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The adjuvant MF59 induces ATP release from muscle
that potentiates response to vaccination
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Vaccines are the most effective agents to control infections. In
addition to the pathogen antigens, vaccines contain adjuvants
that are used to enhance protective immune responses. However,
the molecular mechanism of action of most adjuvants is ill-known,
and a better understanding of adjuvanticity is needed to develop
improved adjuvants based on molecular targets that further en-
hance vaccine efficacy. This is particularly important for tubercu-
losis, malaria, AIDS, and other diseases for which protective vaccines
do not exist. Release of endogenous danger signals has been linked
to adjuvanticity; however, the role of extracellular ATP during vac-
cination has never been explored. Here, we tested whether ATP
release is involved in the immune boosting effect of four common
adjuvants: aluminum hydroxide, calcium phosphate, incomplete
Freund's adjuvant, and the oil-in-water emulsion MF59. We found
that intramuscular injection is always associated with a weak tran-
sient release of ATP, which was greatly enhanced by the presence
of MF59 but not by all other adjuvants tested. Local injection of
apyrase, an ATP-hydrolyzing enzyme, inhibited cell recruitment in
the muscle induced by MF59 but not by alum or incomplete Freund'’s
adjuvant. In addition, apyrase strongly inhibited influenza-specific
T-cell responses and hemagglutination inhibition titers in response
to an MF59-adjuvanted trivalent influenza vaccine. These data dem-
onstrate that a transient ATP release is required for innate and
adaptive immune responses induced by MF59 and link extracel-
lular ATP with an enhanced response to vaccination.

vaccine adjuvants | danger associated molecular pattern | DAMP |
inflammation

accine adjuvants are used to enhance immune responses

toward coadministered antigens, thereby improving vaccine
potency, immunological memory, or cross-protection (1, 2). Ex-
perimental adjuvants range from simple molecules such as cal-
cium phosphate (CaPi) to very complex mixtures such as incomplete
Freund’s adjuvant (IFA), made of a water-in-oil emulsion, or
complete Freund’s adjuvant, which also includes killed Myco-
bacteria (3). However, for human vaccines, adjuvants of highly
defined properties that combine efficacy with complete safety are
needed; to date, very few compounds have been licensed. Some
of the safest and most efficient adjuvants licensed for human use,
such as aluminum hydroxide (alum) and the oil-in-water squa-
lene-based emulsion MF59, have been empirically identified, and
their mechanism of action is still not fully understood (4, 5). A
better understanding of their mechanism of action is needed to
develop improved adjuvants that further enhance vaccine effi-
cacy. This is particularly important for diseases for which pro-
tective vaccines do not exist (6).

An examination of the chemical nature of four major vaccine
adjuvants (alum, CaPi, IFA, and MF59) suggested they could
interact with the phospholipid bilayer of cell membranes via
hydrogen bonding or ionic interactions with the head groups of
phospholipids/glycolipids and/or via hydrophobic interactions
with the hydrocarbon chains of lipids. As vaccines are frequently
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administered by intramuscular (i.m.) injection, we posited that
a high local concentration of adjuvant is generated in a confined
portion of the muscle and that the first cell membrane they come
in contact with is the sarcolemma. Because we found that the
muscle injection of membrane-interacting snake phospholipase
A2 myotoxin induces the release of ATP, which is contained in
large amounts inside muscle fibers (7, 8), we decided to evaluate
the possibility that other putative membrane-interacting agents
such as the major adjuvants mentioned earlier might similarly
induce ATP release. This possibility would be particularly rele-
vant in the context of adjuvanticity, as ATP is a “danger signal”
acting on a variety of purinergic P2 receptors and, as such, is
a strong modulator of immune responses (9-11).

Results

Adjuvant-Induced ATP Release from Injected Mouse Muscles. To test our
hypothesis, we monitored the adjuvant-stimulated ATP release in
mice using the reporter system luciferase-luciferin. In the presence of
ATP, luciferase catalyzes oxidation of luciferin with an emission of
photons that can be recorded by an appropriate imaging apparatus.

