POL III links cytosolic RNA:DNA hybrids to miRNAs
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FIGURE 7

POL III links cytosolic RNA:DNA hybrids to miRNAs
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POL 111 links cytosolic RNA:DNA hybrids to miRNAs
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POL III links cytosolic RNA:DNA hybrids to miRNAs

FIGURE 9
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TLR9 and STING agonists synergistically induce innate
and adaptive type-II IFN

Burcu Temizoz!, Etsushi Kuroda!, Keiichi Ohata', Nao Jounai?,
Koji Ozasa?, Kouji Kobiyama?, Taiki Aoshi? and Ken J. Ishiil:?
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University, Osaka, Japan

2 Laboratory of Adjuvant Innovation, National Institute of Biomedical Innovation (NIBIO),
Osaka, Japan

Agonists for TLR9 and Stimulator of IFN Gene (STING) act as vaccine adjuvants thatinduce
type-1immune responses. However, currently available CpG oligodeoxynucleotide (ODN)
(K-type) induces IFNs only weakly and STING ligands rather induce type-2 immune
responses, limiting their potential therapeutic applications. Here, we show a potent syner-
gism between TLR9 and STING agonists. Together, they make an effective type-1 adjuvant
and an anticancer agent. The synergistic effect between CpG ODN (K3) and STING-ligand
cyclic GMP-AMP (cGAMP), culminating in NK cell IFN-y (type-II IFN) production, is due
to the concurrent effects of IL-12 and type-I IFNs, which are differentially regulated by
IRF3/7, STING, and MyD88. The combination of CpG ODN with cGAMP is a potent type-1
adjuvant, capable of inducing strong Ty 1-type responses, as demonstrated by enhanced
antigen-specific IgG2c and IFN-y production, as well as cytotoxic CD8* T-cell responses.
In our murine tumor models, intratumoral injection of CpG ODN and ¢cGAMP together
reduced tumor size significantly compared with the singular treatments, acting as an
antigen-free anticancer agent. Thus, the combination of CpG ODN and a STING ligand
may offer therapeutic application as a potent type-II IFN inducer.

Keywords: Adjuvant - cGAMP - CpG ODN - IFN-y - STING - TLR -

Additional supporting information may be found in the online version of this article at the
publisher’s web-site

Introduction activity [5, 6]. Moreover, Ty1 cells play key roles in the gen-

eration of antitumor immunity, helping with proper activation

Pathogen-derived factors, such as LPS or unmethylated CpG DNA
(Cp@), stimulate innate immune cells to produce cytokines, such
as IL-12 and type-I or type-II IFNs, which help generate Ty 1-type
responses and cellular immunity [1, 2]. IL-12 acts on naive CD4*+ T
cells to drive Ty 1 development and IFN-y production [3, 4]. IFN-y-
producing Tp1 cells, in turn, are the main players in the induction
of type-1 immunity, which is distinguished by high phagocytic
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and effector functions of CTL, including IFN-y production [7, 8].
Thus, agents that can induce strong Ty, 1-type responses, CTL, and
NK cells [9] are urgently needed, as they may play critical roles
in developing efficient vaccine adjuvants or immunotherapeutic
agents against intracellular pathogens or cancer.

CpG oligodeoxynucleotides (ODNs) are synthetic single-
stranded DNAs containing unmethylated CpG motifs with imm-
unostimulatory properties due to their resemblance to bacte-
rial genomes, and are recognized by TLRY in certain types of
innate immune cells {10, 11]. Upon ligand binding, TLR signals
through the adaptor molecule MyD88, leading to production of
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IRF7-dependent type-I IFNs and NF-«B-dependent cytokines [12].
Additionally, in vivo, CpG ODNs have been reported to induce Ty, 1-
type responses because of the types of cytokines that are induced
by CpG ODNs in APCs [12]. Among the different types of CpG
ODNs, D-type CpG ODNs strongly induce both type-I and type-1I
IFNs, but are not capable of inducing B-cell activation [12, 13]. K-
type CpG ODNs (K3 CpG) strongly induce B-cell activation, result-
ing in IL-6 and antibody production, while they only weakly induce
type-I and type-1I IFNs [12, 13]. However, since D-type CpG ODNs
form aggregates, only K3 CpG is available for clinical use [12, 13].

