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The Syk—-NFAT-IL-2 Pathway in Dendritic Cells Is Required
for Optimal Sterile Immunity Elicited by Alum Adjuvants

Hanif Javanmard Khameneh,1 Adrian W. S. Ho,1 Roberto Spreaﬁco,l’2 Heidi Derks,

Hazel Q. Y. Quek, and Alessandra Mortellaro

Despite a long history and extensive usage of insoluble aluminum salts (alum) as vaccine adjuvants, the molecular mechanisms
underpinning Ag-specific immunity upon vaccination remain unclear. Dendritic cells (DCs) are crucial initiators of immune re-
sponses, but little is known about the molecular pathways used by DCs to sense alum and, in turn, activate T and B cells. In this
article, we show that alum adjuvanticity requires IL-2 specifically released by DCs, even when T cell secretion of IL-2 is intact. We
demonstrate that alum, as well as other sterile particulates, such as uric acid crystals, induces DCs to produce IL-2 following ini-
tiation of actin-mediated phagocytosis that leads to Src and Syk kinase activation, Ca>* mobilization, and calcineurin-dependent
activation of NFAT, the master transcription factor regulating IL-2 expression. Using chimeric mice, we show that DC-derived
IL-2 is required for maximal Ag-specific proliferation of CD4* T cells and optimal humoral responses following alum-adjuvanted
immunization. These data identify DC-derived IL-2 as a key mediator of alum adjuvanticity in vivo and the Src-Syk pathway as a

potential leverage point in the rational design of novel adjuvants.

luminum salts (alum) have been widely used in vaccines
A to potentiate humoral- and cell-mediated immune re-

sponses; although new adjuvants have been developed
and approved for clinical use, alum remains the most widely used
vaccine adjuvant (1). Despite its extensive application in vaccines,
surprisingly little is known about the mechanisms underpinning
alum adjuvanticity. Kool et al. (2) first demonstrated in mice that
injection of alum results in the release of uric acid, an endogenous
danger signal, which then activates inflammatory dendritic cells
(DCs) to prime CD4" T cells. Shortly after, Flach et al. (3) showed
that alum crystals directly interact with membrane lipids on DCs,
initiating a signaling cascade that increases cell surface levels of
LFA-1 and ICAM-1, which, in turn, enables CD4"* T cells to bind
with higher affinity to the DCs. Some studies suggested that the
release of dsDNA from damaged and dying host cells, which is
induced by alum injection, may contribute to priming of Th2
CD4" T cells (4, 5) and enhance MHC class Il-mediated Ag
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presentation, prolonging CD4"* T cell interactions with DCs (5).
However, a recent report by Noges et al. (6) showed that some of
the DNase preparations used in the above studies are contaminated
by proteases, casting doubt on the significance of dsDNA in re-
sponses to alum.

Despite these recent advances, the immune mediators of alum
adjuvanticity remain enigmatic. Significantly, it is still unclear how
effector and memory T and B cell responses are initiated and
maintained in the context of alum-adjuvanted vaccination. TLR
signaling is not required for alum adjuvanticity, because mice
deficient in both TLR signaling adaptors MyD88 and TRIF respond
normally to alum immunization (7); in addition, mice lacking mast
cells, eosinophils, or macrophages do not exhibit defects in en-
dogenous T and B cell responses following alum immunization
(8). Although alum adjuvanticity was initially thought to be de-
pendent on the NLRP3 inflammasome (9-11), a number of studies
have since demonstrated that NLRP3 and caspase-1 are dispens-
able at least for the generation of alum-driven Ab responses (4, 8,
12, 13), although their relevance for T cell responses remains
unknown.

DCs are professional APCs that are functionally specialized to
link the innate and adaptive immune systems by presenting Ags to
T cells in conjunction with appropriate costimulatory molecules
and secreted cytokines. One such cytokine is IL-2. DCs secrete
large amounts of IL-2 following ligation of the dectin-1 receptor by
fungal B-glucans (14, 15), but IL-2 production in response to
bacterial TLR ligands, such as LPS and CpG (16-18), is lower,
which led to controversy about the role of DC-derived IL-2 in
immune responses in vivo (19, 20). As a result, few studies fo-
cused on DC-derived IL-2 and so we have only a partial under-
standing of its contributions to immunity (16, 21). For instance, it
is unknown whether DC-derived IL-2 can promote Ab responses
by sustaining effective CD4" T cell help or whether this cytokine
contributes to responses to nonmicrobial insults, such as the sterile
or self-Ags in vaccines and autoimmune diseases.