Recent work has shown that cells engineered to stably express
luciferase on their plasma membrane (PmeLUC cells) are suit-
able for detecting changes in extracellular ATP concentration in
vivo (12). However, in preliminary experiments, we found that
i.m. injected luciferase adsorbs onto muscle fibers in vivo and
efficiently reports ATP changes within the muscle. Furthermore,
administration of soluble luciferase causes a smaller perturbation
of tissue homeostasis than injection of the PmeLUC cell sus-
pension. This read-out is so sensitive that even the low ATP
release resulting from needle injury can be detected at the
injection site. Testing the different adjuvants, we found that
only MF59 injection induces a fast and prominent ATP signal
that is significantly higher than ATP release caused by PBS
injection in the contralateral muscle (Fig. 1 A and E). In con-
trast, CaPi or IFA inoculation do not increase ATP release
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Fig. 1. Adjuvant-induced ATP release in mouse muscles and the effect of
apyrase. (A-D) Representative images taken 3 min after intramuscular in-
jection of adjuvants (right hind limb; asterisk) or PBS (left hind limb) in BALB/c
mice together with the mixture luciferase-luciferin that reports on ATP
changes. (E-H) Corresponding quantitative analyses of chemiluminescence
emission over time (number of photons per second in the region of interest).
(A and E) MF59 (40% vol/vol), (B and F) CaPi (50 pg), (C and G) IFA (40% vol/
vol), (D and H) alum (100 pg), and (/ and J) ATP release from ex vivo mouse
muscles injected with MF59. Mouse tibialis anterior (/) and quadriceps (J)
muscles were exposed and injected with MF59 (40% vol/vol), continuous lines;
the dotted line refers to the injection of the same volume of PBS. Muscles were
rapidly removed and suspended in oxygenated buffer at 37 °C. ATP released
into buffer was quantified at the given times, using the luciferin-luciferase
assay and a known ATP standard. (K) Representative image taken 3 min after
intramuscular injection of MF59 + apyrase (10 U; asterisk) or MF59 alone
(contralateral muscle). (L) Corresponding quantitative analysis over time. Data
show mean values + SD from at least four independent experiments. Un-
paired, two-tailed Student’s t test (T): *P < 0.05, **P < 0.01, ***P < 0.001.

over buffer control (Fig. 1 B, C, F, and G), and alum even
appears to decrease the signal (Fig. 1 D and H). However, alum
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readily binds many proteins. Because we observed that ATP
binds to alum in vitro, the luminescence reduction could be
a consequence of ATP and/or luciferin-luciferase adsorption
onto the adjuvant surface.

Quantitative photoemission evaluation revealed that MF59
injection increased extracellular ATP levels about threefold
compared with those triggered by PBS- (CaPi-, IFA-, or alum-)
containing mixtures (Fig. 1 E to H). Extracellular ATP increases
within 2-3 min after MF59 injection and then declines over the
next 5-6 min. Signal decline is most likely a result of ATP di-
lution in tissue fluids and the ATP-hydrolyzing activity of ecto-
ATPases, which are present on the surface of sarcolemma and
stromal cells (13). To test this latter possibility and to have an
independent evaluation of ATP release, we injected ex vivo
tibialis anterior and quadriceps muscles with MF59 or buffer
control and measured ATP release into the medium (Fig. 1 7 and
J). The assay confirms prior findings, yet ATP release lasts lon-
ger, possibly because of the different diffusion kinetics of the fluids
within the perimuscle milieu in the two different set-ups. Fur-
thermore, in the ex vivo assay, ATP freely diffuses into the bathing
solution, and therefore partially escapes hydrolysis, indirectly sup-
porting the explanation that in the in vivo experiments, ATP is im-
mediately exposed to the degrading activity of ecto-ATPases. Next,
we tested which of the individual ingredients of MF59 would be
responsible for its activity. Not surprisingly, ATP release is caused by
Tween 80 and Span 85, but not by squalene oil alone (Fig. S1).

