition to binding pathogens and preventing infection of
cells, antibodies mediate an array of functions, including comple-
ment activation and lysis; phagocytosis by granulocytes, mono-
cytes, and dendritic cells; NK cell activation; and dendritic cell
maturation and antigen presentation (24-26). Influenza-specific
antibodies have been shown to mediate macrophage phagocy-
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Figure 1. MF59 significantly alters the functional humoral profile after H5-vaccination. Antibodies against H5 were compared for 90 vaccinees who
received 15 pg recombinant H5 unadjuvanted (none), with alum, or with MF59. A principal components analysis (PCA) was used to identify differences in
the functional responses of vaccinees by adjuvant. (A) All H5-specific systems serology measurements (antibody isotypes, FCGR binding, and antibody-
dependent functions) from post-vaccine day 56 samples were included in the PCA biplot, where dots represent individual samples (blue, alum; green,
MF59; gray, none). (B) Scores along the first principal component (PC1), which captures the greatest separation between samples, were plotted. Error
bars show minimum to maximum. Differences were assessed using a Mann-Whitney U test. ****P < 0.0001. (C) Loadings in the PCA biplot are shown.
Features are located in the loadings plot where they are enriched in samples in A.

tosis (20, 27), neutrophil production of reactive oxygen species
(20), cellular cytotoxicity (21), and complement deposition (16,
17, 27, 28). However, data using broadly neutralizing monoclonal
antibodies suggest that NK cell-driven antibody-dependent cellu-
lar cytotoxicity (ADCC) may represent a key protective function
against influenza (18, 19, 29).

Previous studies have demonstrated that MF59 can increase
the breadth of the heterosubtypic immune responses and neu-
tralizing titers; the goal of this study was to systematically probe
the functional effect of MF59-induced immunity when adminis-
tered in a potential pandemic avian influenza vaccine. Using an
unbiased, high-throughput systems serology (30) platform, we
observed increased antigen-specific antibody functionality in
serum from individuals who received MF59-adjuvanted vaccina-
tions, with the notable exception of titer-dependent increases in
NK cell activation or monocyte phagocytic activity, highlighting
the robust induction of humoral immune responses programmed
to induce selective antibody effector functions.

Results

MF59 induces a unique functional humoral response. Emerging data
suggest that adjuvants may induce higher antibody titers and
enhanced affinity maturation and may shape the Fc-profile of
antibodies (31). To initially define whether adjuvants also shape
influenza-specific humoral immune responses, we applied a sys-
tems serology (30) approach to broadly and comprehensively pro-
file the functional and Fc-biophysical profiles of antibodies gener-
ated by vaccinees receiving pandemic influenza H5 immunization
alone or adjuvanted with MF59 or alum. Using this suite of func-
tional and biophysical assays, over 50 data points were collected
per subject, encompassing the ability of antibodies to recruit NK
cells, monocytes, neutrophils, and complement. In addition, dif-
ferences in the subclass and isotype selection and Fcy-receptor

binding were analyzed across H5-specific immune responses.
To determine whether induced profiles were any different at the
peak response, 56 days after initial vaccination/28 days after the
second dose, a principal components analysis (PCA) was used to
assess adjuvant effects (Figure 1A). Although the alum-adjuvanted
and unadjuvanted vaccine groups overlapped and were nearly
indistinguishable, the majority of the MF59 group clearly sepa-
rated, exhibiting a unique antibody Fc-profile. To further quantify
the significance of the difference between MF59 and alum or
unadjuvanted vaccines, scores along the first principal component
(PC1) were analyzed (Figure 1B). As demonstrated in the PCA
plot (Figure 1A), serum samples from individuals receiving MF59
exhibited a unique and separate response when compared with
either the alum-adjuvanted or unadjuvanted groups. At baseline
(day 0), the responses to H5 were indistinguishable from the other
groups (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI129520DS1).
These data suggest that, unlike alum, MF59 induces a significantly
different functional humoral immune response compared with
unadjuvanted vaccination (Figure 1A).

To gain a deeper sense of the differences in the MF59-
induced multivariate profile, a loadings plot was generated show-
ing the specific features that were differentially enriched within
each vaccine group profile (Figure 1C). Features cluster on the
loadings plot in the same region as the samples in which they are
enriched. Along these lines, nearly all features were enriched in
the MF59-adjuvanted vaccine recipient profiles, except for the
antibody-dependent NK cell activation (ADNKA) features, which
clustered in a separate region of the graph. Consistent with pre-
vious studies (11, 32), H5-specific IgG titers were enriched in the
MF59 group. Antibody complement activity, the ability to drive
monocyte phagocytosis, and neutrophil phagocytosis were also
enriched in MF59 profiles when compared with the 2 other groups
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and contributed to the separation across the vaccine samples.
Moreover, limited shifts were observed with IgG4, IgG2, and IgM
responses that remained in the middle of the loadings plot (Figure
1C), whereas more pronounced shifts were observed in total IgG,
surpassed by Fc-receptor binding antibodies, pointing to a com-
bination of qualitative and quantitative, rather than strictly titer-
based, changes in H5-specific immunity. Thus, beyond strictly
quantitative differences, MF59 induced a qualitatively different
antibody profile compared with the vaccine administered with
alum or no adjuvant.

