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The Journal of Immunology

MF59 Mediates Its B Cell Adjuvanticity by Promoting T
Follicular Helper Cells and Thus Germinal Center Responses
in Adult and Early Life

Beatris Mastelic Gavillet,* Christiane S. Eberhardt,* Floriane Auderset,*

Flora Castellino,†,1 Anja Seubert,† John S. Tregoning,‡ Paul-Henri Lambert,*

Ennio de Gregorio,† Giuseppe Del Giudice,† and Claire-Anne Siegrist*

The early life influenza disease burden calls for more effective vaccines to protect this vulnerable population. Influenza vaccines

including the MF59 oil-in-water adjuvant induce higher, broader, and more persistent Ab responses in adults and particularly

in young, through yet undefined mechanisms. In this study, we show that MF59 enhances adult murine IgG responses to

influenza hemagglutinin (HA) by promoting a potent T follicular helper cells (TFH) response, which directly controls the

magnitude of the germinal center (GC) B cell response. Remarkably, this enhancement of TFH and GC B cells is already fully

functional in 3-wk-old infant mice, which were fully protected by HA/MF59 but not HA/PBS immunization against intranasal

challenge with the homologous H1N1 (A/California/7/2009) strain. In 1-wk-old neonatal mice, MF59 recruits and activates

APCs, efficiently induces CD4+ effector T cells and primes for enhanced infant responses but induces few fully functional TFH

cells, which are mostly follicular regulatory T cells, and poor GC and anti-HA responses. The B cell adjuvanticity of MF59

appears to be mediated by the potent induction of TFH cells which directly controls GC responses both in adult and early life,

calling for studies assessing its capacity to enhance the efficacy of influenza immunization in young infants. The Journal of

Immunology, 2015, 194: 000–000.

I
nfluenza has a high disease burden with annual incidences of
5–10% in adults and 20–30% in children, resulting in 3–5
million cases of severe illness and up to 500,000 deaths/year

(1). Hospitalization for influenza-related complications is most
frequent in the age group 0–12 months, with excess hospitaliza-
tion rates of 50–100/10,000 children/year (2–4), and children up to
five years remain at risk for developing serious complications (3,
5, 6). Consequently, the World Health Organization and most
national health authorities recommend influenza vaccination for
individuals at high risk for hospitalization, severe illness, or death,

especially patients at both extremes of age (1). As both young
children and elderly patients have weakened immune responses

due to their immature or senescent immune systems (7), large

efforts are undertaken to design more efficient influenza vaccines

for these vulnerable populations (8).
The MF59 oil-in-water adjuvant (Adj) emulsion enhances in-

fluenza responses in the elderly and is licensed for immunization of

individuals aged 65 years and older (9–11). In infants, a first trial

evaluating MF59-adjuvanted versus nonadjuvanted monovalent

A/H1N1 influenza vaccines between 6 and 36 months of age

showed that MF59-adjuvanted formulations generated higher re-

sponse rates with persistent seroprotection (12). Moreover, MF59-

adjuvanted trivalent influenza vaccine (TIV) exhibited higher

immunogenicity and efficacy compared with nonadjuvanted TIV

(79 versus 40% between 6 and 36 months and 92 versus 45%

between 36 and 72 months of age) (13).
The mode of action of MF59 is not yet completely deciphered:

this oil-in-water emulsion enhances the recruitment of innate

immune cells at the injection site, involving the transient release of

ATP (14), and increases Ag uptake and delivery to the draining

lymph nodes (dLNs) (15). Compared with other Adjs (such as

Alum) or nonadjuvanted vaccines, MF59 appears to influence Ag

processing/presentation, generating Abs recognizing a broader

repertoire of epitopes (16, 17). Whether MF59 directly or indi-

rectly activates B cells to increase Ab responses is yet unknown.

Recent studies with nonadjuvanted TIV indicated that influenza

immunization induces in humans the expansion of circulating

T cells with a T follicular helper (TFH) phenotype that associates

and predicts the Ab and plasma cell (PC) response (18–21). As the

induction of TFH and germinal center (GC) B cells may not be

readily assessed in humans, especially in infants and neonates, we

used validated murine models (22) to study the Adj influence of

MF59 on TFH and GC B cells in adult and early life.
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Materials and Methods
Mice

CB6F1/OlaHsd mice were purchased from Harlan (Horst, the Netherlands)
and used at 6–8 wk (adults) of age. A cross between BALB/cOlaHsd fe-
male and C57BL/6JOlaHsd male mice purchased from Harlan (Horst, the
Netherlands) were bred and kept in pathogen-free animal facilities in ac-
cordance with local guidelines. The F1 hybrid mice were used at 1 wk
(neonates) or 3 wk (infants) of age. All animal experiments were approved
by the Geneva Veterinary Office and conducted under relevant Swiss and
European guidelines. Challenge experiments were performed in parallel at
Imperial College London and were carried out in accordance with Animals
(Scientific Procedures) Act 1986.

Ags, Adjs, and immunization

One-week-old, 3-wk-old, and adult CB6F1 mice were immunized s.c. at the
scruff of the neck with 50 ml vaccine including 1 mg purified hemagglu-
tinin (HA) subunit from influenza strain H1N1 A/California/7/2009
(Novartis, Siena, Italy) mixed 1:1 (v/v) with research grade MF59 emul-
sion (5% squalene, 0.5% Tween 80, and 0.5% Span 85 in citrate buffer
[v/v]) (Novartis, Siena, Italy). For adjuvanticity experiments, groups of five
to eight animals were immunized s.c. (scruff of the neck) on days 0 and 21
with 50 ml HA/MF59 vaccine or HA/PBS as control. Serum samples of
individual mice were collected on days 0, 20 (preboost), and 35 (14 d after
the last immunization on day 21) and evaluated for HA-specific total IgG
and for IgG1 and IgG2a Ab isotype titers by ELISA.