Taken together, our results clearly document that MF59 dis-
plays a unique capacity to greatly increase ATP release from
injected muscles. To assess whether this ATP release would be
essential for the adjuvant effect of MF59, we quenched extra-
cellular ATP by coinjection of MF59 with apyrase, an enzyme
that rapidly hydrolyzes ATP to AMP (14). Fig. 1 K and L shows
that apyrase completely abolishes the MF59-induced ATP signal.
On the basis of this result, we could proceed to determining
whether coinjection of apyrase would alter induction of innate
and adaptive immune responses by MF59.

Immune Cell Recruitment Induced by MF59 Injection Is Inhibited by
Apyrase. Over the years, ATP has emerged as an important
activator and modulator of immune responses, among several
other danger molecules that are released from cells by a variety
of pathogens of differing physical, chemical, and biological na-
ture (10, 11, 15). In particular, it was shown that ATP released by
stressed or dying cells promotes recruitment and activation of
phagocytes. Therefore, we investigated whether and how ATP
release could contribute to the activity of MF59.

The strong adjuvant effect of MF59 (16, 17) has been ascribed
to its capability to induce an immunocompetent environment in
the muscle, characterized by a rapid and transient influx of a
large number of CD11b+ immune cells participating in antigen
uptake and transport to draining lymph nodes (18-21). To clarify
the role of ATP in MF59-induced cell recruitment, mice were
injected i.m. with MF59 in the presence or absence of apyrase.
After 24 h, muscles were harvested and their content of neu-
trophils, monocytes, dendritic cells, and macrophages was de-
termined by flow cytometry (the gating strategy is shown in Fig.
S2). Coinjection of apyrase clearly lowered MF59-induced cell
recruitment (Fig. 2), indicating that ATP release is in part re-
sponsible for cell influx. However, ATP by itself does not have an
appreciable effect, which is true for both degradation-sensitive
ATP and degradation-resistant ATP-yS. However, this is not
surprising, as the injection of a single ATP bolus does not re-
produce the graded concentration of extracellular ATP that
appears to be necessary to support chemotaxis (11, 22). In ad-
dition, MF59 might induce the release of additional danger- or
damage-associated signals and chemotactic factors that may
synergize with ATP, as shown, for example, for mesenchymal
stem cell responses to CXC chemokine ligand (CXCL)12 and
ATP (23). In favor of this hypothesis is the finding that the in-
jection of alum and IFA also resulted in a significant recruitment
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Fig. 2. Coinjection of apyrase reduces immune cell recruitment induced by
MF59, but not by IFA or alum. (A-D) Groups of mice were injected i.m. with
the indicated compounds at the following doses: MF59 (40% vol/vol), ATP or
ATP-yS (5mM), apyrase (Apy) (10 U per leg), or PBS. Single-cell suspensions of
treated muscles were analyzed by FACS 24 h postinjection. Dots show
numbers of the respective cell type per individual muscle (N > 4 per group),
whereas black bars indicate arithmetic means. (A) Neutrophils, (B) mono-
cytes, (C) macrophages, and (D) dendritic cells (DCs). (E) Groups of mice were
injected i.m. with the indicated compounds at the following doses: MF59
(20% vol/vol), IFA (40% vol/vol), alum (100 pg), apyrase (10 U per leg), or PBS,
all in presence of OVA (10 pg per mouse). Numbers of CD11b+ cells are
reported, data show mean values + SD from eight to 12 muscles per group.
Unpaired, two-tailed Student’s t test (T): *P < 0.05, **P < 0.01.

of CD11b+ cells in the injected muscle. However, for all adju-
vants, cell influx was significantly lower compared with MF59
(Fig. 2E) and reached levels similar to those of mice treated with
MF59 and apyrase. At the same time, coinjection of apyrase did
not have any effect on alum- and IFA-mediated cell recruitment,
which is consistent with the previous finding that they are not
good ATP inducers in the muscle (Fig. 1 G and H).