Along with microbial DNA, host DNA can also become a dan-
ger signal, specifically if it inappropriately locates in the cytosol,
thereby leading to production of IFNs and proinflammatory
cytokines [14, 15]. One recently identified cytosolic DNA sensor
is cyclic GMP-AMP (cGAMP) synthase, which catalyzes produc-
tion of a noncanonical cyclic dinucleotide cGAMP (2'3'cGAMP),
containing noncanonical 2,5 and 3,5 linkages between its
purine nucleosides [16]. Canonical cGAMP (3'3") is synthesized
within bacteria and differs from mammalian 2'3’cGAMP in that
GMP and AMP nucleosides are joined by bis-(3',5") linkages
[17,18].

In addition to ¢cGAMP, c¢-di-AMP and c-di-GMP, which are
cyclic dinucleotides of bacterial origin, are ligands for the adaptor
molecule Stimulator of IFN Gene (STING) that signals through
the TBK1-IRF3 axis to induce type-l IFN production and NF-
«B-mediated cytokine production [19, 20]. Recent studies have
shown that these cyclic dinucleotides function as potent vaccine
adjuvants due to their ability to enhance antigen-specific T-cell and
humoral immune responses [21]. Nevertheless, our group previ-
ously demonstrated that a STING ligand, DMXAA, induces type-2
immune responses unexpectedly [22] via STING-IRF3-mediated
production of type-I IFNs. As type-2 immune responses often fail to
induce type-1 immune responses, the clinical usefulness of STING
ligands, including cyclic dinucleotides, was debatable. For exam-
ple, the most common adjuvant, aluminum salt (alum), lacks the
ability to induce cell-mediated immunity, which is considered pro-
tective in cases of intracellular pathogen-derived diseases or can-
cer [23]. To overcome this limitation, alum has been combined
with many different kinds of adjuvants, including monophospho-
ryl lipid A [24] and CpG ODN [25].

Based on the evidence described above, we tried to overcome
the issues that K3 CpG and cGAMP possess individually by combin-
ing K3 CpG and 3'3'cGAMP. We investigated the immunological
characteristics, potency as a vaccine adjuvant and potential as an
antitumor immunotherapeutic of this combination, as well as its
mechanisms of action in vitro and in vivo. In vitro, the effect of
combined K3 CpG and ¢cGAMP was analyzed using human and
mouse PBMCs (mPBMCs). Additionally, the effect of this combi-
nation was analyzed in vivo via an immunization model by mea-
suring the induction of antigen-specific T- and B-cell responses
after combination immunization. Finally, we evaluated the abil-
ity of combined K3 CpG and ¢cGAMP to suppress tumor growth
in a mouse tumor model. Our results suggest that the combina-
tion of K3 CpG and cGAMP makes a potent type-1 adjuvant and a
promising immunotherapeutic agent for cancer.

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results

Combination of K3 CpG and cGAMP potently induces
IFN-y in human PBMCs (hPBMCs)

K3 CpG is a humanized K-type (also known as B) CpG ODN that
has been reported to induce type-1 immune responses, yet only
weakly induces IFNs [13, 26]. On the other hand, while cGAMP
can induce robust type-1 IFNs and acts as an adjuvant [21], other
STING ligands were reported to induce type-2 immune responses
[22]. To overcome these known limits of K3 CpG and cGAMP, we
examined the immunostimulatory properties of a combination of
K3 CpG and the canonical 3'3'cGAMP in vitro in hPBMCs. After
screening many cytokines using multiple hPBMCs to find inter-
actions between TLR9- and STING-mediated signaling pathways
(data not shown), we found that our combination displays potent
synergism in the induction of IFN-y, approximately 10- to 90-fold
more than stimulation with X3 CpG or cGAMP alone (Fig. 1A).

Next, to identify the major IFN-y-producing cell type in
hPBMCs, we performed intracellular staining of IFN-y in hPBMCs
stimulated with K3 CpG, cGAMP, or the combination (gating strat-
egy is shown in Supporting Information Fig. 2). Our results indi-
cate that CD3~CD56*CD16" NK cells are the major producers of
synergistic IFN-y among the hPBMCs in response to the combina-
tion stimulation, while CD8" T cells and other cells produced a
minimal amount of IFN-y (Fig. 1B).

Type-1IFNs and IL-12 are capable of activating NK cells for IFN-
y production in addition to inducing type-1 immune responses
[27, 28]. Therefore, we next examined the role of IL-12 and
type-I IFNs in the combination-induced innate IFN-y production
in hPBMCs. Treatment with IL-12 neutralizing antibody partially
reduced the synergistic IFN-y induction by the combination stim-
ulation (Fig. 1C). Although treatment with type-I IFN neutralizing
antibody did not have any effect on the combination-induced IFN-
y production, neutralizing both type-I IFNs and IL-12 at the same
time further reduced the synergistic IFN-y production (Fig. 1C).
These results suggest that IL-12 works in coordination with type-I
IENs for the synergistic production of IFN-y by hPBMCs. Taken
together, the results above indicate that, when combined, K3 CpG
and ¢cGAMP can be potent NK activators, leading to the production
of large amounts of IFN-y through mechanisms partially depen-
dent on IL-12 and type-I IFNs.