In this study, we show that the realization of full alum adju-
vanticity requires DC-derived IL-2. We demonstrate that alum dose
dependently elicits IL-2 secretion from primed DCs, independent
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of the NLRP3 inflammasome. Mechanistically, alum interacts with
the plasma membrane during attempted phagocytosis, leading to
activation of the Src and Syk kinases; in turn, these kinases drive
calcium mobilization, NFAT translocation, and IL-2 production.
Finally, we show that DC-derived IL-2 is required for maximal Ag-
specific CD4" T cell responses and optimal type 2 Ab production
in vivo following alum-adjuvanted OVA immunization. These
findings demonstrate that the Syk—-NFAT-IL-2 axis in DCs is a key
pathway underpinning the adjuvanticity of alum and sterile par-
ticulates. Furthermore, our work suggests principles to improve
vaccine formulation and development, such as the need to activate
Syk to elicit significant amounts of adaptive immunity—priming
IL-2 from DCs.

Materials and Methods

Animals

C57BL/6] mice were purchased from the Biological Resource Centre
(Agency for Science, Technolog}y and Research). B6.SJL—Ptprc”Pepc[’/BoyJ
(CD45.1%) and B6.129P2-112""""*"/J (1127/7) mice were purchased from
The Jackson Laboratory. Nirp3™!/™¢ (Nlrp3~/") mice were provided
by J. Tschopp (University of Lausanne, Lausanne, Switzerland), and
Pycard™V"™ (Asc™'7) mice were obtained from V.M. Dixit (Genentech).
B6.129S7-Rag 1™ ™" Tg(TcraTerb)425Cbn mice (OT-II-Ragl ~'~ [OT-1];
Taconic) were mated with CD45.1% mice, and the F1 progeny (CD45.1*
CD45.2") were used for experiments. CD11c:DTa mice were generated by
crossing B6.Cg-Tg(Itgax-cre)' 'Ré%/J (CD11c-Cre) mice with Gi(ROSA)
26Sor™ PTaPmbry mice  (ROSA26-eGFP-DTa) (Jackson Laboratory).
Littermates lacking CD11c-Cre (creneg, referred to as DC-112"7) served
as negative controls for the offspring inheriting CD11c-Cre (crepos, re-
ferred to as DC-I127/7). Only crepos animals express the diphtheria toxin
in CD11c"e" cells, leading to DC depletion and replenishment by 1127/~
precursors. All animals were on a B6 background and were maintained
under specific pathogen—free conditions. Experiments were performed
under the approval of the Institutional Animal Care and Use Committee in
compliance with the Guidelines for Animal Experiments of the Biological
Resource Centre (Agency for Science, Technology and Research).

To generate mixed bone marrow chimeras, CD45.1" mice were irradi-
ated twice (6 Gy) 4 h apart. 1127/~ or 112*"* and CD11c:DTa creneg or
crepos bone marrow cells were mixed and injected i.v. into irradiated re-
cipients to achieve 1:1 reconstitution. Chimeric mice were allowed to re-
cover for 2 mo after reconstitution before being used for experiments.

Immunizations

Mice were immunized i.p. with endotoxin-free EndoGrade Ovalbumin
protein (10 pg/mouse; Hyglos) or OVA—Alexa Fluor 647 (AF647; Life
Technologies) mixed with 1 mg of Imject Alum (Thermo Scientific) in 500
wl of PBS. In adoptive-transfer experiments, CellTrace Violet (Life
Technologies)-labeled OT-II CD4" T cells were injected i.v. via the retro-
orbital vein. Immunizations were performed 24 h after adoptive transfer,
and proliferation was measured by dye dilution 3 and 7 d later. For OVA-
AF647 uptake and DC activation, mediastinal lymph nodes were analyzed
24 h postimmunization. To analyze humoral responses, mice were boosted
with OVA/alum 14 d after the priming immunization. Sera were analyzed
at days 14, 21, and 28 (0, 7, and 14 d after boosting, respectively).