Cell recruitment into dLNs

For Adj+/Ag+ cell tracking experiments, groups of five to eight mice were
immunized s.c. in both hind legs with 25 ml/leg (50 ml total/mouse) of
OVA-FITC (10 mg/mouse; Molecular Probes, Life Technologies) and
MF59-Vybrant DiD (Molecular Probes, Life Technologies) vaccine or PBS
as control. Labeling with the lipophilic dye DiD was performed by gently
mixing the dye (1/150 dilution) to MF59 emulsion, followed by 20 min of
incubation at 37˚C. MF59-DiD was mixed with an equal volume of buffer
and Ag prior to injection. For activation markers and costimulatory mol-
ecules assessment, mice were immunized s.c. in both hind legs with 25 ml/
leg (50 ml total/mouse) of 1 mg HA and MF59-Vybrant DiD vaccine or
HA/PBS as control. Mice were killed 24 h or 4 d postimmunization (p.i.),
and the inguinal LNs were harvested and placed into 24-well tissue culture
plates (Nunc) containing serum-free DMEM. LNs were cut into small
pieces and digested for 20 min at 37˚C with 0.4 mg/ml Liberase CI
(Roche) and 1 mg/ml DNase (Sigma-Aldrich) in serum-free DMEM.
EDTA (0.1 M) was added, and single-cell suspensions were obtained by
homogenization. Cells were stained with combinations of the following
Abs: Ly6G, B220, CD11c, Ly6C, CD86, CD80 (all from BD Biosciences),
CD40 (produced in-house), CD11b, and F4/80 (all from BioLegend).

In vitro restimulation of Ag-specific T cell responses

The brachial and axillary LNs were harvested and pooled per mouse after
s.c. immunization at the scruff of the neck to assess the frequency and
phenotype of Ag-specific CD3+,CD4+CD44+ T cells. Single-cell suspen-
sions were cultured with HA (1 mg/ml) or medium alone as well as anti-
CD28 and anti-CD49d Abs (BD Biosciences) for 2 h, before the addition
of brefeldin A (Sigma-Aldrich). Following additional 5 h of incubation at
37˚C, 5% CO2, cells were stained with conjugated Abs against CD4, CD3
(from BD Biosciences), CD8a, and CD44 (from BioLegend) and then
fixed and permeabilized with Cytofix/Cytoperm solution (from BD Bio-
sciences). For determination of Ag-specific cytokine responses by intra-
cellular staining, cells were stained with conjugated Abs against IFN-g, IL-
2, IL-17, IL-5, IL-4 (all from BD Biosciences), TNF-a, and IL-10 (both
from eBioscience). Data were acquired on the Gallios (Beckman Coulter)
cytometer and analyzed using FlowJo Software (Tree Star).

Flow cytometric analysis

The brachial and axillary LNs were harvested and pooled per mouse after
s.c. immunization at the scruff of the neck. LN single-cell suspensions were
prepared by homogenization and analyzed by flow cytometry using mAbs to
GL7, CD8 (both from BD Biosciences), programmed death-1 (CD279,
known as PD1), B220, Ter119, Gr-1, CD11c (all from eBioscience), and
CD4 (BioLegend). CXCR5 staining was done using purified anti-CXCR5
(BD Biosciences), followed by FITC anti-rat IgG (Southern Biotechnology
Associates), and normal rat serum (eBioscience). For GC B cell and PC
staining, cells were preincubated with blocking 2.4G2 (CD16/32), and
stained for B220, TCRb, CD95 (Fas) (all from eBioscience), and GL7 (BD
Biosciences) or with CD4, CD8 (produced in-house), IgD (BioLegend),

B220 (eBioscience), and CD138 (BD Biosciences), respectively. Each
staining step was done in PBS + 2% FCS + 0.05% azide on ice; samples
were acquired without fixation. Intracellular Bcl6 (BD Biosciences) and
Foxp3 (eBioscience) staining were performed with the Foxp3 Staining Set
(eBioscience). Data were acquired on the Gallios (Beckman Coulter)
cytometer and analyzed using FlowJo Software (Tree Star).

Real-time quantitative PCR

RNA and cDNA were prepared as previously described (23). Briefly, RT-
PCRs were performed on a SDS 7900 HT instrument (Applied Bio-
systems). Each reaction was performed in three replicates, with ActinG,
EEf1, and MmRPS9 as internal controls genes for data normalization. Raw
cycle threshold values obtained with SDS 2.2 (Applied Biosystems) were
imported in Microsoft Excel, and normalization factor and fold changes
were calculated using the GeNorm method (24). Primer sequences used for
internal control genes and for il-21 are stated in Refs. 23 and 25, respec-
tively.

Immunohistochemistry

dLNs from mice immunized s.c. with HA/MF59 or HA/PBS (five to eight
mice per group) were frozen in Tissue-Tek OCT compound (Sakura) and cut
into 6-mm frozen sections, thaw mounted on glass slides, air-dried, fixed in
acetone, and stored at 220˚C until staining. One section from each mouse
(five to eight mice per time points) was rehydrated in 1% BSA in PBS for
10 min and blocked with 10% horse serum in PBS for 30 min at room
temperature. For B cell follicle enumeration, slides were stained for 1 h
with control or anti-IgD purified Ab (BioLegend) and then with a goat-
anti-rat IgG (H+L)-Alexa 488 (Invitrogen). For CD4+ T cells enumeration
within GC, slides were stained with control or anti–CD4-Alexa 647 Abs
(Biolegend) and biotinylated-peanut lectin (agglutinin) (PNA) (Vector
Laboratories) for 30 min, followed by Streptavidin-Cy3 (Invitrogen).
Sections were visualized and photographed with a Zeiss LSM700 confocal
microscope (objective, 320) at room temperature, and images were ac-
quired with Zeiss LSM image browser software (Zeiss). The numbers of
GC per LN were counted under the microscope, and the average of GC per
LN was calculated for each LN so as to correct for difference in LN size
between mice of different ages.