Cellular and intracellular mechanisms of the
synergistic IFN-y induction by K3 CpG and cGAMP
in mice

To examine the synergism between our TLR9 and STING agonists
for early (innate) IFN-y induction in mice, we stimulated mPBMCs
in vitro with K3 CpG, cGAMP, or the combination. Large amounts
of IFN-y production were observed in a synergistic manner similar
to what we observed in hPBMCs (Fig. 2A). Since IRF3 and IRF7
are the necessary downstream molecules for cGAMP- and CpG-
mediated type-I IFN induction, respectively [17, 291, we examined
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Figure 1. K3 CpG and cGAMP (TLR9 and STING agonists, respectively) synergistically induce innate IFN-y production by human NK cells. (A)
hPBMCs from two healthy donors were incubated with K3 CpG (10 pg/mL), cGAMP (10 1M), or K3 CpG (10 pg/mL) + cGAMP (10 pM) for 24 h
and the supernatant IFN-y concentrations were measured by ELISA. Data are representative of at least two independent experiments, and are
shown as the mean + SD of duplicates from one experiment, representative of at least two performed. *p < 0.05; *p < 0.01 (one-way ANOVA with
Bonferroni’s multiple comparison test). (B) hPBMCs from three healthy donors were stimulated with K3 CpG, cGAMP, or K3 CpG + cGAMP for 16 h,
with the last 4 h in the presence of Brefeldin A. After stimulation, cells were analyzed by flow cytometry for the detection of IFN-y-producing cells.
The percentage of IFN-y-producing CD3*CD8" T cells, CD3+*CD8~ T cells (including CD4* T cells), and CD3~CD56+*CD16* NK cells are indicated in
the quadrants. Data from one donor, which is representative of three donors, is shown. (C) hPBMCs from two healthy donors were treated with
5 pg/mlL of isotype control, type-1 IFN neutralizing, IL-12/23p40 neutralizing, or type-1 IFN + IL-12/23p40 neutralizing antibodies 30 min prior to
24 h of stimulation with K3 CpG, cGAMP, or K3 CpG + cGAMP. IFN-y production was measured by ELISA. Data are representative of at least two
independent experiments, and are shown as the mean + SD of duplicates from one experiment, representative of at least two performed. *p <

0.05; *p < 0.01 (one-way ANOVA with Bonferroni’s multiple comparison test).

the roles of IRF3 and IRF7 in the synergistic IFN-y production using
mPBMCs derived from either mice deficient for both IRF3 and
IRF7 (double knockout, DKO). The synergistic IFN-y production
was abrogated in the IRF3/7 DKO mPBMCs (Fig. 2A).

As IL-12 and type-1IFNs are responsible for the synergistic IFN-
y production in hPBMCs (Fig. 1C), we further examined the ability
of combined K3 CpG and cGAMP to activate dendritic cells (DC)
that can produce IL-12 and/or type-I IFNs. When we incubated
GM-CSF-derived DCs (GM-DCs) and Flt3L-derived DCs (FL-DCs)
with K3 CpG, ¢cGAMP, or the combination, we found a similar
synergy to the one we observed in mPBMCs (Fig. 2B to D). The
combination of K3 CpG and ¢cGAMP induced significantly higher
IL-12p40 production by both GM-DCs (Fig. 2B) and FL-DCs
(Fig. 2C), and significantly higher IFN-a production by FL-DCs
(Fig. 2D) than the amounts induced by singular stimulations.
This suggests a potential role for IL-12 and type-I IFNs in the

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

synergistic IFN-y induction by our combination. Together these
results demonstrate that the synergy between K3 CpG and cGAMP
that potently induces IFN-y in hPBMCs was reproduced in mice.
The mechanisms for this synergism involve IRF3/7-mediated
intracellular signaling, and the synergy induces type-I IFNs by
plasmacytoid DCs (pDCs) as well as IL-12 production by both
conventional DCs and pDCs.