Cell differentiation and isolation

Bone marrow cells were cultured in GM-CSF-supplemented medium for
7-8 d to generate DCs. Alternatively, 10% L929-conditioned medium was
used to derive macrophages. OT-II CD4" T cells were isolated from spleen
and lymph nodes, pushed through a cell strainer, and centrifuged on a
Ficoll-Paque (GE Healthcare) density gradient at 600 X g for 20 min at
room temperature. Cells at the interface were incubated with anti-CD4
MACS beads (Miltenyi Biotec) and isolated by positive selection. Puri-
fied OT-II CD4" T cells were labeled with CellTrace Violet, according to
the manufacturer’s instructions.

Cell stimulation

DCs and macrophages were cultured in 96-well plates at a density of
1 X 10° cells. Cells were primed with ultrapure LPS from Escherichia
coli serotype 055:B5 (100 ng/ml; Alexis, Enzo Life Sciences). Primed
cells were activated overnight with 250 pg/ml particulates: aluminum
hydroxide/magnesium hydroxide Imject Alum (Thermo Scientific), alu-
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minum phosphate Adju-Phos (Brenntag), or SiO, (Sigma-Aldrich) or
monosodium urate (MSU) crystals prepared as described (22). In some
experiments, particulates were titrated, as described in the respective fig-
ures. Particulates were confirmed to be free from endotoxin contamination
using a Limulus amebocyte lysate test. Recombinant IL-1R antagonist
(anakinra; Amgen) was used at 750 pg/ml. The following small molecule
inhibitors were used: cytochalasin D, PP2 Src inhibitor (Sigma-Aldrich),
Syk inhibitor II CAS 227449-73-2 (Calbiochem), cyclosporin A, and
FKS506 (both from Cell Signaling Technology). EGTA was from Sigma-
Aldrich.

Flow cytometry

The following Ab clones from BioLegend and BD Biosciences were used:
anti-CD3e (145-2C11), anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti-CD11c
(N418), anti-CD19 (6DS5), anti-CD40 (1C10), anti-CD45.1 (A20), anti-
CD45.2 (104), anti-CD80 (16-10A1), anti-CD86 (GL-1), anti-I-A/I-E (M5/
114.15.2), and anti-TCR V5.1/5.2 (MR9-4). Events were acquired using a
BD Fortessa (BD Biosciences). Data were analyzed using FlowJo (TreeStar).
In CellTrace Violet—dilution experiments, the Division Index is the average
number of cell divisions that a cell in the original population has undergone,
including the peak of undivided cells.

ELISA

Cytokine levels in cell-free supernatants were measured using the fol-
lowing kits: OptEIA IL-2 (BD Pharmingen), TNF-a ELISA MAX
(BioLegend), and IL-1$ DuoSet (R&D Systems). To detect OVA-specific
IgM, IgG2b, and IgG1, MaxiSorp plates (Nunc) were coated overnight
with 50 pl of 10 pg/ml OVA before mouse sera (diluted 1:100 for IgM
and IgG2b, 1:1000 for IgG1) were added and incubated for 2 h at room
temperature. After washing, HRP-conjugated goat anti-mouse isotype
detection Ab (Southern Biotech) was added and incubated for 1 h at
1:500 dilution, followed by colorimetric development using 3,3',5,5'-
tetramethylbenzidine (Sigma-Aldrich). For OVA-specific IgE, plates
were coated with 50 pl of 2 pg/ml anti-mouse IgE capture Ab (LO-ME-
3; Invitrogen), and mouse sera diluted at 1:100 were added and incu-
bated for 2 h at room temperature. Biotin-conjugated OVA was added
at 3 pg/ml and incubated for 1 h, followed by HRP-conjugated streptavidin
before colorimetric development using 3,3,5,5'-tetramethylbenzidine.
All sera stored at —20°C were tested simultaneously to allow comparison
of OD. OD values for preimmunization (day 0) were set as background
and subtracted from the OD at each time point for each individual
mouse.

Statistical analysis

Statistical significance was assessed using unpaired two-tailed ¢ tests. Data
were analyzed using Prism 7 (GraphPad).