Quantification of Ag-specific Abs in serum

Serum samples were obtained on days 20 and 35 and Ag-specific total IgG,
IgG1, or IgG2a measured by ELISA. For HA-specific ELISA, ELISA plates
(96-well flat bottom plates; Nunc Maxisorp) were coated with 2 mg/ml
purified HA subunit from influenza strain H1N1 A/California/7/2009 and
blocked with 1% BSA (Sigma-Aldrich) in PBS for 1 h at 37˚C and then
washed three times and incubated for 2 h at 37˚C with individual mouse sera.
Serum was added in an initial dilution of 1:100, after which 1:2 serial
dilutions were performed in 0.05% Tween and 0.01% BSA in PBS. A
standard serum was included in each assay as positive control. Plates were
washed and incubated for 1 h at 37˚C with secondary HRP-conjugated anti-
mouse total IgG (Invitrogen Life Technologies) or the different subclasses
IgG1 (BD Pharmingen) or IgG2a (Southern Biotechnology Associates).
Plates were washed four times and developed with tetramethylbenzidine
(Invitrogen Life Technologies) for 10 min and then stopped with 1 N HCl.
The OD of each well was determined by using a SpectraMax (Molecular
Devices) reader at 450 nm, and end-point titers were calculated. Prior to
challenge, IgG Abs were detected by incubation for 2 h at 37˚C with HRP-
conjugated goat anti-mouse IgG (AbD Serotec). Plates were washed and
developed with 50 ml tetramethylbenzidine/E substrate and the reaction was
terminated by the addition of 50 ml 2 M H2SO4 prior to reading at 450 nm. A
dilution series of recombinant murine IgG was used on each plate as
a standard to quantify the influenza-specific Abs.

ELISPOT assay for HA-specific PCs

HA-specific PCs were quantified by direct ex vivo ELISPOT assay. Ninety-
six-well Multiscreen HA Nitrocellulose filtration plates (Millipore) were
coated with 50 ml 4 mg/ml HA diluted in PBS. As a positive control for
total IgG-secreting cells, some wells on each plate were coated with goat
anti-mouse IgG (Southern Biotechnology Associates). The plates were
incubated at 4˚C overnight, washed twice in PBS, and then blocked with
200 ml complete RPMI 1640 medium for 1 h at 37˚C. The plates were then
washed twice with PBS, and cell suspensions were added at an initial
number of 23 106 cells, after which 1:2 serial dilutions were performed in
100 ml complete RPMI 1640 medium. The plates were incubated at 37˚C,
5% CO2 for 5 h and then washed twice in PBS and twice with PBS with
0.1% Tween (PBS-T). A total of 100 ml goat anti-mouse IgG- HRP con-
jugated Ab (Abcam) diluted 1:1000 in PBS-T containing 1% FCS was
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added, and the plates were incubated overnight at 4˚C. Plates were washed
three times with PBS-T, followed with three washes with PBS. Detection
was carried out by adding 100 ml/well 3-amino-9-ethylcarbazole substrate
buffer and incubating in the dark for 30 min until spots appeared. The
reaction was stopped by thorough washing with cold tap water and air-
dried. Spots were counted by eye under the microscope.

ELISPOT assay for HA-specific memory B cells

Memory B cells were detected using a modification of the PC ELISPOT. In
brief, 1 ml 2.5 3 106 cell suspensions of spleen were distributed on flat-
bottom 24-well plates (Nunc) and cultured for 6 d in 1 ml complete RPMI
1640 medium containing 2 mg R595 LPS (Enzo Life sciences), 0.8 3 106

irradiated (1200 rad) naive congenic splenocytes and 20 ml supernatant
from Con A–stimulated splenocytes, prepared as previously described
(26). Cells were harvested, washed with RPMI 1640 medium containing
2.5 mM EDTA, and counted in complete RPMI 1640 medium. Cell
suspensions were added to 96-wells Multiscreen HA Nitrocellulose fil-
tration plates coated with 50 ml 4 mg/ml HA diluted in PBS at an initial
number of 4 3 105 cells, after which 1:2 serial dilutions were performed
in 100 ml complete RPMI 1640 medium. The ELISPOT assay was then
performed as described above for HA-specific PC detection. The fre-
quencies of HA-specific memory B cells were counted by eye under the
microscope.

Challenge against influenza

A mouse-adapted H1N1 Influenza strain (A/California/7/2009) was grown
in Madin–Darby canine kidney cells in serum-free DMEM supplemented
with 1 mg/ml trypsin. The virus was harvested 3 d after inoculation and
stored at 280˚C. Viral titer and lung viral load were determined by plaque
assay as previously described (27). Thirty-five days p.i., 3 3 104 PFU in
100 ml were instilled intranasally under inhalation anesthesia with iso-
flurane. Mice were observed daily until day 7 to monitor body weight.

Statistical analysis

Statistical analysis between results obtained from various group of mice
were performed using the Mann–Whitney U test (*p = 0.01–0.05, **p =
0.001–0.01, ***p , 0.001, and ****p , 0.0001). Differences with p .
0.05 were considered to be insignificant. Spearman correlation coefficients
(r) were assessed between the numbers of TFH and of GC B cells at each
age; r . 0.8 was considered as a strong correlation using a significance
level of 0.05 for all analyses. Differences in weight loss following chal-
lenge were assessed by ANOVA test with Bonferroni correction.

Results
MF59 adjuvantation elicits adult-like influenza HA serum IgG
responses in infant mice

To define the influence of MF59 adjuvantation on Ab responses to
influenza HA, infant (3 wk old) and adult (6–8 wk old) mice were
immunized s.c. at days 0 and 21 with HA/MF59 or HA/PBS.
Serum IgG, IgG1, and IgG2a Ab responses were assessed on
days 0, 10, 20, and 35 after priming. As expected (28), in adult
mice, MF59 significantly enhanced IgG anti-HA primary and
secondary responses compared with PBS (day 20: 4.71 6 0.06
versus 3.65 6 0.21 log10; day 35: 6.02 6 0.22 versus 4.81 6 0.17
log10, p # 0.001), primarily through the induction of IgG1 Abs
(Fig. 1A). Remarkably, HA/MF59 induced slightly delayed (day
10 IgG; 3 wk: 3.16 6 0.09 versus adult: 3.96 6 0.06 log10, p ,
0.0001) but otherwise adult-like primary and secondary IgG and
IgG1 HA responses in infant mice (Fig. 1A).
In accordance with these results, similar numbers of HA-specific

IgG PCs were detected by ELISPOT in the spleen of adult and
infant mice (2.2 6 0.28 versus 1.43 6 0.49 ASC/106 splenocytes,
respectively) (Supplemental Fig. 1A). The frequency of spleen
HA-memory B cells (MBCs) measured by ELISPOT 8 wk after
immunization was also similar in adult and infant mice (1.49 6
0.93 versus 0.77 6 0.25 MBC/105 splenocytes, respectively)
(Supplemental Fig. 1B). Thus, MF59 adjuvantation proved as
efficient in infant as in adult mice, increasing IgG1-secreting PCs
and MBCs to adult levels.