TLR9/STING agonists induce type-1 immunity, CD8*
T cells, and suppress type-2 immunity

Given the presence of different kinds of agonistic STING ligands,

¢-di-GMP, the mammalian 2'3'cGAMP and DMXAA, which was
reported to induce type-2 immune responses [18, 19, 22], we
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next examined the ability of K3 CpG to synergize with these other
STING ligands. mPBMCs stimulated with not only 3'3'cGAMP, but
also 2/3'cGAMP and c¢-di-GMP synergized with K3 CpG to induce
innate IFN-y production (Fig. 3A).

To evaluate the adjuvant properties of these combinations
in vivo, we immunized mice with the OVA protein and K3
CpG, STING agonists, or combinations of K3 CpG and STING
agonists twice, at days 0 and 10. At day 17, antigen-specific
antibody responses and spleen cell responses were examined. All
mouse groups adjuvanted with STING agonists, such as cGAMP,
¢-di-GMP, and DMXAA, but not those adjuvanted with the TLR9
agonist, K3 CpG, had type-2 immune responses characterized by
a high titer of serum anti-OVA IgG1 (Fig. 3B), and OVA-specific
11-13 production by splenocytes (Fig. 3C). By sharp contrast, the
addition of K3 CpG converted all of the type-2 immune responses
induced by STING agonists into type-1 immune responses,
characterized by strong induction of OVA-specific serum IgG2c
and splenocyte IFN-y, while shutting down OVA-specific IgG1 and
1L-13 production (Fig. 3B and C). We also observed synergistic
induction of IFN-y by OVA-specific CD8" T cells (Supporting
Information Fig 1A). Furthermore, our in vivo CTL cytotoxicity
assay (gating strategy is shown in Supporting Information
Fig. 3) revealed that compared to the PBS, K3 CpG, or cGAMP
immunization groups, combination of K3 CpG and ¢cGAMP could
induce strong antigen-specific CD8" CTL cytotoxicity (Supporting
Information Fig. 1B) These results suggest that combinations
of TLR9 and STING agonists result in potent type-1 adjuvants,
capable of inducing robust CD8% T-cell responses, in addition
to the induction of synergistic adaptive IFN-y production in the
antigen-stimulated spleen cells of the combination-immunized

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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IRF3/7 DKO

Figure 2. Combination of K3 CpG and cGAMP causes syn-
ergistic induction of innate IFN-y in mPBMCs in an IRF3/7-
dependent manner and production of IFN-¢ and I1L-12 by
FL-DC  pcs. (A) mPBMCs from WT and IRF3/7 DKO mice were

e stimulated with K3 CpG, cGAMP, or K3 CpG + cGAMP for 24
h and IFN-y production was measured by ELISA. Data are
representative of two independent experiments, and are
shown as the mean + SEM of duplicates from one exper-
iment, representative of two performed. ™p < 0.001 (Stu-
dent’s t-test); (B) GM-DCs were stimulated with K3 CpG,
CcGAMP, or K3 CpG + ¢GAMP for 24 h, and IL-12p40 pro-
duction was measured by ELISA, (C and D) FL-DCs were
stimulated with K3 CpG, cGAMP, or K3 CpG + cGAMP for
24 h, and (C) IL-12p40 and (D) IFN-u production were mea-
sured by ELISA. (B to D) Data are representative of two
independent experiments and are shown as the mean
+ SD of duplicates from one experiment, representative
of two performed. **p < 0.001 (one-way ANOVA with Bon-
ferroni’s multiple comparison test).

mice, and of suppressing the type-2 immune responses that are
induced by STING ligands.

Synergistic induction of IFN-y depends on IRF3/7,
STING, MyD88, IL-12, and type-I IFN signaling

We showed in mPBMCs that synergistic production of innate IFN-y
was completely dependent on IRF3 and IRF7, which are required
for the induction of type-I IFNs by cGAMP and K3 CpG, respec-
tively. Since ¢cGAMP is a ligand for STING, and K3 CpG is a
ligand for TLR9 that signals via the adapter molecule MyD88,
we evaluated the involvement of IRF3/7, MyD88, STING, and
type-1 IFNs in the combination-induced synergistic production
of antigen-specific IFN-y, using IRF3/7 DKO, IFN-o/f receptor
(IFNAR) KO, MyD88 KO, and STING mutant mice. Combination-
induced antigen-specific IgG2c¢ in the sera and IFN~y production by
spleen were significantly decreased in the STING mutant, IRF3/7
DKO, MyD88 KO, and IFNAR KO mice, compared with the WT
mice (Fig. 4A and B).