ATP Release Contributes to Adjuvanticity of MF59. A strong recruitment
of immune cells at the injection site leads to enhanced antigen
uptake and transport to draining lymph nodes, which translates into
overall strongly enhanced adaptive immune responses (18, 19).
Accordingly, we assessed the effect of MF59-induced ATP release
on CD4" T helper (Th) responses and antibody titers. Groups of
mice were immunized with an experimental trivalent influenza
vaccine (TIV), either as plain antigens or together with MF59 in the
presence or absence of apyrase. Control experiments showed that
the injection of TIV antigens alone does not induce ATP release
(Fig. S3). We found that MF59-induced ATP release strongly
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contributes to adjuvanticity both for Th cell responses and vac-
cine-specific antibody titers. Vaccine-specific Th cells were reac-
tivated by in vitro stimulation of splenocytes from immunized mice
and assessed by FACS for intracellular cytokine expression (gating
strategy and representative FACS blots are shown in Fig. S4).
MF59-adjuvanted vaccine induced high T-cell responses after the
first immunization, but this effect was completely abolished by
coinjection of apyrase (Fig. 34). Similar results were observed
after the booster dose (Fig. 3B). MF59 induced a mixed Th1/Th2
profile, but apyrase-mediated abrogation of ATP signaling had
more effect on Th2 (IL4/13+) responses compared with Thl
(IFNy+). This is even more evident after booster vaccination.
MF59 significantly enhanced antibody titers against all three
vaccine antigens compared with TTV alone after the first vaccination
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Fig. 3. Coinjection of apyrase inhibits adjuvanticity of MF59 to a trivalent
influenza vaccine (TIV). (A-F) twelve mice per group were immunized twice
(4 wk apart) with TIV and adjuvants, as indicated: MF59 (40% vol/vol), apyrase
(10 U per leg), and TIV (0.1 ug each antigen). (A and B) Spleens from 4 mice per
group were taken 2 wk after each immunization, and vaccine-specific CD4*
T helper cells were reactivated by in vitro stimulation. Their individual cytokine
profile was assessed by intracellular cytokine staining and FACS analysis. The
bars show cumulative numbers of vaccine-specific cytokine expressing cells
after the first (A) and second (B) immunization, and the individual color code
indicates the type of cytokines expressed by the respective cells, as indicated.
(C=F) Serum samples were drawn 2 wk after each immunization, and vaccine-
specific antibody titers were measured. Total IgG antibody titers toward H1N1/
California, H3N2/Perth, and B/Brisbane after the first (C) and second (D) im-
munization. Values represent mean logarithmic titers (log 10) of eight to
12 mice per group + SD. Hemagglutination inhibition titers toward H1N1/
California after the first (E) and second (F) immunization; values represent
means of Log2 titers of eight to 12 mice per group + SD. Unpaired, two-tailed
Student’s t test (T): *P < 0.05,**P < 0.01, ***P < 0.001,****P < 0.0001.
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(Fig. 3C), with a mixed IgG1/IgG2 profile (Fig. SS5). The prom-
inent adjuvant effect of MF59 not only led to a large increase in
total antibody titers but also increased functional hemaggluti-
nation inhibition (HI) titers, which are considered a correlate of
protection for influenza vaccinations (24) (Fig. 3E). Apyrase
coinjection modestly reduced the antibody responses induced by
the first injection of MF59-TIV. However, the adjuvant effect of
MF59 was still significant (Fig. 3 C and E). Only after the booster
immunization did the apyrase-mediated reduction of total IgG,
IgG1, and HI titers become highly significant (Fig. 3 D and F and
Fig. S5). Similar results were observed using other antigens such
as ovalbumin (OVA; Fig. S6).