MF59 enhances highly functional antibody subclass levels. Previ-
ous studies have demonstrated that MF59 can increase antibody
titers, but it is not clear whether alum and MF59 also drive differ-
ential isotype and subclass profiles. Although alum induced IgG1
(Figure 2A) and IgG3 antibodies (Figure 2B), the levels were not
different from those induced using the unadjuvanted vaccine.
Conversely, MF59 drove significantly higher levels of total antigen-
specific IgG1 at days 28 and 56 (Figure 2A), and higher IgG3
responses at day 56 (Figure 2B), consistent with previously reported
data (11, 32). Despite this significant increase in IgG1 and IgG3 anti-
bodies, these responses were largely lost by day 208, when all the
titers returned to near-baseline levels irrespective of vaccine group.

Beyond IgG subclass level differences, all vaccine strategies
slightly, but not significantly, raised IgM levels by day 56 (Figure
2C and Supplemental Figure 2D). The unadjuvanted vaccine also
tended to drive elevated levels of IgAl and IgA2 H5-specific anti-
bodies, although the difference was not always significant. Alum
did not differ globally from the unadjuvanted vaccine profile: IgAl
was induced in the nonadjuvanted group at days 28 and 56 but
not in the alum-adjuvanted group (Figure 2C and Supplemental
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Figure 2E). In contrast, MF59 drove significantly higher levels of
functionally potent IgG1 and IgG3 responses (Figure 2, A and B).
MF59 did not drive significantly increased IgA in the serum when
compared with unadjuvanted or alum-adjuvanted vaccination.
These data suggest that all vaccine groups recruited IgM responses;
however, adjuvants shifted the unadjuvanted vaccine profile away
from IgA-dominated responses. Yet, unlike alum, MF59 drove an
enhanced functional IgG1- and IgG3-dominated response, fur-
ther suggesting that, in addition to quantitative changes, MF59
also induces a qualitative change in vaccine-induced immunity
toward more functional IgG subclasses. Despite the more potent
functional subclass induction, MF59 did not show evidence of
enhanced durability of the vaccine response.

MF59 selectively induces antibody-dependent innate immune
functions. Given the emerging appreciation for a critical role for
antibody effector function in protection against influenza (15, 19),
we next probed whether the observed changes in antibody titer and
isotype/subclass selection differences also tracked with changes in
antibody effector functions. Previous studies demonstrated that
the rapid increase in MF59-induced titers by day 28 was associated
with a delayed increase in hemagglutination inhibition (HAI) and
microneutralization at day 56 that declined to baseline levels by
day 208 (Figure 3, A and C). To gain a deeper appreciation for the
relationship between HAI and vaccine-induced titers, HAI was
normalized to titers at each time point (Figure 3B). Interestingly,
HAI/titer ratios were consistent across all vaccine arms, with the
exception of day 208, when HAI activity was disproportionately
lower than H5-titers in the MF59 group. This selective reduction in
the HAl/titer ratio points to a selective loss of HAI-mediating anti-
bodies among MF59 vaccinees at this late time point (Figure 3B). In
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Figure 3. MF59 induces neutralization and specific antibody-dependent innate immune

0o 28 56 208
Days after vaccination

B
0.1 —
—
> 0.01]
o]
B
S5 0001
5%
< 00001y
0.00001
28 56 208
Days after vaccination
D
0.1
2 0.01y
T —
e
S 0.001y
59
e
= 0.0001y
0.00001

28 56 208
Days after vaccination

0.1

0.01]

bk

0.0001y

PS divided by
1gG MFI

0.00001

28 56 208
Days after vaccination

H
0.01

>
o
5 0.001) %
(0]
ST
5= 00001y
" O
Sz
S 0.00001y
<

0.000001

28 56 208
Days after vaccination

functions along with 1gG1 titers. (A) HAI activity for serum samples in all 3 vaccine
groups over 4 time points (11). Each dot represents the average of 2 replicates for 1 serum
sample. For all dot plots, bar shows group mean. The dotted line indicates the limit of
detection. (B) HAI activity divided by total IgG Luminex MFI as reported in Figure 2 for all
3 vaccine groups during the 3 post-vaccine time points. For all box plots, error bars show

minimum to maximum. (C) Microneutralization (MN) activity for serum samples (11). Each

dot represents the average of 2 replicates for 1 serum sample. The dotted line indicates
the limit of detection. (D) MN activity divided by total IgG Luminex MFI for all 3 vaccine
groups. (E) Average ADNP activity for serum samples across 2 healthy WBC donors. Each
dot represents the average of 2 replicates for 1 serum sample. The dotted line indicates

flu-negative serum background. (F) ADNP activity divided by total IgG Luminex MFI for all

3 vaccine groups. (G) ADCD by serum samples. Each dot represents the average of 2 rep-
licates for 1 serum sample. The dotted line indicates the flu-negative serum background.
Values are indicated as the average area under the curve of 3 serum dilutions run in 2
independent replicates. (H) ADCD activity divided by total IgG Luminex MFI. Significance
was tested by 2-way ANOVA followed by Tukey’s multiple comparisons test. Significance
was only noted within time point. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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contrast, no differences between groups were observed
in the microneutralization/titer ratios at all time points,
highlighting the direct relationship between neutraliza-
tion and titers across all vaccine arms (Figure 3D). These
data point to a titer-based increase in HAI and micro-
neutralization across all vaccine arms, but a sharper
decline in HAI, unlinked from titer, in the MF59-immu-
nized group at day 208.