Our in vitro studies in mouse and hPBMCs also showed that
IL-12 contributes to synergistic induction of innate IFN-y. There-
fore, we next investigated the involvement of IL-12 by using
IL-12p40*/~ and IL-12p40~/~ mice. We found that IL-12p40 was
required for the synergistic induction of antigen-specific IFN-y, but
not for the induction of IgG2c antibody responses (Fig. 4C and D).
Overall our results suggest that the combination of K3 CpG and
¢GAMP is a potent type-1 adjuvant, synergistically inducing the
production of antigen-specific IFN-y in an IRF3/7, STING, MyD88,
1L-12, and type-I IFN signaling-dependent manner.
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Figure 3. Combinations of TLR9 and STING agonists are potent type-1 adjuvants that also suppress type-2 immune responses in vivo. (A) mPBMCs
were stimulated with K3 CpG (10 pg/mlL), STING agonists (10 uM), or K3 CpG + STING agonists for 24 h and IFN-y production was measured
by ELISA. Data are representative of two independent experiments, and are shown as the mean + SEM of duplicates from one experiment,
representative of two performed.”p < 0.05; *p < 0.01; **p < 0.001 (one-way ANOVA with Bonferroni's multiple comparison test). (B and C) Mice
(n = 4) were immunized i.m. with OVA (10 p.g) with or without K3 CpG (10 ug), 3/3/2/3'cGAMP (1 n.g), c-di-GMP (1 png), DMXAA (50 pug), or K3 + 3'3//
2'3'cGAMP/c-di-GMP/ DMXAA at days 0 and 10. (B) On day 17, OVA-specific serum IgG1 and IgG2c were measured by ELISA. (C) Spleen cells were
stimulated with OVA (10 pg/mL) protein for 48 h. Production of IFN-y and IL-13 were measured by ELISA. (B and C) Each symbol represents an
individual mouse. Data are representative of two independent experiments and are shown as the mean + SD of biological replicates from one
experiment, representative of two performed. *p < 0.05; p < 0.01 (Mann-Whitney U-test).

Combination of K3 CpG and cGAMP efficiently
suppresses tumor growth in a murine model

Because T, 1 and CD8™ T-cell responses are important for the gen-
eration of antitumor immunity, we investigated the immunothera-
peutic potential of the K3 CpG and cGAMP combination in a mouse
tumor model. We inoculated mice with OVA-expressing EG-7 lym-
phoma cells by s.c. injection. On days 7 and 10, mice were given
intratumor injections of PBS, K3 CpG (10 pg), cGAMP (10 pg),
or K3 CpG and ¢cGAMP. Combination treatment significantly sup-
pressed the tumor growth compared with PBS, K3 CpG, or cGAMP
treatments (Fig. 5A), suggesting that our combination can work
as an antigen-free immunotherapeutic agent for cancer. In addi-
tion, the antitumor effect of the combination, in the EG-7 tumor
model, was dependent on the CD8* T-cell activity, rather than the
NK-cell activity, as the combination failed to suppress the tumor
growth in the RAG2 KO mice (Supporting information Fig. 4B),
and significantly higher amounts of IFN-y were produced only by
the OVA-specific CD8" T cells of the mice that were treated with
the combination (Supporting Information Fig. 4A).

To investigate the antitumor effect of our combination in a
tumor model that does not express an artificial antigen, such as
OVA, we inoculated mice with B16 F10 melanoma cells that were
shown to rely on NK cells for clearance [30] by s.c. injection.
On days 8, 11, and 13, mice were given intratumor injections of
PBS, K3 CpG (10 ng), cGAMP (10 pg), or K3 CpG and cGAMP.

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although cGAMP showed a significant antitumor effect compared
to the PBS treatment group, antitumor effect of the combination
was the strongest among all groups (Fig. 5B).

Discussion

Efficient vaccines against intracellular pathogens or cancer
require adjuvants that induce type-1 immune responses. Cyclic
dinucleotides, such as ¢cGAMP and c¢-di-GMP, have attracted
attention as potential vaccine adjuvants because they directly
bind to the transmembrane molecule STING and activate the
TBK1-IRF3-dependent signaling pathway to induce type-I IFNs
[31]. However, evidence that STING agonists induce type-2
immune responses [22], rather than protective type-1 immune
responses, suggests that their potential therapeutic applications
are limited. In this study, we solve this issue by combining
STING-agonists with K3 CpG, a TLR9 ligand. This combination
synergistically enhances innate and adaptive IFN-y production.
It acts as a potent type-1 adjuvant, strongly inducing antibody
responses, and CD4* Ty1 and CD8* T cells, and as an antitumor
agent that can efficiently suppress tumor growth in mouse tumor
models of lymphoma and melanoma.