We wondered whether the partial effect of apyrase after the
first immunization with TIV-MF59 was a result of the use of
a high dose of adjuvant that cannot be blocked entirely. There-
fore, we titrated down MF59 from 40% (standard dose used
here) to as little as 2.5%. At all conditions tested, a significant
reduction of antibody titers by apyrase was detected after the
booster vaccination, but not after the first dose (Fig. S7). In
summary, our data demonstrate that ATP is required for CD4+
T-cell responses induced by MF59 and for secondary antibody
responses, but not for primary antibody responses.

To better dissect the effect of apyrase on MF59 adjuvanticity, we
performed an additional experiment using TIV. One group of mice
received two doses of MF59+-apyrase, as before. In the other groups,
apyrase was added to MF59 only during prime or only during boost
(Fig. 4). The group receiving MF59+apyrase twice had severely
reduced Th cell responses after the first and the second vaccination,
as previously shown. Apyrase coinjection only during prime had
a very significant effect on CD4 responses after the first dose, but it
only modestly reduced CD4 T-cell frequencies after the second
dose. Apyrase added only during boost did not have any significant
effect on CD4 T-cell frequencies (Fig. 4B). Antibody titers were
significantly reduced in mice that received MF59+apyrase either
during both immunizations or during the prime (Fig. 4C), whereas
apyrase addition during the booster dose had no significant effect.
Interestingly, we did not detect any difference in antibody titers in
the group of mice that received apyrase twice compared with the
mice that received apyrase only during the prime.

From this experiment, we concluded that the effect of apyrase
on antibody responses induced by MF59 results from an in-
hibition of T-cell priming during the first vaccination.

Next, we asked whether the effect of apyrase was specific for
MF59 or whether it could be extended to other adjuvants (Fig.
5). We found that apyrase did not significantly reduce antibody
responses generated by TIV antigens alone or in combination
with IFA and alum, which do not stimulate ATP release in the
muscle (Fig. 1 C and D). This is true both for primary antibody
responses after the first dose (Fig. 54) and for secondary responses
(Fig. 5B and Fig. S84), as well as for functional HI titers (Fig. S8B).

The analysis of T-cell responses revealed that inhibition of
antigen-specific Th cells by apyrase is predominantly observed in
the presence of MF59. Addition of apyrase to TIV antigens
alone or formulated with IFA resulted in a nonsignificant re-
duction of vaccine-specific CD4 T cells. However, apyrase sig-
nificantly reduced CD4 T cells induced by TIV formulated in
alum (Fig. 5C). Apyrase-mediated hydrolysis of the baseline level
of extracellular ATP induced by injury might be responsible for
the observed reduction of specific CD4 T cells in the groups that
did not receive MF59 as adjuvant.

Our results clearly show that ATP release contributes to
adjuvanticity of MF59. We questioned whether ATP by itself
could induce a measurable adjuvant effect. Therefore, we im-
munized mice with TIV and different concentrations of ATP or
the hydrolysis-resistant ATP-yS (Fig. S9 A-C). As expected,
MF59 increased total IgG titers in response to all three influenza
antigens, whereas ATP coadministration did not boost antibody
responses at any concentration tested. The efficient immune
modulation by ATP might depend on timely graded and local
concentrations of ATP and/or on synergies with other alarmins
released by MF59 injection. It is probable that the injection of
ATP does not mimic the localized tissue release of ATP and of
other factors induced by MF59 in the muscle.