MF59 adjuvanticity: potent induction of germinal center
responses in adult and infant mice

The mechanisms through which MF59 adjuvantation enhances
B cell responses have not yet been described. Germinal center (GC)
reactions are essential determinants of the magnitude and the
quality of Ab responses and humoral memory (29–31), which may
not be readily assessed in humans. We first used confocal mi-
croscopy to study the influence of MF59 on GC responses. Ten
days after a single HA/MF59 (or HA/PBS) immunization, frozen
dLN sections were stained for follicular B cells (IgD, blue), GC
B cells (PNA, red), and T cells (CD4, green) (Fig. 2A). PNA+ GCs
were easily identified in HA/MF59-immunized adult and infant
mice (Fig. 2A, 2B), whereas they were very rare (0–1 per LN
sections) in adult and absent in infant HA/PBS-immunized mice
(Fig. 2A; data not shown). A trend toward lower average numbers
of PNA+ GCs per LN was observed in HA/MF59-immunized in-
fant mice (Fig. 2B), mirroring their reduced day 10 Ab response
(Fig. 1A). However, the number of GCs was not statistically dif-
ferent even at this early time point after immunization (Fig. 2B).
To more precisely quantify the GC response, GL-7+CD95+ GC
B cells were assessed by flow cytometry in the dLNs 10 d after
immunization. Compared with HA/PBS, MF59 adjuvantation
markedly increased adult GC responses to HA (Fig. 3A, 3C) and
elicited similar numbers of GC B cells in adult and infant mice,
both in proportion (data not shown) and numbers (Fig. 3D).

MF59 adjuvanticity is mediated through the induction of TFH
cells

In recent years, TFH cells have emerged as critical for GC for-
mation and for the generation of PCs and MBCs (32–35). To
define whether MF59 enhanced serum IgG and GC responses
through an increase of TFH cells, infant and adult mice were im-
munized with HA/MF59, and CXCR5highPD-1highCD4+ TFH cells

FIGURE 1. MF59 adjuvantation elicits adult-like IgG/IgG1 anti-HA

responses in infant but not in neonatal mice. Naive CB6F1 mice were im-

munized s.c. at days 0 and 21 with HA/MF59 or HA/PBS as adults (6–8 wk

of age) (A and B), infant (3-wk-old) (A), or neonates (1-wk-old) (B). In

(C), HA/MF59 was administered to 4-wk-old mice either primed as neo-

nates (prime-boost on days 0 and 21, respectively) with HA/MF59 (d) or

not (▴) (prime on day 21), control mice being primed only on day 0 as

neonates (s), or as adults (n). Mice were bled on indicated time points for

determination of serum IgG, IgG1, and IgG2a HA–specific Ab responses.

Data are represented as mean 6 SEM and representative of one of two

independent experiments, five to eight mice per group (**p = 0.001–0.01,

***p , 0.001, ****p , 0.0001).
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were assessed 10 d later in their dLNs (Fig. 3B). MF59 adju-
vantation significantly increased CXCR5highPD-1highCD4+ TFH

cell responses (Fig. 3B–D), and TFH cell expansion was as strong
following infant as adult HA/MF59 immunization (Fig. 3B, 3D).
GC B cell and TFH cell responses may be qualified by their

functional markers. The B cell lymphoma 6 (Bcl6) transcriptional
repressor is a master regulator for both the GC B cell program (36)
and for the TFH cell lineage (37–39). In GC B cells, Bcl6 enables
and maintains the GC phenotype, whereas it promotes the dif-
ferentiation of CD4+ T cells into TFH cells. To define whether
infant HA/MF59 immunization elicited fully-differentiated GC
B cells and TFH cells, we assessed Bcl6 expression by GL-7+

CD95+ GC B cells and CXCR5highPD-1highCD4+ TFH cells fol-
lowing HA/MF59 immunization. In both age groups, the mean
fluorescence intensity (MFI) of Bcl6 was significantly higher on
GC B cells than on control GL72CD952B220+ follicular B cells
and on TFH cells than on control CXCR52PD-12CD4+ T cells,
respectively (data not shown). The MFI ratio of Bcl6+ on GC B/
follicular B cells and on TFH/CXCR5

2PD-12CD4+ T cells was
similarly high in infant and adult mice (Fig. 3E). This also applies
to GL7, a marker for fully differentiated TFH cells preferentially
located within GCs (data not shown) (40). These results demon-
strate that the MF59 adjuvantation of influenza vaccines induces
fully-functional adult-like GC B cells and TFH cells in both adult
and infant mice.
GC responses are controlled by a large number of determinants.

To define the relative contribution of the induction of TFH cells to
MF59-elicited GC responses, the correlations between TFH and
GC B cells numbers were assessed in individual mice 10 d after

HA/MF59 immunization. A strong positive direct correlation was
observed between adult TFH and GC B cell numbers (Fig. 3F),
indicating that the increase of the number of TFH cells by MF59
adjuvantation directly translates to increased GC responses, leading
to higher Ab-secreting PCs and MBCs. Despite their ongoing im-
mune maturation, a similarly strong correlation between TFH and GC
B cells number was observed in infant mice (Fig. 3F), indicating that
the MF59 formulation meets all the requirements of a potent Adj for
influenza HA infant immunization.