The current study demonstrates that the combination of K3
CpG and cGAMP synergistically induces innate IFN-y production
in both human and mPBMCs (Figs. 1 and 2), suggesting that this
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Figure 4. The synergistic effect of the combination of K3 CpG and cGAMP on antigen-specific IFN-y induction is dependent on IRF3/7, STING,
MyD88, IL-12, and type-1 IFN signaling. (A) WT, Tmem173gt, IRF3/7 DKO, MyD88 KO, and IFNAR KO C57BL/6] mice (n = 3) were immunized with
OVA and K3 CpG, cGAMP, or X3 + ¢cGAMP at days 0 and 10, via the i.m. route. On day 17, OVA-specific serum IgG2c and IgG1 were measured by
ELISA. Each symbols represent an individual mouse and data are representative of two independent experiments and are shown as the mean + SD
of biological replicates from one experiment, representative of two performed. *p < 0.05; **p < 0.01; ™*p < 0.001 (one-way ANOVA with Bonferroni’s
multiple comparison test). (B) Spleen cells from immunized mice were stimulated with OVA for 48 h. Production of IFN-y and IL-13 were measured
by ELISA. Data are representative of two independent experiments and are shown as the mean -+ SD of biological replicates from one experiment,
representative of two performed. *p < 0.05; **p < 0.01; ™*p < 0.001 (one-way ANOVA with Bonferroni’s multiple comparison test). (C) IL-12p40
+/— and —/~ C57BL/6] mice were immunized with OVA and K3 CpG, cGAMP, or K3 CpG + cGAMP at days 0 and 10, via the i.m. route. On day
17, OVA-specific serum IgG2c and IgG1 were measured by ELISA. Data are representative of two independent experiments and are shown as the
mean + SD of biological replicates from one experiment, representative of two performed. *p < 0.05 (Mann-Whitney U-test). (D) Spleen cells were
stimulated with OVA protein for 48 h. Production of IFN-y was measured by ELISA. Data are representative of two independent experiments and
are shown as the mean + SD of biological replicates from one experiment, representative of two performed. *p < 0.05 (Mann-Whitney U-test).

phenomenon is conserved between human and mouse. Impor-  consistent with our results [32]. Moreover, we found that, similar

tantly, combination stimulation does not affect cell viability (Sup-
porting Information Fig. 5), which may affect cytokine production.
Our in vitro results also demonstrate that the mechanisms of action
involve IL-12 and type-I IFNs. Specifically, during the synergism
between K3 CpG and cGAMP, type-I IFNs were dispensable since
the loss of their effect can be compensated by the increased pro-
duction of IL-12 (Fig. 1C and Supporting Information Fig. 6B). A
previous report suggested that type-I IFNs and IL-12 can syner-
gistically induce IFN-y production by CD4" T cells after Listeria
monocytogenes infection. They showed that the synergy was sig-
nificantly decreased in the absence of both cytokines, but partially
decreased in the absence of either one of the cytokines, which is

© 2014 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to the synergy observed in PBMCs, our combination can synergisti-
cally induce IL-12p40 production in GM-DCs and FL-DCs (Fig. 2C
and D), suggesting a potential role for conventional and plasma-
cytoid DCs in the combination-induced synergy. A similar IL-12
synergy was reported by Krummen et al. by the combination of
TLR ligands, CpG and Poly I:C, in BM-derived DCs that required
the combination of MyD88- and TRIF-dependent signaling path-
ways [33]. Our results also demonstrate that the combination of
molecules activating MyD88-dependent (TLR9) and independent
(STING) signaling pathways results in a robust immunostimula-
tory agent, suggesting that such combinations might be useful for
immunotherapeutic applications.
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Figure 5. The combination of K3 CpG and cGAMP efficiently suppresses tumors in the EG-7 and B16 F10 mouse tumor models. (A) Mice were
injected with 1 x 10° EG-7 lymphoma cells (in 100 L of PBS) s.c. on day 0. On days 7 and 10, mice were given intratumor injections of PBS (n =
8), K3 CpG (n = 8), cGAMP (n = 8), or K3 CpG + cGAMP (n = 9), and were monitored for tumor growth for 22 days. (B) Mice were injected with 0.5
x 106 B16 F10 cells (in 100 uL of PBS) s.c. on day 0. On days 8, 11, and 13, mice were given intratumor injections of PBS (n = 8), K3 CpG (n = 8),
¢GAMP (n = 8), or K3 CpG + cGAMP (n = 8), and mice were monitored for tumor growth for 17 days. Data are representative of two independent
experiments and are shown as the mean + SEM of biological replicates from one experiment, representative of two performed. *p < 0.05; **p < 0.01

(Mann-Whitney U-test).