Results
Alum and other sterile particulates trigger IL-2 release from
DCs

We observed that DCs exposed to either of two commercial forms
of alum produced IL-2 in vitro (Fig. 1A, 1B). Priming of DCs with
LPS was needed for alum-triggered IL-2 release, in striking
similarity to the two-signal requirement for inflammasome acti-
vation driven by alum and other particulates (9, 23). LPS alone
induced low levels of IL-2 production from DCs, as already re-
ported (16), but alum boosted IL-2 production 3-6-fold (Fig. 1A,
1B). Alum is not the only sterile particulate endowed with bio-
logical activity; SiO, and MSU crystals are able to activate primed
APCs by triggering the NLRP3 pathway (22, 24). Therefore, we
asked whether these particulates also induced IL-2 production by
DCs; similar to alum, SiO, and MSU dose dependently elicited
IL-2 release from primed DCs (Fig. 1C, 1D). The finding that
MSU also induces DC-derived IL-2 is of particular relevance,
because endogenous uric acid released upon alum injection is
known to contribute to its adjuvant effects (2). Moreover, other
stimuli, such as CpG, could replace LPS in priming of DCs
(Supplemental Fig. 1), suggesting the existence of a common
downstream mediator of danger signaling that is involved in
priming.
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FIGURE 1. Sterile particulates elicit IL-2 release
from DCs. DCs were stimulated with Imject alum
(A), Adju-Phos alum (B), SiO, (C), or MSU crystals
(D), with or without LPS (100 ng/ml) priming.
Cytokine levels were measured in supernatants by
ELISA. A representative experiment of four is
shown. Error bars represent SD.

Although sterile particulates are able to elicit inflammasome
activation in DCs and macrophages (25), stimulation of IL-2 re-
lease is a distinctive feature of professional APCs, such as DCs.
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Indeed, macrophages were unable to produce IL-2 in response to
alum or MSU, even upon priming, while retaining the ability to
secrete the inflammatory cytokine TNF-a (Supplemental Fig. 2).
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FIGURE 2. Particulates trigger DC-derived IL-2 release independent of the NLRP3 inflammasome. WT, Nlrp3 /", and Asc™/~ DCs were primed
with LPS (100 ng/ml) and stimulated with alum (A and C) or MSU (B and D). Levels of secreted IL-2 and IL-13 were measured in supernatants. (E) WT
DCs were stimulated with alum in the presence or absence of IL-1RA. (F) Proliferation of CellTrace Violet-labeled OT-II CD4* T cells adoptively
transferred into WT or Nlrp3 '~ mice immunized with OVA and alum. Representative graphs of CellTrace Violet dilution and consolidated division
indexes in mediastinal lymph nodes are shown. (A—E) Graphs representative of three independent experiments are shown. Error bars represent SD. (F)
n =7 mice from three independent experiments. Error bars represent SEM. Statistical significance was assessed using an unpaired two-tailed ¢ test. ns,

not significant.
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The induction of DC-derived IL-2 by particulates is
independent of the NLRP3 inflammasome

Because all of the sterile particulates tested are well-described
activators of the NLRP3 inflammasome, we examined whether
the ability of particulates to trigger DC production of IL-2 was
dependent on the NLRP3 inflammasome. Interestingly, LPS-
primed DCs from wild-type (WT) mice and mice lacking Nlrp3
or Asc (an adaptor protein used in multiple inflammasome sub-
types) released comparable amounts of IL-2 in response to alum or
MSU (Fig. 2A, 2B). However, as expected, IL-1p release was
severely compromised in the culture supernatants of Nlrp3 '~ and
Asc”™’” DCs relative to WT (Fig. 2C, 2D). Furthermore, the
neutralization of autocrine IL-1a/f with IL-1RA (anakinra) did
not hinder IL-2 production by stimulated WT DCs (Fig. 2E). Fi-
nally, Ag-specific CD4" T cells proliferated normally in alum-
immunized NIrp3 ™'~ recipients (Fig. 2F). Therefore the two
pathways elicited by alum and MSU leading to IL-1 and IL-2
release operate independently in DCs.