MF59 is required for the protection of infant mice against
H1N1 viral challenge

To assess the influence ofMF59 adjuvantation on protection against
challenge, infant mice previously injected with HA/PBS, HA/MF59
or PBS alone were challenged intranasally with homologous H1N1
virus. Body weight loss was monitored as sign of progressive in-
fection. The body weight of unvaccinated (PBS) or HA/PBS-
immunized mice declined below 80% within 6–7 d after challenge
(Fig. 3G). In contrast, all infant and adult control mice immunized
with HA/MF59 only showed a small (,10%) and transient decrease
in body weight (Fig. 3G). This complete protection was associated to
comparable Ab responses in HA/MF59-immunized adult and infant
mice (Fig. 3G).

MF59 adjuvantation fails to enhance IgG Ab responses in
neonates

As young age is a critical risk factor for severe influenza infection,
we next asked whether MF59 might circumvent the limitations of
B cell responses earlier in life (i.e., in neonates [1-wk-old mice]).
Serum IgG responses to two doses of HA/MF59 (or HA/PBS) were
assessed at various times after neonatal priming and compared with
those elicited in adult mice. Neonates did not raise detectable
primary IgG responses to HA/PBS and their secondary responses
remained weak (Fig. 1B). MF59 adjuvantation slightly increased
primary IgG and IgG1 responses, although not significantly.
Secondary responses were also not significantly higher after HA/
PBS or HA/MF59 immunization and remained significantly lower
than adult responses (day 35: 1wk: 4.68 6 0.17 log10; adult:
6.02 6 0.22 log10, p , 0.0001) (Fig. 1B). Accordingly, 8 wk after
priming, HA-specific IgG-secreting PCs were significantly fewer
in the neonatal spleen (0.4 6 0.36 ASC/106 splenocytes) than in
adults (2.2 6 0.28 ASC/106 splenocytes) (Supplemental Fig. 1A).
Because two doses of HA/MF59 were required for 1-wk-old

mice to reach Ab titers elicited by a single dose in adult mice,
we asked whether MF59 adjuvantation did induce neonatal
priming. The frequency of spleen HA-MBCmeasured by ELISPOT
8 wk after a single immunization was significantly lower in neo-
natally primed than in adult mice (mean frequencies 0.13 6 0.13
versus 1.49 6 0.93 MBC/105 splenocytes) (Supplemental Fig.
1B). Nevertheless, some MBCs were elicited by a single neona-
tal dose of HA/MF59. Furthermore, IgG/IgG1 responses of 4-wk-
old mice primed as neonates with HA/MF59 and boosted at 4 wk
of age were significantly higher than in age-matched mice having
received a single dose of HA/MF59 at 1 or 4 wk of age (day 36;
IgG1: neonatal priming and boosting: 4.01 6 0.11 log10 versus
priming at 4 wk: 3.13 6 0.14 log10 (p , 0.001); versus neonatal
priming: 2.73 6 0.13 log10 [p , 0.0001]) (Fig. 1C). Thus, MF59
adjuvantation failed to induce neonatal anti-HA IgG responses but
primed for enhanced infant responses.

MF59 adjuvantation elicits weak germinal center responses in
neonates

Because IgG and memory responses are primarily elicited through
GC reactions, PNA+ GCs were quantified by confocal microscopy

FIGURE 2. MF59 enhances GC responses in adult and infant mice.

dLNs from adult, infant, and neonatal mice (five to eight mice per group)

were harvested 10 d after one dose of HA/MF59 or HA/PBS and were

analyzed by immunohistochemistry. (A) One representative section of dLN

immunohistochemical analysis for IgD (blue), PNA (red), and CD4 (green)

in adult, infant, and 1-wk-old mice. (B) The number of GCs per section in

HA/MF59-immunized mice was enumerated by confocal microscopy.

Results are expressed as mean 6 SEM obtained from five to eight LNs

sections (**p = 0.001–0.01).
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10 d after neonatal HA/MF59 immunization. Despite MF59
adjuvantation, GCs were rarely detectable in B cell follicles after
neonatal immunization (1 wk: 0.5 6 0.19; adult: 3.8 6 0.9; p =
0.0047) (Fig. 2A, 2B). The quantification of GL-7+CD95+ GC
B cells by flow cytometry (Fig. 4A, 4C) identified a weak GC
B cell response 10 d after neonatal HA/MF59 immunization, but
GC B cells remained 15 times lower in neonates compared with
adults (1 wk: 7.1 6 1.2 3 103 versus adult: 110.9 6 23.9 3 103;
p = 0.001).
This weak neonatal GC response was paralleled by that of

CXCR5highPD-1highCD4+ TFH cells, which was significantly re-
duced in neonatal compared with adult HA/MF59-immunized
mice (1 wk: 5.8 6 0.5 3 103 versus adult: 15.6 6 2.5 3 103;
p = 0.001) (Fig. 4B, 4C). As observed in adult and infant mice, the
MFI of Bcl6 was significantly higher on the few neonatal GC B
and TFH cells than on GL72CD952B220+ follicular B cells or
CXCR52PD-12 CD4+ T cells, respectively (data not shown).
However, the Bcl6+ MFI ratio of GC B/follicular B cells, the in-
tensity of Bcl6 expression in TFH cells and that of GL7, which
identifies GC TFH cells were all significantly lower in neonates
(Fig. 4D). The proportion of TFH cells expressing Foxp3 was
significantly higher in neonates (Fig. 4E), suggesting a preferential
induction of T follicular regulatory (TFR) cells (41–43). Further-
more, IL-21 mRNA transcripts were expressed at lower levels in
neonatal than infant or adult activated CD3+CD82CD4+CD44+

cells (Fig. 4F). These results indicate that in neonates MF59
adjuvantation is not sufficient to induce fully-functional Foxp32IL-
21+ TFH cells and the TFH – GC B cells cross-talk, which is essential
for the optimal formation of GCs and Ab responses (44–46).