According to our findings, NK cells are the major IFN-y-
producing cells in the hPBMC culture following combination stim-
ulation (Fig. 1B). On the other hand, previous reports have shown
that although NK cells express low levels of TLR9, cells that
respond to CpG stimulation are the TLR9-expressing pDCs and
B cells in hPBMCs [34]. Also, IL-12 and type-I IFNs have been
reported to regulate IFN-y production and cytotoxicity in NK cells
[28, 35]. Given those reports and our in vitro data, our pro-
posed mechanism for the synergistic induction of innate IFN-y
is that mainly pDCs may respond to K3 CpG, while, together with
pDCs, other cells, such as conventional DCs or macrophages, may
respond. to ¢cGAMP to produce high amounts of type-I IFNs and
IL-12, which then synergize to induce IFN-y production in NK
cells, by signaling through IL-12 and type-I IFN receptors (Sup-
porting Information Fig. 6A).

The first report about the adjuvant effect of 2'3'cGAMP showed
that i.m. ¢cGAMP immunization can induce antigen-specific B- and
T-cell responses in a STING-dependent manner [21]. Our in vivo
immunization studies using 3'3'cGAMP are also consistent with
the previous reports; it induces strong antigen-specific B- and T-
cell responses in a STING-dependent manner (Fig. 4A and B).
We also showed that 3'3'cGAMP is a type-2 adjuvant that can
induce not only IgG1, but also IgG2c¢ antibody responses and Ty2-
type cytokine responses in spleen cells (Fig. 3B and C). Although
type-2 adjuvants do not usually induce the production of Tj1-
like Ig isotype (IgG2c), cGAMP can do so, probably due to its
ability to induce type-I IENs, since type-I IFNs induce 1gG2c anti-
body responses [36]. Moreover, we found that distinct mecha-
nisms were involved in the induction of B- and T-cell responses
by ¢cGAMP, in which cGAMP-induced antibody responses, but not
Th2 responses, were dependent on type-I IFN signaling (Fig. 4B).
In addition, because ¢cGAMP is known to signal only through
the STING-IRF3 axis to induce type-1 IFN production [17], we
expected to observe the loss of antibody and T-cell responses
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in IRF3/7 DKO mice. However, while cGAMP-induced antibody
responses were slightly reduced in the IRF3/7 DKO mice, cGAMP-
induced T-cell responses were partially dependent on IRF3/7 and,
surprisingly, on MyD88, although such effects were completely
dependent on STING (Fig. 4A and B). Therefore, we are further
investigating the possibility that in addition to the STING-IRF3
pathway, cGAMP might activate an unknown signaling pathway
that involves the adapter molecule MyD88.

Although K3 CpG was reported as an adjuvant capable of
inducing type-1 immune responses [37], we found that K3 CpG by
itself was a weak type-1 adjuvant, as it failed to induce antigen-
specific antibody or T-cell responses at levels comparable with
the ¢cGAMP or combination immunization groups (Fig. 3B and
C). Interestingly, the combination of a weak type-1 adjuvant, K3
CpG, with a type-2 adjuvant, cGAMP, resulted in a strong type-1
adjuvant that induced synergistic antigen-specific IFN-y produc-
tion and strong Ty1-like antibody and CD8" T-cell responses
(Fig. 3 and Supporting Information Fig. 1). Our findings are also
consistent with a previous study showing that the combination of
CpG and IFA, a type-2 adjuvant, induces type-1 immune responses
while suppressing type-2 immune responses [37]. Importantly,
in addition to the induction of potent type-1 immune responses
by our combination, we showed that it can also suppress the
type-2 responses that are induced by ¢cGAMP that is important for
increased safety as dominant type-2 responses have been reported
to cause a number of chronic diseases, such as allergy [5, 38, 39].
Our results are also consistent with the findings of Lin et al., in that
production of IgG2¢ was enhanced while the production of IgG1
was suppressed by CpG [40]. Furthermore, the synergistic effect of
our combination on antigen-specific IFN-y induction is dependent
on IRF3 and IRF7 (Fig. 4A and B), indicating that type-I IFNs may
also play an important role in this synergy. This idea is further sup-
ported by the complete abolishment of synergy that we observed
in IFNAR KO mice (Fig. 4A and B). Moreover, because MyD88 is a
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downstream signaling molecule of TLR9 and cGAMP is a ligand of
STING, we found that the type-1 immunity-inducing effect of the
combination is dependent on both MyD88 and STING, as expected
(Fig. 4A and B). On the other hand, we showed that IL-12p40
is required for the synergistic induction of Ty1-type cytokine
responses, but not for the induction of IgG2c¢ antibody responses
(Fig. 4C and D). Because IL-12 is important for Ty 1-cell devel-
opment and IFN-y production [3, 4], it is reasonable to observe
IL-12 dependency in the Ty 1-type cytokine responses. A possible
explanation for the IL-12-independent IgG2c¢ induction by our
combination could be that production of type-1 IFNs in the KO mice
might be compensating for the absence of IL-12. Previous reports
showed that type-I IFNs can induce IgG2¢ antibody responses in a
T-cell-independent manner [36], while IL-12 induces IgG2c¢ anti-
body responses by inducing IFN-y production from T or NK cells
[41]. In addition, use of anti-IL-12/23p40 neutralizing antibodies
in our in vitro studies and IL-12p40 mice in the in vivo studies can-
not rule out the possible involvement of 1L-23 in the mechanisms
of innate or adaptive IFN-y synergy, as IL-23 signaling, which was
shown to affect NK-cell activation and T-cell responses [42, 43],
will be defective in both experimental designs. Our studies
regarding this issue showed that although no antigen-specific
IL-17 was detected in the spleen cell cultures of the immunized
mice as an indirect indicator of in vivo IL-23 induction, and no
IL-23 was induced in mPBMCs by combination stimulation, IL-23
is induced in the FL-DCs only by combination stimulation, but not
by ¢GAMP or K3 CpG stimulations (data not shown), suggesting
a possible role for IL-23 in the mechanisms of innate or adaptive
IEN-y synergy, which needs further investigation.