IL-2 release from DCs triggered by sterile particulates is
dependent on actin polymerization, Syk and Src kinases,
calcium mobilization, and NFAT activation

Next, we determined the mechanisms contributing to the ability of
particulates to trigger DC production of IL-2. To do this, we first
primed DCs with LPS for 30 min, after which inhibitors were added
to the culture medium, followed by alum or MSU crystals 10 min
later. Such a sequence minimized the likelihood of the inhibitors
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interfering with DC priming and instead focused on their effects on
particulate-induced IL-2 release. This strategy was successful
because the levels of IL-2 release induced by LPS alone were
unaffected by inhibitor treatment (Fig. 3). We also confirmed that
the inhibitors were not causing increased cell death in DC cultures
(data not shown).

We observed that inhibition of actin polymerization by cyto-
chalasin D dose dependently reduced particulate-triggered IL-2
release by DCs (Fig. 3A). This finding suggests that phagocyto-
sis or, more likely, binding/retention of particles at the plasma
membrane (attempted/frustrated phagocytosis) (3) is necessary for
IL-2 release. Because alum and MSU activate Syk in DCs by
interacting with cell surface lipid rafts in a receptor-independent
manner (3, 26), we next asked whether particulate activation of
Syk was necessary for IL-2 release. That was indeed the case,
because increasing concentrations of Syk inhibitor markedly re-
duced IL-2 levels in the culture medium (Fig. 3B). Furthermore,
Ab-mediated cross-linking of CD16 or TREMI, which signal
through Syk (27), also induced Syk-dependent IL-2 release
(Supplemental Fig. 3). Thus, Syk is required for IL-2 secretion in
response to fungal B-glucans (14, 15), as well as sterile insults. Src
kinases cooperate with Syk to regulate signal transduction at the
“phagocytic synapse” (28); accordingly, using the Src inhibitor
PP2, we found that Src kinases were also essential for particulate-
triggered IL-2 release by DCs (Fig. 3C).

The Syk pathway ultimately leads to calcium mobilization, which,
in turn, could trigger calcineurin-dependent activation of NFAT.
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FIGURE 3. Particulate-triggered IL-2 release depends on actin polymerization, Syk and Src kinases, and NFAT activation. DCs were primed with LPS
(100 ng/ml) for 30 min prior to addition of inhibitors: cytochalasin D (A), Syk inhibitor (B), Src inhibitor PP2 (C), cyclosporin A (D), FK506 (E), and EGTA
(F) or vehicle alone. Ten minutes later, cells were stimulated with alum or MSU. IL-2 levels were measured in supernatants by ELISA. All graphs shown are
representative of at least three independent experiments. Error bars represent SD.
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NFAT was linked to IL-2 release upon microbial challenge (15, 27,
29, 30). Therefore, we asked whether NFAT also regulates IL-2 se-
cretion in response to sterile stimuli, such as alum. Using the cal-
cineurin inhibitors cyclosporin A and FK506 (tacrolimus) to block
NFAT translocation to the nucleus, we observed a dose-dependent
reduction in IL-2 release (Fig. 3D, 3E). A similar inhibition of
particulate-mediated IL-2 secretion was observed in the presence
of the calcium-chelating agent EGTA (Fig. 3F), in line with the
Ca”"-dependent activation of the calcineurin—NFAT pathway.

Taken together, our findings identify the Syk/Src—Ca**~NFAT
pathway as the master regulator of IL-2 production in DCs upon
exposure to sterile particulates.

DC-derived IL-2 is necessary for optimal induction of
Ag-specific CD4" T cell expansion in vivo upon alum
immunization

Having demonstrated that particulates induce DC secretion of IL-2
in vitro, we then asked whether in vivo DC production of IL-2 is
important for arming adaptive immunity upon alum immunization.
We generated a mouse conditionally deficient for IL-2 in DCs by
adopting a widely used mixed bone marrow chimera model (31—
33). Congenic CD45.1" mice were lethally irradiated, and their
bone marrow was reconstituted with a mixture of CD45.2*GFP*
CDI11c:DTa and CD45.2* 112"~ bone marrow cells. This setup
allows the cell populations (donor versus recipient and IL-2 suf-
ficient versus IL-2 deficient) to be distinguished based on CD45.1,
CD45.2, and GFP expression (Fig. 4A). Because DCs generated
by CD11c:DTa crepos bone marrow cells are constitutively de-
leted by diphtheria toxin production prompted by Cre recombinase