To probe whether the same kinetics and titer-based
relationships emerged for Fc-effector functions, we
assessed the ability of vaccine-induced antibodies to
drive antibody-dependent neutrophil phagocytosis
(ADNP), antibody-dependent complement deposi-
tion (ADCD), antibody-dependent cellular phagocy-
tosis (ADCP), and antibody-dependent NK activation
(ADNKA). A robust ADNP-inducing antibody response
was observed after MF59-adjuvanted immunization
(Figure 3E), following similar kinetics to those observed
for both HAI and microneutralization in the MF59 arm
(Figure 3, A and C). Conversely, these antibodies were
significantly lower in the alum and unadjuvanted arms
(Figure 3E). ADNP peaked at week 56 in MF59 vac-
cinees and declined to baseline levels by day 208, similar
to changes observed in antibody titers. Moreover, nor-
malization of ADNP by titer demonstrated equivalent
levels of ADNP-per-titer activity across all vaccine arms,
highlighting that ADNP activity increased in an equally
titer-dependent manner over time irrespective of adju-
vant (Figure 3F).

Similar to ADNP, MF59-adjuvanted vaccinees exhib-
ited a significant increase in ADCD responses when
compared with unadjuvanted and alum-adjuvanted
vaccinees. This increase occurred earlier than peak titers,
with a significant increase in complement-fixing activi-
ty by day 28, but a more significant increase of comple-
ment-fixing antibodies by day 56 after vaccination (Figure
3G). ADCD-inducing antibodies declined by day 208 but
remained slightly higher in the MF59-vaccinated group
(Figure 3G). Normalization of ADCD to titer demon-
strated the strong and equal association between titer and
function across all vaccine groups, wherein the ADCD/
titer ratio did not change between groups during the vac-
cine study, suggesting that ADCD simply increased in
a titer-dependent manner across all vaccine strategies
(Figure 3H), similar to HAI and microneutralization (Fig-
ure 3, Band D).

ADCEP increased in a similar manner to ADCD but
remained significantly elevated in the MF59 group at
day 208 (Figure 4A), despite the return to equal titers
between vaccine arms (Figure 2A). However, normal-
ization of ADCP to titer highlighted a disproportionate
increase in titer compared with ADCP activity in the
MF59 group, in such a way that lower levels of ADCP
were induced per titer level in the MF59 group compared
with the unadjuvanted or alum-adjuvanted groups at
days 28 and 56 (Figure 4B). These data suggest that HAI,
microneutralization, ADNP, and ADCD were induced
Number 2
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Figure 4. MF59 induces higher titers, but not antibody-dependent monocyte or NK cell
functions. (A) ADCP activity for serum samples in all 3 vaccine groups over 4 time points
(11). Each dot represents the average of 2 replicates for 1 serum sample. For all dot plots,
bar shows group mean. The dotted line indicates the flu-negative serum background.
Values are indicated as the area under the curve of 3 serum dilutions run in 2 indepen-
dent replicates. (B) ADCP activity divided by total IgG Luminex MFI. (C-E) ADNKA activity
by average percentage of NK cells expressing each of 3 markers, CD107a (C), IFN-y (D),
and MIP-1B (E), for 2 healthy NK cell donors. The dotted line indicates flu-negative serum
background. (F-H) ADNKA activity for 3 markers divided by total IgG Luminex MFI for all
3 vaccine groups. Significance was tested by 2-way ANOVA followed by Tukey’s multiple
comparisons test. Significance was only noted within time point. *P < 0.05, **P < 0.01,
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in a titer-dependent manner, whereas MF59-induced antibodies
possessed less ADCP per antibody generated when compared with
responses in other vaccine arms, pointing to a functional divergence
between the overall quantity and quality of adjuvanted vaccine-
induced antibodies.