MF59 induces a similar recruitment pattern of Adj- and
Ag-loaded cells in adult and early life dLNs

Because MF59 adjuvanticity is primarily mediated through en-
hanced innate cell recruitment and activation at the site of
immunization and in the dLNs (47, 48), we asked whether the lim-
ited TFH and thus GC B cell neonatal responses resulted from im-
paired cell recruitment and/or activation. Using fluorescently la-
beled OVA (OVA-FITC) and MF59 (MF59-DiD), we assessed the
number and percentages of Adj- and Ag-loaded cells (Fig. 5A)
and the percentages of polymorphonuclear neutrophils (PMNs;
CD11c-, CD11b+, Ly6G+, Ly6C+), inflammatory monocytes
(Mono; CD11c2, CD11b+, Ly6G2, Ly6Chigh), macrophages
(CD11c2, CD11b+, Ly6G2, Ly6C2, F4/80+), B cells (CD11b2,
CD11c2, B220+), plasmacytoid dendritic cells (DCs) (CD11b2,

FIGURE 3. MF59 similarly elicits functional GC B cells and TFH cells

in adult and infant mice. (A–F) dLNs harvested 10 d after HA/MF59 or

HA/PBS immunization of adult and infant mice (five to eight mice per

group) were analyzed by flow cytometry to determine the percent and

number of GL-7+ Fas+ (CD95) GC B cells and CXCR5highPD1high TFH

cells. Representative dot plots of adult and infant immunized mice, gated

on B220+ B cells (A) and CD4+ T cells (B). (C) Number of GC B cells and

TFH cells in adult mice immunized with HA/MF59 or HA/PBS (*p = 0.01–

0.05, ***p , 0.001). (D) Number of GC B cells and TFH cells in adult and

infant mice immunized with HA/MF59. (E) Bcl6 MFI on GC B and TFH

cells from adult and infant mice day 10 p.i. The MFI ratio was calculated

by dividing the Bcl6 MFI of GC B cells by that of GL72CD952B220+

follicular B cells and by dividing the Bcl6 MFI of TFH cells by the MFI of

CXCR52PD-12CD4+ T cells. Results are expressed as mean 6 SEM. (F)

Correlations (day 10 p.i.) between TFH/GC B cells in individual mice

immunized at 3 and 6–8 wk of age with HA/MF59. Spearman correlation

coefficients (r) between the numbers of TFH and of GC B cells are indi-

cated at each age. Data are representative of one of two independent

experiments. (G) Groups of six to eight 3-wk-old and adult CB6F1 mice

were immunized s.c. with 50 ml HA/MF59, HA/PBS, or PBS. Thirty-four

days after injection (1 d prior to infection), serum samples were collected

and evaluated for HA-specific total IgG titers by ELISA (right panel). A

total of 3 3 104 PFU of mouse-adapted H1N1 Cal/7/2009 strain was in-

stilled intranasally under inhalation anesthesia. Mice were observed daily

until day 7 to monitor body weight (left panel). Results are expressed as

mean 6 SEM. Data are representative of one of two independent experi-

ments. Infant mice: HA/MF59 versus HA alone (**p = 0.001–0.01,

***p , 0.001); HA/MF59 versus PBS (#p , 0.05, ###p , 0.001).
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B220+, CD11c+, Ly6C+), conventional DCs (cDCs; CD11c+,
CD11bhi, Ly6C2) and monocyte-derived DCs (MoDCs; CD11c+,
CD11bhi, Ly6Chi) among the Adj- and Ag-loaded cells recruited
to the dLNs 24h after neonatal, infant or adult immunization
(Fig. 5B, gating strategy in Supplemental Fig. 2). As previously
described (48), adult OVA-MF59 immunization led to the re-
cruitment of Ag-loaded cells to the dLNs (Fig. 5A). In the adult

dLNs, Adj+ and Ag+ cells essentially included monocytes, cDCs,
MoDCs, and to a lesser extent B cells (Fig. 5B). Among each APC
population, the highest proportion of Ag+Adj+ cells was observed
for MoDCs (41.776 2.687%), followed by PMNs (31.66 4.135%),
monocytes (23.72 6 2.106%) and macrophages (14.35 6 1.318%)
(Fig. 5C). A similar influx of Ag+Adj+ cells (Fig. 5A) and distri-
bution of APCs among the Ag+Adj+ cells (Fig. 5B) were observed
in mice immunized at 3 wk of age.
In neonates, the number of Ag+Adj+ APCs was lower but their

proportion was similar to that of infant and adult mice (Fig. 5A),
indicating efficient draining into the neonatal dLNs. The propor-
tion of each APC population among Ag+Adj+ cells included
a smaller proportion of cDCs (11.25 6 1.23 versus 17.31 6
0.71%) and, to a lesser extent, of Mono than in adults (Fig. 5B),
a difference that persisted for cDCs up to 4 d after neonatal im-
munization (data not shown). However, the proportion of Ag+Adj+

cells among each neonatal APC population was similar to that of
infant mice that respond well to MF59 adjuvantation (Fig. 5C),
except for a lower proportion of Ag+Adj+ PMNs. Thus, the lim-
itations of TFH neonatal responses do not result from critical
differences of APC targeting by MF59.
To investigate whether the lower recruitment of vaccine-loaded

cDCs and inflammatory monocytes (Mono) in neonates was as-
sociated to a distinct activation status, we compared the expression
of CD40, CD80, and CD86 on neonatal and infant Adj-loaded
cDCs and Mono, following s.c. immunization with HA and
labeled-MF59 (Fig. 5D). At 24h after HA/MF59 immunization,
MF59 induces a marked upregulation of CD40, CD80, and CD86
costimulatory molecules by Adj+ cDC and monocytes, with few
differences among age groups (Fig. 5D). Thus, MF59 induced
a similar pattern of immune cells recruitment and activation into
neonatal dLNs, although vaccine-loaded cDCs were fewer and
slightly less activated in neonates than in infant mice.