Discussion

Taken together, the present results provide strong evidence that
ATP released from injected muscle is a crucial contributor to the
adjuvant activity of MF59. The immunological step in which
ATP is required is naive T-cell priming after the administration
of the first dose of vaccine. Efficient T-cell priming is required
for an optimal antibody response after the boost. The effect of
apyrase was more evident for CD4+ T-cell responses in the Th2
compartment. Accordingly, we observed a strong reduction of
IgG1 antibodies after the booster dose of MF59-TIV vaccine.
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Fig. 4. ATP release induced by MF59 is essential during the first vaccination. Mice were immunized as before with TIV and adjuvants, as indicated. One group
of mice received two doses of MF59+apyrase, whereas in the other groups, apyrase (Apy) was added to MF59 only during prime or only during boost. (A and
B) Spleens from 4 mice per group were taken 2 wk after each immunization, and vaccine-specific CD4* T helper cells were reactivated by in vitro stimulation,
as before. The bars show cumulative numbers of vaccine-specific cytokine expressing cells after the first (A) and second (B) immunization, whereas the in-
dividual color code indicates the type of cytokines expressed by the respective cells. (C) Serum samples were drawn 2 wk after the second immunization, and
total IgG antibody titers toward H1N1/California were measured by ELISA. Values represent mean logarithmic titers (log 10) of eight mice per group + SD.
Unpaired, two-tailed Student'’s t test (T): *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Apyrase inhibits antibody responses induced by TIV adjuvanted with MF59, but not with alum and IFA. (A-C) Twelve mice per group were immunized
as before with TIV and adjuvants, as indicated. The following doses were used: MF59 (40% vol/vol), IFA (40% vol/vol), alum (100 pug), apyrase (10 U per leg),
and TIV (0.1 pg each antigen). (A and B) Serum samples were drawn 2 wk after the first (A) or second (B) immunization, and total IgG antibody titers toward
H1N1/California were measured by ELISA. Values represent mean logarithmic titers (log 10) of eight to 12 mice per group + SD. (C) Spleens from 4 mice per
group were taken 2 wk after the first immunization, and vaccine-specific CD4* T helper cells were reactivated by in vitro stimulation. Their individual cytokine
profile was assessed by intracellular cytokine staining and FACS analysis. The bars show cumulative numbers of vaccine-specific cytokine expressing cells, as
indicated. Unpaired, two-tailed Student’s t test (T): *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

The data available at this stage do not address directly the
question concerning which cells release ATP around the in-
jection site. However, previous studies have indicated that MF59
injection induces activation of muscle fibers, as revealed by JunB
translocation and Pentraxin 3 expression (21), suggesting that
skeletal muscle fibers, with their high content of ATP, are a
major target of MF59. At variance from MF59, neither alum nor
CaPi and IFA were found to increase ATP release from muscles
over injection-induced background level. However, this negative
result leaves open the possibility that other “danger signaling”
molecules could be involved in their adjuvant activities. Indeed,
recent reports have implicated endogenous uric acid and DNA
release in the adjuvanticity of alum (25-27). Similar to the role of
ATP for MF59, alum-driven DNA release has been implicated in
the priming of naive T cells after the first dose of vaccine and has
only a partial effect on antibody responses, suggesting that ad-
ditional mechanisms are involved in alum adjuvanticity (27).
Even in the case of MF59, the results presented here indicate
that ATP is a crucial contributor, but not the sole factor involved
in MF59 adjuvanticity.

Exogenous ATP is active on an array of purinergic receptors
that can modulate intracellular signaling. In particular, ATP is
known to activate the NLRP3 inflammasome complex via the
P2X7 receptor, inducing the maturation and release of proin-
flammatory cytokines such as IL-1f (28, 29). Interestingly,
NLRP3 has also been linked to alum mechanism of action (30,
31), and therefore P2X7 may represent an obvious link between
ATP and adjuvanticity. However, two independent studies have
shown that the mechanism of MF59 is independent from NLRP3
inflammasome activation (32, 33), and therefore we propose
that other events triggered by purinergic receptors are required
for adjuvanticity. We have reported that MF59 adjuvanticity
depends on signaling pathways that involve the Myeloid differ-
entiation primary response protein MyD88 (32). MyDS88 is a
common adaptor of most toll-like receptors and of IL-1 family
cytokine receptors such as IL-1R, IL-18R, or IL-33R ST2. As
MF59 does not trigger toll-like receptor signaling in vitro (33), it
is more likely that MyD88 signaling downstream of IL-1 family
receptors could be crucial for MF59 activity. Interestingly, it was
shown that ATP-induced signaling via purinergic receptors not
only leads to inflammasome-dependent IL-1 release but also can
induce the inflammasome-independent release of IL-33 (34). It
would be interesting to ascertain whether apyrase treatment in
MyD88 KO mice might lead to total abrogation of all hallmarks
of MF59 action, including generation of an immunocompetent
environment, cell recruitment, antigen uptake and translocation,
and activation of adaptive immunity.