Given the emerging appreciation for the importance of ADCC
activity in protection against influenza (33), we profiled differences
in the NK cell-activating ability of H5-specific antibodies after
unadjuvanted, alum-adjuvanted, and MF59-adjuvanted vaccina-
tion at days 56 and 208 (Figure 4, C-E). H5N1-vaccine-induced
antibodies were able to drive NK cell degranulation (upregula-
tion of CD107a, a marker of NK cell cytotoxicity; ref. 34) and NK
cell chemokine secretion (macrophage inflammatory protein 1p
[MIP1B]), but these responses were not different across the 3 vac-

jci.org  Volume130  Number2  February 2020

toxicity (FCGR3A). In agreement with the functional
data, all vaccine groups experienced an increase in
FCGR2A binding (Figure 5A) at day 28 and day 56;
however, subjects receiving MF59 experienced a sig-
nificantly higher increase in FCGR2A binding. More-
over, all FCGR2A binding antibodies had declined at
day 208, but the levels in MF59 vaccinees remained
elevated, consistent with enhanced ADCP activity
(Figure 3E) over time and unlinked from changes in
overall H5-specific antibody titers (Figure 2A). Con-
versely, despite the increase in IgG1 and IgGS3 titers,
only a slightly insignificant increase in FCGR3A
binding antibodies at day 28 was observed in MF59-
adjuvanted vaccine recipients compared with other groups.
However, FCGR3A-binding antibody levels declined rapidly
across all groups over time (Figure 5B). Moreover, analysis of
vaccine-induced binding profiles across high- and low-affinity
variants of FCGR2A and FCGR3A showed consistent profiles:
FCGR2A binding was clearly augmented across both allotypes,
with a preferential significant increase among MF59 vaccinees
(Figure 5C and Supplemental Figure 4). Similarly, no evidence
of an increase in FCGR3A binding was observed across both
FCGR3A variants (35, 36), highlighting the consistent lack of
FCGR3A binding in all H5N1 vaccinees (Figure 5C and Supple-
mental Figure 4). Given that NK cells and monocytes express
FCGR3A (35), unlike neutrophils, these data are consistent with
alack of a NK cell-activating and monocyte phagocytic activity.
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MF59 overcomes natural preexisting HA-specific antibodies. Pre-
vious data suggest that preexisting influenza immunity shapes the
induction of the humoral immune response, even to distant HAs
(37), so we sought to determine whether the functional profiles
of vaccine-induced antibodies were differentially influenced by
natural preexisting humoral immune responses. We hypothesized
that individuals with generally higher levels of phagocytic antibod-
ies in response to seasonal influenza may leverage these responses
more effectively after HSN1 avian influenza vaccination. H1
responses were used as a proxy for seasonal influenza responses.
Vaccinees within each group were thus split into tertiles based
on their preexisting Hl-specific functional responses at baseline
(Figure 6, A, D, and G). H5-specific responses were then com-
pared across each group at peak immunogenicity (day 56). MF59
increased the H5-specific ADCP response at the peak time point
in all 3 groups, suggesting that preexisting H1-specific ADCP func-
tion did not influence the induction of H5-specific ADCP (Figure
6B). No significant differences were observed in H5-specific func-
tion among low, medium, and high baseline responders within the
3 vaccine groups (Figure 6B). This points to a limited effect of pre-
vious influenza exposure in influencing antibody effector function
to anovel influenza hemagglutinin. Importantly, this upregulation
of phagocytic function, specifically in the MF59 group, was not
associated with a concomitant increase in Hl-specific functional
activity (Figure 6C), further demonstrating the specific recruit-
ment of H5-specific immune responses, rather than the corecruit-
ment of preexisting H1-specific immune responses.

Using a similar grouping strategy, no difference was observed
in H5-specific neutrophil phagocytic activity (Figure 6E) or com-
plement activity (Figure 6H) across the H1 tertiles among the 3
vaccine groups, highlighting the lack of an impact of preexisting
potentially cross-reactive H1-specific immunity. In contrast, a

trend toward higher ADNP- and ADCD-recruiting cross-reactive
H1-specific responses was detected in subjects with the highest
levels of preexisting Hl-specific immunity (Figure 6, F and I).
Taken together, these data suggest that preexisting cross-reactive
immunity does not influence the induction of functional antibod-
ies to diverging HAs (H5N1) induced by MF59.