Syk-NFAT-IL-2 AXIS MEDIATES ALUM ADJUVANTICITY

expression, only 127~ DCs populate tissues (Fig. 4B). Hereafter, we
refer to CD11¢:DTa crepos 112 animals as DC-1127/~. As controls,
irradiated CD45.1" mice were reconstituted with donor cells from
12"~ mice and CD11c:DTa littermates negative for Cre (DC-I12* ")
or bone marrow cells from 112" mice and CD11c:DTa littermates
positive for Cre (DC-I2*). In these mice, the DC compartment
consisted of approximately equal ratios of IL-2—sufficient CD11c:DTa
creneg (not expressing diphtheria toxin) and IL-2—deficient cells
(Fig. 4B). Moreover, the chimerism of the B and T cell compartments
was unaffected in DC-II2™"~ mice compared with DC-II2*'~ mice,
illustrating the specificity of DC targeting using this strategy (Fig. 4B).

To investigate the effect of DC-derived IL-2 upon responses to
alum immunization, we adoptively transferred CellTrace Violet—
labeled OT-I1 CD4* T cells into DC-112**, DC-112*'~, and DC-1127"~
mice before immunization with alum-adjuvanted OVA. We observed
a significant attenuation of Ag-specific proliferation of OT-II CD4"
T cells in the draining lymph nodes and spleens of DC-112~~ animals
at 3 d (Fig. 5A, 5B) and 7 d (Fig. 5C) after immunization, whereas
T cells expanded normally in the DC-II2** and DC-II2*'~ control
groups (Fig 5A-C). Accordingly, significantly fewer OT-II CD4"
T cells were recovered from DC-TI2 ™/~ spleens compared with DC-
12*"* and DC-II2"~ controls (Fig. 5D). Interestingly, IL-2—-mediated
alum responses in vivo occurred in the absence of an experimentally
applied priming stimulus, such as LPS, reminiscent of particulate-
driven NLRP3 activation that requires priming in vitro but not in vivo
(22, 34, 35).

The observed reduction in CD4" T cell proliferation was deci-
sively due to the complete lack of DC-derived IL-2 in DC-II2~/~
mice: other than IL-2 deficiency, the 1127/~ DC populations were
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numerically and functionally indistinguishable from IL-2—sufficient
(CD11c:DTa creneg) DCs. We did not observe any difference in the
percentage or total number of DCs in the spleens of DC-112**, DC-
12~ and DC-1I2™"~ chimeras, indicating that DC deficiency of
IL-2 does not impact the ability of 112~/~ bone marrow precursors
to differentiate into DCs (Fig. 6A). We also examined the ability of
IL-2—deficient DCs to take up the OVA Ag in vivo by injecting DC-
12"~ mice i.p. with alum mixed with fluorescent OVA-AF647,
followed by the measurement of OVA-AF647 uptake and levels
of expression of costimulatory molecules of resident and recruited
Gr-1" DCs in the draining lymph nodes. We did not observe any
difference in the ability of IL-2—deficient (M27'7) or IL-2—sufficient
(CD11c:DTa creneg) resident or recruited DCs to acquire OVA-
AF647 (Fig. 6B) or to upregulate the expression of CD40, CDS80,
and CD86 costimulatory molecules (Fig. 6C, 6D).

Alum-driven humoral responses are impaired in the absence of
DC-derived IL-2

Having characterized the mechanism leading to IL-2 release from
DCs stimulated with alum and established its relevance for T cell
responses to Ags in vivo, we set out to understand whether hu-
moral responses were also compromised when DC-derived IL-2 is
lacking. To this aim, we compared the serum titers of OVA-specific
Abs upon alum-adjuvanted prime/boost immunization of DC-T127/~
and DC-1I2"~ mice. We observed significantly lower levels of serum
OVA-specific IgG1 and IgE Abs in DC-I12 ™~ mice compared with
DC-II2"~ controls from day 21 postimmunization (Fig. 7A, 7B),
whereas the serum IgM and IgG2b levels remained unaffected by
IL-2 deficiency (Fig. 7C, 7D). The pattern of Igs affected by the lack
of DC-derived IL-2 suggests that this cytokine preferentially con-
tributes to type 2 humoral responses to the OVA model Ag in vivo.