Vono et al.

This work supports the model that adjuvanticity involves in-
duction of host molecules acting as danger signals. The latter
activate the immune system to the advantage of a more sustained
and protective immune reaction to vaccines. These findings lead
to a large area of investigation to identify compounds that induce
the most appropriate and advantageous danger signals boosting
immune response to vaccines. We could show that ATP can
contribute to a broad panel of immune events ranging from in-
nate immunity to adaptive humoral and cellular responses, rep-
resenting an attractive target to improve vaccine responses.

Materials and Methods

Mice. Pathogen-free BALB/c mice (purchased from Charles River) aged 6-8 wk
were used in this study in agreement with institutional and European
guidelines. All experimental procedures involving animals were carried out
in accordance with the Italian Animal Welfare Act and were approved by the
local authority veterinary service at the University of Padova, Ferrara and at
the Animal Ethical Committee (AEC) of Novartis in Siena.

Adjuvants. MF59, a Novartis proprietary oil-in-water emulsion consisting of
4.3% (volivol) squalene, 0.5% Tween 80, and 0.5% Span 85 in citrate buffer
(10 mM), was prepared as described earlier (19). The mean particle size of
the emulsion droplets determined with a Mastersizer X (Malvern Instru-
ments) was 194 + 76 nm. Aluminum hydroxide was from Novartis, calcium
phosphate from Brenntag Biosector, and IFA from Difco Laboratories.

In vivo Bioluminescence Imaging. In vivo bioluminescent imaging was per-
formed with an ultra-low-noise, high-sensitivity cooled CCD camera mounted
on a light-tightimaging chamber (IVIS Lumina System, Caliper, Perkin-Elmer).
Tracking, monitoring, and quantification of signals were controlled by the
acquisition and analysis software Living Image. Mice were anesthetized with
a continuous flux of isoflurane, positioned in the instrument chamber, and
injected with a 50-pL syringe fitted with a 29-gauge needle (Hamilton). For
each mouse, one leg was injected intramuscularly with a mixture composed
of the reporter (luciferase-luciferin mix, Promega) and of the adjuvant to be
tested, MF59 (40% vol/vol), alum (100 ug), CaPi (50 pg), and IFA (40% vol/
vol), in a total volume of 20 pL. The individual components of MF59 (squa-
lene, Span 85, and Tween 80) were formulated in PBS at the same dose as
within the MF59 emulsion. The contralateral leg was injected with the re-
porter solution plus the PBS used for adjuvant dilution. One mouse per each
experimental run was monitored immediately after injections; luminescent
images were obtained with constant exposure times of 3 min, for a total of
9 min; regions of interest were defined manually around the injection site to
determine the total photon flux as number of photons per second. Experi-
ments with apyrase were performed in the same conditions: For each mouse,
one leg was injected with a mixture composed of the luciferase-luciferin mix
plus MF59 (40% vol/vol) and apyrase (10U, Sigma), whereas the contralateral
leg was injected with the reporter solution plus MF59 (40% vol/vol) alone.
For experiments with TIV antigens, mice were i.m. injected with the reporter
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plus TIV antigens (0.1 ug each antigen) alone, TIV antigens adjuvated with
MF59 (20% vol/vol), or PBS. For all injections, the final volume was 20 pL.