Discussion

Over 100 years since the Spanish flu pandemic of 1918, strate-
gies to prepare for an emerging pandemic influenza strain, such
as H5N1 avian influenza, are still inadequate. Several strategies
have been proposed, including the following: (a) the accelera-
tion of vaccine production pipelines (38), (b) the development of
novel antigens able to drive immunity to sites of vulnerability like
the HA stem (39), (c) the identification of immune correlates to
induce targeted vaccine immune functions (40), (d) the genera-
tion of antigen-sparing vaccine approaches able to ensure suf-
ficient material to cover the global population (38), and (e) the
development of strategies to enhance the protective activity of
vaccine-induced humoral immunity. Specifically, adjuvant tech-
nologies have been proposed to address the latter 3 efforts. Alum
is the most widely used adjuvant and the standard comparator for
novel adjuvant formulations, but did not satisfy these goals for
avian influenza vaccination, consistent with previous stud-
ies (41, 42). MF59, in contrast, exhibits antigen-sparing and
immune-boosting functions and has shown promise in seasonal
and avian influenza vaccines by significantly increasing antibody
response titers after vaccination (5, 10, 32, 43). Despite these
increases in titer, MF59-adjuvanted vaccination still provided
only partial protection from seasonal infection in large studies
(12, 13). Specifically, although MF59 conferred much higher pro-
tection among the youngest age group (6-23 months) compared
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Figure 6. MF59-induced antibody functionality is not influenced by prevaccination H1-specific immunity. (A) Samples were grouped into low, mid, or
high based on their baseline (day 0) H1-specific ADCP. The dot plot indicates grouping strategy of baseline H1-specific ADCP among each vaccine group.
(B) H5-specific ADCP at peak immunogenicity (day 56) for H1 baseline ADCP groups. (C) H1-specific ADCP at peak immunogenicity for each baseline
reactivity group by vaccine adjuvant. (D) Samples were grouped into low, mid, or high based on their baseline (day 0) H1-specific ADNP. The dot plot
indicates the grouping strategy of baseline H1-specific ADNP among each vaccine group. (E) H5-specific ADNP at peak immunogenicity (day 56) for H1
baseline ADNP groups. (F) H1-specific ADNP at peak immunogenicity for each baseline reactivity group by vaccine adjuvant. (G) Samples were grouped
into low, mid, or high based on their baseline (day 0) H1-specific ADCD. Dot plot indicates grouping strategy of baseline H1-specific ADCD among each
vaccine group. (H) H5-specific ADCD at peak immunogenicity (day 56) for H1 baseline ADCD groups. (I) H1-specific ADCD at peak immunogenicity for each
baseline reactivity group by vaccine adjuvant. For all dot plots, each dot represents the average of 2 replicates for 1 serum sample, and bar shows group
mean. Significance was tested by 2-way ANOVA followed by Tukey’s multiple comparisons test and is noted only within time point. *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001.

with unadjuvanted vaccination, this level of protection was not
observed across the whole study population (12). Thus, the level
of protection did not reach the level expected to be conferred
by enhanced antibody titers, pointing to a critical disconnect
between the quality and quantity of influenza-specific humoral
immunity. This is reflected in the data presented here, wherein
MF59 significantly augmented the H5-specific antibody titer but
did not equally enrich for all antibody-dependent innate immune
cell functions in a titer-dependent manner; notable gaps were
observed in monocyte phagocytic and NK cell functions.

Given our emerging appreciation for the importance of adju-
vants in shaping antibody function (44), here we aimed to deeply
profile and compare the functional quality of the antibody response
driven by distinct adjuvants. We found that alum slightly enhanced
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the Thi character of the humoral immune response, marginally
moving the isotype profile away from IgA1 and IgA2 (Figure 2C and
Supplemental Figure 2, E and F), and MF59 drove significant IgG1
and IgG3 responses able to drive highly neutrophil phagocytic- and
complement-inducing responses. IgG and IgA antibodies are crit-
ical for the control of influenza infection, with mucosal and serum
IgA complementing IgG in the serum and lung for the prevention
and clearance of infection (45). IgA alone has been shown to be suf-
ficient to prevent influenza transmission (46), a proxy for decreas-
ing infection severity. The dampening of the IgA response by alum,
which could decrease the effectiveness of the vaccine at generating
a protective humoral immune response, may explain its substan-
dard performance as an adjuvant in influenza vaccination in this
and previous vaccine trials (11, 41). Additionally, because MF59
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did not enhance the IgA levels as compared with unadjuvanted
vaccination (Figure 2C and Supplemental Figure 2, E and F), this
may also be an area of concern for future influenza vaccination
regimens using MF59 to boost immunity, if this critical protective
isotype is not induced at sufficient levels.

Beyond neutralization and HAI, many antibody functions
have been implicated in protection from influenza infection and
clearance after infection. Complement activation has been impli-
cated in protection from influenza pathogenesis in mouse models
(16, 47) and was transiently boosted with MF59 in our study (Fig-
ure 3F). Additionally, neutrophils also play a role in the phagocytic
clearance of influenza-infected lung cells (48). Similarly, macro-
phage activity in the lung has been linked to protection from lethal
influenza infection in mice (22), and human serum is known to
have ADCP activity against circulating influenza strains that can
clear virus and virally infected cells (49). MF59-induced increases
in ADCP did not occur in a titer-dependent manner, although sig-
nificantly increased ADCP activity persisted to day 208 (Figure
4A). Importantly, IgG-mediated neutrophil-mediated phagocyto-
sis occurs in a largely FCGR2A-dependent manner (35), whereas
monocytes are able to phagocytose in both an FCGR2A- and
FCGR3A-dependent manner (35). Thus, compromised monocyte
function, but not neutrophil phagocytic function, is likely related
to the inability of MF59-induced antibodies to bind to FCGR3A
(Figure 5B). These data point to enhanced clearance of ADNP anti-
bodies, which may solely function through FCGR2A, and to the
potential slower clearance of antibodies potentially harboring dis-
tinct Fc-glycan profiles able to drive ADCP through noncanonical
Fc-receptors, such as lectin-like receptors, known to drive mono-
cyte-mediated activity (50). Further, the correlations between
functional and neutralizing antibodies become unlinked as the
response wanes (Supplemental Figure 3). Defining the unique
antibody subpopulations and their functional durability may pro-
vide important insights for next-generation long-lived vaccine
design. However, despite the significantly increased titers and
function of influenza-specific antibodies, MF59 showed poorly
enhanced protection in clinical trials (12, 13), raising the possibility
that these functions alone may not be sufficient for generalized
protection from influenza.