Taken together, our findings on T and B cell functions indicate
that DC-derived IL-2 is required for the optimal induction of
adaptive immunity in response to alum immunization in vivo.

Discussion

Charles Janeway famously nicknamed adjuvants “the immunolo-
gist’s dirty little secret”; although this secret has become less
enigmatic in recent years thanks to a string of studies (2, 3, 5, 10,
12), it is still far from being exposed. Yet, it is obvious that the
successful design of novel vaccination strategies demands a deeper
understanding of the adjuvants delivered to hundreds of millions of
people for almost a century, including alum.

In this study, we illuminate a novel mechanism underpinning
alum’s function as a vaccine adjuvant. We provide evidence that
sterile particulates, alum and uric acid crystals, instruct DCs to re-
lease IL-2 and that this IL-2 is necessary for the initiation and
maintenance of optimal Ag-specific T and B cell responses following
alum-adjuvanted immunization.

Mechanistically, DC-derived IL-2 release requires phagocytosis
of alum particles, which activates Src and Syk kinases, ultimately
instigating Ca®* flux and calcineurin-mediated NFAT-dependent
IL-2 production. Although the role of the Syk—-NFAT-IL-2 axis in
DCs is known in antimicrobial (especially antifungal) immunity
(21), to our knowledge this is the first report showing its crucial
involvement in responses to sterile insults. As such, a natural di-
rection for future investigation will be to ascertain the role of DC-
derived IL-2 in autoinflammatory diseases primarily triggered by
nonmicrobial danger signals, such as gout, asbestosis, and silicosis.

Because immunization with alum results in the accumulation of uric
acid at the site of injection (9), the question that arises is whether alum
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itself, the released uric acid, or both are responsible for the induction
of DC IL-2 production. Data from the Lambrecht group showed that
mice receiving the uric acid—degrading enzyme, uricase, together
with alum-adjuvanted OVA exhibited attenuated priming of adop-
tively transferred CD4* T cells and lower serum titers of OVA-
specific Ab subclasses (2, 36). In our DC-127'~ mixed chimera
mice, which lack DC-derived IL-2, we observed reduced priming of
adaptive immunity. Because alum and MSU triggered IL-2 release
from DCs in our in vitro experiments, it is likely that DC-derived IL-2
induction mediates direct (alum-mediated) and indirect (MSU-
mediated) contributions to alum adjuvanticity.

The role of NLRP3 in mediating alum adjuvanticity has
remained a controversial issue. Early studies showed that NLRP3
was important for the alum-stimulated adaptive immune response;
however, several studies have since illustrated partial or complete
independence from NLRP3 (9, 11, 12, 37). Our data support the
paradigm that NLRP3 is dispensable for the adjuvant effect of
alum because OT-II CD4™" T cells adoptively transferred into WT
or Nlrp3-deficient mice proliferated to a similar extent after alum/
OVA immunization. Consistently, DCs from WT, Nlrp37/7, and
Asc™’~ mice exhibited comparable levels of IL-2 secretion in
response to alum.

The Underhill group recently proposed the concept of the “phago-
cytic synapse,” based on the observation that only phagocytosis-
triggering particulate (3-glucans activate dectin-1 signaling, whereas
their soluble counterpart does not (28, 38). Given that the dectin-1
pathway is the most potent inducer of IL-2 in DCs (21, 38, 39), it is
tempting to speculate that IL-2 might be a hallmark cytokine of
phagocytosis in DCs. This notion is in line with our data, given

that sterile particulates, such as alum and MSU, are able to
strongly enhance IL-2 release, unless actin polymerization is
inhibited. Of note, we found that Syk is required for IL-2 pro-
duction by DCs following alum/MSU stimulation, similar to
dectin-1 activation (14, 21), suggesting that Syk is the master
regulator of DC-derived IL-2. Consistent with this, we showed
that Ab-mediated cross-linking of the Syk-signaling CD16 and
Trem-1 receptors caused DCs to secrete abundant amounts of
IL-2; moreover, CD16 and Trem-1 are well-known triggers of
phagocytosis (40, 41), which supports the paradigm of IL-2 re-
lease downstream of phagocytic pathways. Finally, although LPS
induces comparatively little IL-2 production by DCs (29), CD14,
the LPS coreceptor, also activates Syk upon LPS recognition (42),
possibly through plasma membrane lipid sorting driven by its GPI
moiety (43-45), which would mirror lipid sorting by alum/MSU
(3, 26).