MF59 induces comparable effector T cell priming in neonates
and infant mice

The observation that reduced numbers of Adj+Ag+ cDCs reached
the neonatal dLNs following HA/MF59 immunization suggested
that this may impact the priming of HA-specific CD4+ T cells,
including TFH cells. To address this hypothesis, mice were im-
munized s.c. with HA/MF59 or HA/PBS as neonates or infants, an
age at which adult-like innate cell and B cell responses are eli-
cited. Ten days later, dLN cells were restimulated in vitro with
HA, and the cytokine (IL-2, IL-4, IL-13, IL-5, TNF-a, and IFN-g)
of HA-specific T cells was assessed by flow cytometry. Gating on
CD3+CD82CD4+CD44+ Ag-experienced T cells, a larger expan-
sion of CD4+ T cells was measured following HA/MF59 com-
pared with HA/PBS immunization (Fig. 6A, 6B). Importantly,
neonatal and infant cytokine responses of HA-specific CD4+ TH

cells were comparable and similarly dominated by IL-2, TNF-a,
and IL-4 (Fig. 6A, 6B). Thus, MF59 adjuvantation similarly
primes CD4+ TH effector responses in infant and neonatal mice
but not fully functional Foxp32IL-21+ TFH cells.

Discussion
In this study, we demonstrate that the MF59 Adj mediates its
influence on B cell responses through the induction of potent TFH

responses that directly control the magnitude of the GC B cell
reaction, sparking new insights into its mode of action and iden-
tifying TFH cells as biomarkers of GC and Ab responses to MF59-
adjuvanted vaccines. Remarkably, this TFH promoting influence is
already observed in infant mice in which MF59 elicits adult-like
responses and affords 100% protection against influenza virus
challenge. In neonates, MF59 adjuvantation primes for enhanced

FIGURE 4. MF59 adjuvantation induces a limited expansion of func-

tional TFH cells and thus GC responses in neonates. (A–D) dLNs from day

10 adult and neonatal mice immunized (five to eight mice per group) with

HA/MF59 (or HA/PBS as control) were analyzed by flow cytometry to

determine the percent and number of GL-7+ Fas+ (CD95) GC B cells and

CXCR5highPD1high TFH cells. Representative dot plots of adult and 1-wk-

old immunized mice and gated on B220+ B cells (A) and CD4+ T cells (B).

(C) Number of GC B cells and TFH cells. (D) Bcl6 and GL7 MFI on GCB

and TFH cells from adult and neonatal mice day 10 p.i. The MFI ratio was

calculated by dividing the Bcl6 MFI of GCB cells by that of GL72CD952

B220+ follicular B cells and by dividing the Bcl6 or GL7 MFI of TFH cells

by the corresponding MFI of CXCR52PD-12CD4+ T cells. (E) Foxp3

expression on gated TFH cells from adult and 1-wk-old mice day 10 p.i.

The ratio was calculated by dividing the number of Foxp3+ TFH cells by

the number of Foxp32 TFH cells. Results are expressed as mean 6 SEM.

Data are representative of one of two independent experiments (*p = 0.01–

0.05, **p = 0.001–0.01, ***p , 0.001). (F) CD3+CD82CD4+CD44+

T cells were sorted on day 10 after HA/MF59 immunization of 1-wk-old,

infant, and adult mice. Pooled LNs of 5 adults, 8 infants, and 16 neonatal

mice from three independent experiments were analyzed in triplicates by

real-time PCR for IL-21 expression (*p = 0.01–0.05).
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infant responses by eliciting a modest memory B cell response but
does not promote Foxp32IL-21+CD4+ TFH cells, GC, and Ab
responses.
A key feature of MF59 adjuvantation is to increase the breadth,

the magnitude, and the persistence of Ab responses in humans (49).
In mice, this is mediated by the transient release of endogenous
ATP at the site of injection (14), triggering the preferential re-
cruitment and activation of PMNs and monocytes, which take up
and transport Ags and Adj molecules into the dLNs (14, 15, 47,
48). This APC recruitment/activation process directly primes for
potent CD4+ T cell effector responses characterized by a mixed
Th1/Th2 profile (15). Exactly how MF59 expands B cell responses
is yet unknown. In this study, we show that MF59 is a potent
inducer of the TFH cell differentiation program (Fig. 3C) and that
suggests that this feature controls its B cell adjuvanticity: each
additional 1000 TFH cells induced by HA/MF59 in adult mice
results into the differentiation of 7000 additional GC B cells
(Fig. 3F) in a strong positive linear correlation indicating that
additional mechanisms only exert a limited contribution to GC
responses. Given the critical role of the GC reaction for PC
generation, memory induction, and affinity maturation (31), this
identifies TFH cells as biomarkers of GC responses to MF59-
adjuvanted vaccines and provides a mechanistic explanation for
the higher magnitude, breadth, and durability of Ab responses
observed following MF59 adjuvantation (49). This is in accor-
dance with recent studies demonstrating the importance of TFH

cell help in human responses to unadjuvanted influenza vaccines
(18, 19, 50). Given the importance of optimizing influenza vaccine
responses in high-risk group patients, studies should now identify
the risk groups in whom MF59 elicits potent TFH cell responses or
fails to do so.
Infants are a major risk group for influenza complications (51).

We show in this study that MF59 adjuvantation is as effective at
inducting TFH cells in infant as in adult mice and that this simi-
larly translates into increased GC B cells numbers and Ab
responses. That each additional 1000 TFH cell results into an in-
crease of 2500 GC B cells indicates that the MF59-induced ATP-
mediated APC recruitment/activation/presentation process is al-
ready fully functional in early life. Although murine observations
may not always be translated to humans, numerous similarities
have been described between the early life patterns of responses of
these two species (reviewed in Ref. 7). In accordance with the
protective efficacy of influenza vaccines in young children, we
show in this study that MF59 adjuvantation is required to protect
infant mice. This suggests that the enhanced and more persistent
Ab responses to MF59-adjuvanted influenza vaccines in older