Antibody-driven NK cell function has been implicated in pro-
tection against multiple infections, including HIV (51, 52), malaria
(53, 54), and Ebola (55). Likewise, while the protective role of NK
cells in influenza is not fully understood, emerging data point to
a critical role for NK cells in the protection against severe disease
and the clearance of influenza infection (15, 29, 56). The impor-
tance of NK cells has emerged in relationship to the disconnect
wherein some broadly protective antibodies show limited HAI
activity (19). Specifically, antibodies that bind to the stalk region
of influenza HA and are protective in animal models require
FCGR interactions to provide their protective effect, regard-
less of in vitro neutralization capability (18). Further, only stalk-
specific and broadly reactive head-specific monoclonal anti-
bodies, not head-targeting strain-specific mAbs, were shown to
mediate ADCC (18). Recent studies in this field suggest that stalk-
specific, but not head-specific, antibodies can mediate ADCC by
NK cells because of a requirement for contact between the anti-
body Fc and the receptor-binding site of HA with sialic acids on
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the NK cell (57, 58). Strain-specific head-targeting antibodies typ-
ically block the receptor-binding-site interactions with sialic acid
needed to efficiently induce ADCC (57). Owing to this involve-
ment of NK cells in HA stalk-specific antibody-mediated protec-
tion, it has been speculated that NK cell activation may represent
a vital Fc-effector function in broadly reactive humoral immunity
against influenza. However, MF59 was unable to efficiently pro-
mote the development of NK cell-activating, FCGR3A-binding
antibodies (Figure 4, C-E).

Monocytes and NK cells may mediate protection through mul-
tiple mechanisms. After the recognition of antibody-opsonized
cells or virus, monocytes and/or NK cells may contribute to direct
lysis and destruction, clearance of influenza-infected cells, or to
the indirect arming of antiviral immunity via the release of IFN-y
required to potentiate T cell immunity and efficient antigen uptake
and activation of pulmonary dendritic cells (59). Recent data and
opinion in the field has suggested a particular role for ADCC- or
FCGR3A-binding antibodies (33); studies in mice have found pro-
tection by ADCC-inducing antibodies and correlations in human
studies between ADCC titers (18, 60) and reductions in disease
burden (61). FCGR3A is the primary Fc-receptor expressed on
NK cells, responsible for NK cell activation (62, 63), but it is also
expressed on mature macrophages (35). Affinity for binding to
this receptor is influenced by the selection of antibody subclass
and Fc glycosylation (35). Surprisingly, although MF59 induced
higher levels of IgG1 and IgG3, known to bind to FCGR3A, MF59
did not induce antibodies able to enhance binding to FCGR3A
(Figure 5B) or drive enhanced NK cell activation (Figure 4, C-E).
The consistent deficit in FCGR3A and incomplete NK cell or
monocyte responsiveness suggests that the induced IgG3 anti-
bodies, which typically exhibit enhanced affinity for FCGR3A,
may be functionally distinct from typical IgG3 responses, thought
classically to drive enhanced ADCC activity. However, like IgG1
antibodies, IgG3 also possess an Fc-glycan, which may also change
after vaccination and infection, potentially resulting in differential
affinity for Fc-receptors. Thus, future studies focused selectively
on IgG3 glycosylation differences across adjuvant platforms may
point to opportunities to shape overall and subclass-specific anti-
body functionality.

Preexisting antibodies from previous influenza exposure or
vaccination have been an issue in the development of influenza
vaccination, both seasonal and pandemic, and cross-reactive
antibodies to conserved epitopes such as the HA stem have been
considered a possible benefit (37, 64). Preexisting antibodies have
been shown to influence the magnitude, epitope targeting, and
neutralizing capacity of vaccine-induced immunity, yet ithas been
uncertain whether preexisting immunity could also influence
antibody effector function. Here, we observed limited evidence of
an influence of preexisting H1 responses on H5-induced antibody
functionality (Figure 6), which was induced equivalently with
MF59 across groups. The influence of stem-specific preexisting
responses, which are likely to interact more readily with H5, was
not investigated here, but these responses could potentially be lev-
eraged to drive enhanced immunity to this diverging strain. Thus,
future studies focused on the interrogation of epitope-specific
functional responses may uncover additional roles for preexisting
antibodies on shaping vaccine-induced immunity.
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The robust induction of antibody titers and neutralization using
MF59 has resulted in only a modest increase in protection against
seasonal and pandemic influenza in vulnerable populations (12,
13), although the effectiveness of the adjuvant against human avian
infections has yet to be studied. This disconnect may be related to
the ability of MF59 to significantly augment neutralization and anti-
body function that appears to harbor a functional “hole” in NK cell
and monocyte activation (Figure 3). Given our emerging apprecia-
tion for opportunities to combine adjuvants because of their com-
plementary immune-stimulating capabilities (44, 65, 66), defining
the landscape of qualitative modifications induced by individual
and combined adjuvants may offer an opportunity to fully control
the quantity and quality of the humoral immune response. Thus,
with our growing appreciation for the importance of particular
Fc-effector functions across infections (15, 51-55), next-generation
rational vaccine design efforts may benefit from a comprehen-
sive understanding of the functional impact and opportunities to
conditionally elicit vaccine-induced antibody effector function to
maximize the potency of the antigen-binding and constant domain-
driven function of vaccine-induced antibodies.