Another unifying theme suggested by our work concerns the
recognition of large crystals and particulates, such as alum and
MSU, which invariably triggers a convergent pathway involving
plasma membrane lipid sorting, Syk activation, and actin-mediated
binding. Although downstream events may then diverge, leading to
outcomes as varied as upregulation of costimulatory molecules (10,
26), inflammasome activation (46) and, as shown in this article,
NFAT-dependent IL-2 production, the upstream mechanism is
conserved.

Perhaps the most puzzling issue in the field of particulates is the
nature of the priming signal in vivo, which is still unidentified.
In vitro, sterile particulates only activate the NLRP3 inflammasome
following priming of DCs, usually experimentally elicited with
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LPS (22). Priming is required to induce pro-IL-1(3, as well as to
upregulate expression of critical components of the inflammasome
complex, thereby making cells responsive to activating stimuli,
such as MSU or alum (34). However, patients affected by gout, a
disease mediated by MSU-driven NLRP3 activation, do not re-
ceive any exogenous priming and yet inhibiting inflammasome-
dependent IL-1 activity with the rIL-1R antagonist (anakinra)
ameliorates their condition (22, 47, 48). Thus, in vivo priming
must come from an endogenous sterile (danger) signal that reca-
pitulates at least those properties of LPS that are needed to induce
pro—IL-1P and essential inflammasome components. In our study,
we observed a similar pattern for alum-triggered IL-2. In vitro,
DCs required prior priming to be responsive to particulates;
however, IL-2—dependent in vivo immunizations were performed
without the addition of any priming agent. LPS contamination
cannot explain our findings, not only because we confirmed that
all of our reagents were endotoxin free but, most importantly,
because mice doubly deficient in MyD88 and TRIF respond
normally to alum vaccination (7). This observation also rules out
any potential role for inflammasome-driven IL-13 or necrosis-
linked IL-1a (49), both of which signal through MyD88 (50). It
is likely that alum injection in vaccination settings or the MSU
deposition seen in gout induce a variety of known and unknown
danger signals that are able to prime DCs in vivo, enabling IL-2
release upon particulate binding. The danger signals priming DCs
for inflammasome activation or IL-2 release in vivo do not nec-
essarily need to be the same. We screened in vitro for potential
priming activity of several sterile signals, including HMGB-1,
TNF-a, and CD40L, but they were not able to recapitulate the
properties of the elusive danger signal.

It is worth mentioning that human DCs enhance T cell priming
by trans-presenting IL-2 via CD25 (51). This finding demonstrates
that DC-derived IL-2 is an immune pathway shared by mouse and
man, endowing our findings with appeal for clinical translation.
Moreover, this example supports the notion that DC-derived IL-2
plays a nonredundant and distinct role in immune responses from
T cell-derived IL-2, in line with our data. Therefore, despite the

fact that “adaptive” IL-2 has been well characterized, much re-
mains to be learned about “innate” IL-2.

Many novel non-TLR-based adjuvants have been developed as
alternatives to alum, including MF59, AS03, and Montanide ISA
720. Therefore, it will be of interest to examine whether these
novel adjuvants are likewise dependent on DC-derived IL-2 for
efficacy and, if so, whether a common mechanism underlies the
many adjuvant systems currently in development.

In conclusion, by showing an important role for DC-derived IL-2 in
promoting the adaptive immune response to alum immunization, our
results suggest that adjuvants targeting DCs to increase production of
IL-2 might enhance vaccine efficacy. Because combinatorial adjuvant
systems comprising alum and a TLR ligand, such as monophosphoryl
lipid A or CpG, are already in development, we believe that optimizing
these combinations to trigger the Syk pathway and, ultimately, IL-2
production might substantially improve vaccine efficacy.
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