FIGURE 5. MF59 increases the recruitment and activation of Ag-loaded

cells in the neonatal dLNs. Adult, infant and neonatal mice (five to eight

mice per group) were immunized s.c. with 25 ml OVA-FITC/MF59-DID, or

PBS as control, in both hind legs. Following enzymatic digestion, single-cell

suspensions of dLNs were analyzed by flow cytometry at 24 h. (A) Rep-

resentative dot plots of total Adj+ (MF59-DiD) and Ag+ (OVA-FITC) cells

in adult, infant, and 1-wk-old immunized mice. Numbers and percentage

of total OVA+/MF59+ cells in all age groups. (B and C) Comparison of cell

recruitment into the dLN in response to immunization with MF59 in dif-

ferent age groups. Several cell types identified by their specific markers

were analyzed by flow cytometry at 24 h. (B) Histograms show the per-

centage of each cell population among Adj+ (MF59-DiD) and Ag+ (OVA-

FITC) cells for each age group. (C) Histograms show the percentage of

Adj+ (MF59-DiD) and Ag+ (OVA-FITC) cells within each cell population

of adult, infant, and neonatal immunized mice. Results are expressed as

mean 6 SEM (*p = 0.01–0.05, **p = 0.001–0.01, ***p , 0.001). (D)

cDCs and Mono were further analyzed for their expression of CD40,

CD80, and CD86 24 h p.i. with HA and labeled MF59. Data are presented

as the fold increase compared with the mean geometric MFI of PBS

control-immunized mice and are representative of one of two independent

experiments (*p = 0.01–0.05, **p = 0.001–0.01).
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infants and young children (12, 13) are mediated by enhanced
TFH/GC responses conferring higher protective efficacy. Whether
this TFH/GC promoting influence applies to other Ags is biolog-
ically probable and deserves prompt investigations given the ge-
nerically limited magnitude and persistence of infant responses to
Adj free or alum-based vaccines.
Neonates and young infants are at even higher risks of acute

cardiorespiratory failure following influenza (51, 52), and vaccines
proven effective before 6 mo of age could markedly reduce this
disease burden. We thus assessed the influence of MF59 adjuvanta-
tion on B cell responses earlier in ontogeny in neonates. In contrast to
the adult-like responses of 3-wk-old mice, anti-HA IgG and GC
responses remained weak in 1-wk-old neonates despite MF59 adju-
vantation. This was associated with a limited induction of TFH cells
(Fig. 4): few neonatal TFH cells were elicited, and they expressed
lower levels of key molecules such as Bcl6 (a master switch of the
TFH cell differentiation program (37–39)), GL7 (40), and IL-21 (53)
while expressing higher levels of Foxp3. This preferential differen-
tiation toward Foxp3+ TFR cells may contribute to impede TFH cells
development and thus GC B cell differentiation and survival (41–43).
Why are TFH (and thus GC) cell responses so readily elicited in

infancy but not in neonates? Following immunization with MF59-

adjuvanted vaccines, Ag and Adj molecules are readily trans-
ported to the neonatal draining LNs (Fig. 5). A lower proportion of
Ag+/MF59+ cDCs was observed in neonatal than infant mice, both
early and several days after immunization (Fig. 5). cDCs are
critical to initiate the TFH cell differentiation program (54), sug-
gesting a limited cDC recruitment/activation/presentation process.
However, neonatal cDCs readily respond to MF59 adjuvantation,
as reflected by their increased expression of CD40, CD80, and
CD86, and their recruitment/activation is sufficient to induce
similar CD4+ T cell effector responses as in infant mice (Fig. 6).
This demonstrates a specific limitation of the TFH cell program
and its critical contribution to neonatal B cell responses (23).
The induction of T effector and TFH cell responses is fine-tuned

by specific subsets of DCs expressing cytokines that promote
(such as IL-6 or IL-21) or prevent (such as IL-2) TFH cell dif-
ferentiation (as reviewed in Ref. 54), and further studies will focus
on the relative T effector versus TFH cell activating capacities of
neonatal DCs. Another hypothesis is that TFH cell neonatal dif-
ferentiation is effectively initiated by MF59 but that this process
is abortive, neonatal TFH cells failing to expand as previously
observed with Alum (23). CpG-ODNs increase adult TFH cell
responses when combined with water-in-oil and oil-in-water
emulsions (55) and act synergistically with aluminum salts to
enhance TFH and GC B neonatal responses (23). However, the
coadministration of CpG-B ODNs and HA/MF59 had a very
modest effect on neonatal TFH cell responses and did not increase
GC B cells nor Ab responses (Supplemental Fig. 3). Thus, the
limitation of neonatal TFH cell differentiation may be circum-
vented by the synergistic influence of CpG-B with aluminum salts
but not with MF59. Further studies will define whether this results
from distinct influences on neonatal TFH cell priming or expansion
and delineate the requirements for vaccine Adjs to elicit stronger
GC responses already in neonates.
That MF59 adjuvantation did not significantly enhance TFH/GC

B cell responses in neonatal mice does not imply that it will not
prove effective in very young infants. Indeed, neonatal priming
with HA/MF59 induced an MBC response and higher Ab
responses to infant boosting (Fig. 1). This neonatal priming/infant
boosting pattern is similar to that observed in human infants im-
munized at birth with HIVgp120/MF59 in whom adjuvantation
did not increase neonatal Ab responses but primed for higher
responses to infant boosting (56). MBCs may be elicited within or
outside of GCs, even in the absence of TFH cell help (57), and it
will be interesting to address whether neonatal immunization es-
sentially induces GC-independent MBCs.
In summary, the potent induction of the TFH cell differentiation

program is a key feature of MF59 adjuvanticity that is already ef-
fective early in life despite distinct and specific TFH cell differen-
tiation requirements at various stages of ontogeny and calls for the
evaluation of MF59-adjuvanted influenza vaccines in young infants.
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FIGURE 6. MF59 elicits comparable effector T cell priming to influ-

enza HA in neonates and infant mice. dLNs from neonatal and infant mice

(five to eight mice per group) were taken 10 d following s.c. immunization

with HA/MF59 or HA/PBS, and HA-specific CD4+ T cells were reac-

tivated by in vitro stimulation. Cells were gated on CD3+CD82CD4+

CD44+ T cells for the analysis of Ag-experienced CD4+ T cells. (A) The

percentage of their intracellular cytokines expression of IFN-g, TNF-a, IL-

2, IL-13, IL-5, and IL-4. (B) Pie charts represent the percentage of cyto-

kine expression in HA-specific CD4+ T cells from 1-wk-old or infant-

immunized mice. Results are expressed as mean 6 SEM (*p = 0.01–0.05,

***p , 0.001). Data pool of two independent experiments, except for IL-

4; data are representative of one of two independent experiments.
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