Methods

Vaccine schedule and sample collection. Samples were collected at
the National Institute of Allergy and Infectious Diseases-funded
(NIAID-funded) Vaccine and Treatment Evaluation Units (Clini-
calTrials.gov NCT00280033). The results of this trial have been
published previously (11). H5N1-naive adult study participants (ages
18-64) provided informed consent and were then randomly assigned
to receive 15 pg recombinant H5 A/Vietnam/1203/2004 antigen
without adjuvant, with alum, or with MF59 in 2 doses administered 28
days apart. Samples from 90 individuals (30 without adjuvant, 29 with
alum, 31 with MF59) at 4 time points (0, 28, 56, and 208 days after the
initial dose) were assayed.

Antibody-dependent cellular phagocytosis. THP-1 phagocytosis of
HA-coated beads was performed as previously described (67). Briefly,
H5 A/Vietnam/1203/2004 (Immune Technology Corp.) or H1 A/New
Caledonia/20/1999 (Immune Technology Corp.) was biotinylated
with EZ-link NHS-LC-LC Biotin per the manufacturer’s instructions
(Thermo Fisher Scientific). Biotinylated HA was adsorbed onto 1 um
fluorescent neutravidin beads at a ratio of 10 pg of protein to 10 pl of
beads (Invitrogen). Then, 10 ul of antigen-coated beads was incubated
with an equal volume of serum samples diluted in PBS for 2 hours
at 37°C in 96-well plates. Unbound antibody was washed away, and
THP-1 cells (ATCC) were added and incubated at 37°C for 16 hours
and then fixed. Phagocytosis was measured by flow cytometry on a BD
LSRII cytometer with a high-throughput sampler. Phagocytic scores
were calculated as the percentage of bead-positive cells times the geo-
metric mean fluorescence intensity (GMFI)/1,000. Area under the
curve was calculated using GraphPad Prism based on 3 dilutions: 1:50,
1:500, and 1:5,000. Each sample was assayed in 2 independent repli-
cates performed on different days. Quality checks were performed to
ensure that known positive samples were at least 2 times higher than
negative controls and that replicate values correlated. After the quality
checks, values from replicates were averaged.

Antibody-dependent neutrophil phagocytosis. HA-coated 1 pum
fluorescent neutravidin beads were prepared and incubated with an
equal volume of diluted serum samples, as in the ADCP assay. For
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ADNP, optimal dilution (1:50) was predetermined by titration. Primary
human leukocytes were isolated from healthy donors using ammonium-
chloride potassium lysis, added to the opsonized beads, and incubated
at 37°C for 1 hour. The cells were then stained with fluorescent anti-
human CD66b (Biolegend, catalog no. 305112) and fixed prior to analy-
sis on a BD LSRII cytometer with a high-throughput sampler. Phagocytic
scores were calculated as the percentage of bead CD66" cells times
GMF1/1,000. Two healthy leukocyte donors were used to assay each
sample in parallel. Quality checks were performed to ensure that known
positive samples were at least 2 times higher than negative controls and
that replicate values correlated. After the quality checks, values from
replicates were averaged.

Antibody-dependent complement deposition. Serum samples were
heat inactivated at 56°C for 30 minutes and centrifuged to remove
aggregates. HA-coated 1 um fluorescent neutravidin beads were pre-
pared as in the ADCP assay and incubated with diluted, heat-inacti-
vated serum samples for 20 minutes at 37°C. Lyophilized guinea pig
complement (Cedarlane) was resuspended in ice-cold water, then
diluted 1:60 in veronal buffer with 0.1% gelatin added. Next, 150 ul
diluted complement was added to the opsonized beads and incubated
for 20 minutes at 37°C. Beads were then washed with 15 mM EDTA
and stained with anti-guinea pig C3 (MP Biomedicals, catalog no.
855385). Samples were washed and analyzed on a BD LSRII cytom-
eter with a high-throughput sampler. Complement scores were the
percentage of C3* beads times GMFI/10,000. Area under the curve
was calculated using GraphPad Prism based on 3 dilutions: 1:15, 1:30,
and 1:60. Each sample was assayed in 2 independent replicates per-
formed on different days. Quality checks were performed to ensure
that known positive samples were at least 2 times higher than neg-
ative controls, and that replicate values correlated. After the quality
checks, values from replicates were averaged.