Muscle Isolation and ex Vivo ATP Measurement. Mouse hind limb muscles
(tibialis anterior, or quadriceps) were injected with 25 pL MF59 (40% vol/vol)
diluted in PBS in one leg or with the same volume of PBS in the contralateral
one, and then rapidly isolated from mice and immediately transferred to
vials containing 1 mL oxygenated (95% O,, 5% CO,) physiological buffer
(139 mM NadCl, 12 mM NaHCO3, 4 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 1 mM
KH,PO,4, and 11 mM glucose at pH 7.4) at 37 °C. The ATP released in the
buffer was determined with the ATPlite luciferase assay (Perkin-Elmer) as
previously described (8).

Cell Recruitment into Muscle. Groups of mice were injected with 25 pL per
muscle of MF59 (40% or 20% vol/vol), alum (100 pg), and IFA (40% vol/vol),
all with or without apyrase (10 U per muscle), with ATP-yS or ATP (5 mM,
Sigma), or PBS buffer control. Experiments were performed injecting either
adjuvants alone or in presence of the model antigen ovalbumin (OVA-
AF647; Molecular Probes, Invitrogen). Twenty-four hours postinjection, mice
were killed and quadriceps muscles were processed, as previously described
(19). Cells were stained with Live/Dead Fixable Yellow (Invitrogen) and
combinations of the following antibodies: a-Ly6C-FITC, o-CD11b-PE-Cy7,
a-Ly6G-PE, a-CD3-PerCpCy5.5 (all from BD Pharmingen) and a-I-A/I-E-Alexa-
Fluor700, a-F4/80-PacificBlue, a-CD11c-APC-eFluor780 (all from eBioscience).
The stained cells were analyzed using a FACS LSR Il Special Order System (BD
Biosciences), using BD DIVA software (BD Biosciences).

Vaccine Formulation and Immunization. Experimental trivalent influenza vac-
cine composed of equal amounts hemagglutinin (HA) from influenza strains
H1N1 A/California/7/2009, H3N2 A/Perth/16/2009, and B/Brisbane/60/2008 was
used in immunogenicity experiments. The vaccine contains purified subunit
antigens and is standardized for HA content by single radial immunodiffu-
sion. For adjuvanticity experiments, groups of eight to 12 animals were
immunized two times on days 0 and 28 in the quadriceps muscles of both hind
legs with 25 pL vaccine per leg (50 pL total per mouse). Doses were 0.3 ug (0.1
pg each antigen) of either influenza-soluble trivalent egg-derived antigen
alone; antigens mixed with research grade MF59 (40% vol/vol), alum
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(100 pg), or IFA (40% vol/vol), all with or without apyrase (10 U per muscle),
apyrase alone, ATP-yS, or ATP (1 or 5 mM). Serum samples of individual mice
were collected 2 wk after each immunization and evaluated for total IgG
antibody titers by ELISA and HI titers by the HI assay. All formulations were
optimized for pH and osmolality to physiological conditions.

For some experiments, mice were immunized as described before with
10 pg per mouse Endograde OVA (Hyglos).

ELISA. Titration of HA-specific or OVA-specific total IgG (IgG) was performed on
individual serum samples as previously described (19). Antibody titers are
dilutions that give an optical density higher than the mean plus five times the
SD of the average optical density obtained in the preimmune sera. The titers
were normalized with respect to the reference serum assayed in parallel.

Determination of Antibodies by HI Assay. The HI assay was carried out on
individual sera taken 2 wk after the second immunization, as described
elsewhere (17).

In Vitro Restimulation of Ag-Specific CD4™ T Cells. Four mice per group were
killed 2 wk after immunization, and spleens were collected to assess the
frequency and phenotype of Ag-specific CD4/CD44" T cells induced by
vaccination. The assay was performed as described elsewhere (17).

Statistical Analysis. All statistics were performed using GraphPad Prism
software. The unpaired two-sample Student’s t test was used. P values less
than 0.05 were considered significant.
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