Antibody-dependent NK cell activation. Antibody-dependent
NK cell activation and degranulation were measured as previously
described (68, 69). ELISA plates (Thermo Fisher Scientific NUNC
MaxiSorp) were coated with H5 A/Vietnam/1203/2004 and then
blocked. Serum samples were then diluted 1:60 (dilution predeter-
mined by titration) and 100 pl added to each well and incubated for
2 hours at 37°C. NK cells were isolated from bufty coats from healthy
donors using the RosetteSep NK cell enrichment kit (STEMCELL
Technologies) and rested in 1 ng/ml IL-15 at 37°C until needed. NK
cells, with anti-CD107a PE-Cy5 (BD, catalog no. 555802), brefeldin
A (Sigma-Aldrich), and GolgiStop (BD), were added and incubated
for 5 hours at 37°C. Cells were stained for surface markers using anti-
CD56 PE-Cy7 (BD, catalog no. 557747), anti-CD16 APC-Cy7 (BD, cat-
alog no. 557758), and anti-CD3 AF700 (BD, catalog no. 557943), then
fixed and permeabilized using FIX & PERM Cell Permeabilization Kit
(Thermo Fisher Scientific). Cells were stained for intracellular mark-
ers using anti-MIP1B PE (BD, catalog no. 550078) and anti-IFN-y APC
(BD, catalog no. 554702). Fixed cells were analyzed by flow cytome-
try on a BD LSRII equipped with a high-throughput sampler. NK cells
were defined as CD3 and CD16/56". Two healthy NK cell donors were
used to assay each sample in parallel. Quality checks were performed
to ensure that known positive samples were at least 2 times higher than
negative controls, and that replicate values correlated. After the quality
checks, values from replicates were averaged.

Ig subclassing/isotyping and FcR binding. Antigen-specific anti-
body subclass/isotypes and FcR binding were determined using a
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high-throughput Luminex-based assay, which has been shown to
correlate highly with more laborious SPR techniques (70). Antigens
included were the following: HI HA A/New Caledonia/20/99, H3
HA A/Brisbane/10/2007, H5 A/Vietnam/1203/2004, HA B/Florida/
4/2006, EBV recombinant gH(D1-111) /gL/gp42 (Ectodomain) (Strain
B95-8), all provided from Immune Technology Corp., and EBOV
GPdTM from Mayflower Bioscience, St. Louis, MO. Antigens were
coupled to carboxylate-modified microspheres (Luminex Corp.) by
covalent NHS-ester linkages via EDC (Thermo Fisher Scientific) and
Sulfo-NHS (Thermo Fisher Scientific) per the manufacturer’s instruc-
tions. These antigen-coated microspheres were added to nonbinding
384-well plates (Grenier Bio-One) at 1,000 beads per well (45 pl).
Serum samples were diluted 1:100 for IgGl, total IgG and all FcRs,
and 1:10 for other antibody subclasses. Next, 5 ul of diluted serum
samples were added and incubated with microspheres on a shaker
for 2 hours at room temperature or overnight at 4°C. Sample dilutions
were determined by assaying a dilution curve and selecting a dilution
within the linear range of the assay. Microspheres were washed, and
PE-conjugated anti-IgG1 (catalog no. 9052-09), anti-IgG2 (catalog
no. 9060-09), anti-IgG3 (catalog no. 9210-09), anti-IgG4 (catalog
no. 9200-09), anti-IgG (catalog no. 9040-09), anti-IgM (catalog no.
9020-09), anti-IgA1 (catalog no. 9130-09), or anti-IgA2 (catalog no.
9140-09) detection antibodies (all Southern Biotech) or biotinylated
FcRs (Duke University Protein Production Core) conjugated to
streptavidin-PE (Prozyme) were added for 1 hour at room tempera-
ture. The microspheres were washed and read on a Bio-Plex 3D system
(Luminex Corp.) or iQue Plus screener (Intellicyt). All samples were
assayed in duplicate and values were averaged. Data were screened to
ensure adequate bead counts (>20) per antigen per sample, and values
for sample/antigen pairs with inadequate counts were excluded from
further analyses.

Statistics. For PCA, data were normalized using Box-Cox trans-
formation and Z-scored. Missing values were imputed using k-nearest
neighbor. PCA was performed to resolve differences between vacci-
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nation groups using all measured features as inputs using MATLAB
(MathWorks). To compare the difference between 2 groups (none
vs. MF59 or alum vs. MF59) of nonnormally distributed PC1 values,
Mann-Whitney U tests were calculated with GraphPad Prism.

For univariate analyses comparing multiple groups, ANOVA fol-
lowed by Tukey’s multiple comparison test was used; a P value of 0.05
was considered significant. For correlations, Spearman’s rank correla-
tion coefficient was used; a P value of 0.05 was considered significant.

Study approval. Written informed consent was obtained before
inclusion of subjects in the MF59 vaccine trial (11). The current work
was approved by Massachusetts General Hospital Institutional Review
Board (approval 2015P000646).
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