Finally, we found the K3 CpG and ¢cGAMP combination has
a strong antitumor effect, as only treatment with the combina-
tion could efficiently suppressed tumor growth in the EG-7 mouse
tumor model (Fig. 5A). Because our in vivo results show that the
combination induces strong CD8* T-cell responses (Supporting
Information Fig. 1A and B), and the antitumor effect of the com-
bination is lost in the RAG2 KO mice (Supporting Information
Fig. 4B), which lacks CD8% T cells, we concluded that the anti-
tumor effect of our combination is due to the induction of robust
CD8™* cytotoxic T-cell activation. Our hypothesis is supported by
a previous report showing that vaccination with OVA-conjugated
CpG ODN also has potent antitumor effects, which are depen-
dent on CD8* T cells [44]. Moreover, since we identified NK cells
as the main players in the IFN-y synergy in our in vitro hPBMC
studies, we also investigated the antitumor effect of our com-
bination in the B16 F10 mouse melanoma tumor model, which
relies on NK cells for clearance [30] and does not express artificial
antigens. Although cGAMP, itself, could significantly suppress the
tumor growth compared to the control group, combination had
the strongest antitumor effect, resulting in almost complete tumor
elimination (Fig. 5B). Thus, our combination is a strong antitu-
mor agent, capable of suppressing tumors that relies not only on
CD8* T cells, but also on NK cells for clearance. Furthermore, the
advantage of our combination therapy over previously reported
CpG-based antitumor agents, such as OVA-conjugated CpG ODN
[44] or nanoparticle-conjugated CpG ODN [45], is that it does
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not require a chemical conjugation between K3 CpG and cGAMP.
Additionally, unlike those systems, our approach does not require
the injection or conjugation of a tumor antigen. It works as an
antigen-free antitumor agent rather than a preventive vaccine.

In conclusion, our study suggests that combination of TLR9
and STING agonists is an advantageous type-1 adjuvant for vac-
cines requiring strong cellular immune responses, and a promising
antitumor agent that can also stimulate human NK cells for syner-
gistic IFN-y production. Thus, our results provide insight into the
mechanisms of the combined action of TLR9 and STING signaling
pathways, which potentially promote the immunotherapeutic and
adjuvant properties of our combination.

Mice

Seven- to ten-week-old female C57BL/6J mice were purchased
from CLEA Japan, Inc. (Osaka, Japan). MyD88 KO mice were pur-
chased from Oriental BioService, Inc. (Kyoto, Japan). IL-12p40
KO and STING mutant mice (Tmem173gt), which have a loss-of-
function mutation at the ligand-binding site of STING [46], were
purchased from Jackson Laboratories (Bar Harbor, ME, USA).
IRF3/7 DKO mice were generated from IRF3 KO [22] and IRF7 KO
mice, the latter of which was provided by the RIKEN BRC (Ibaraki,
Japan) via the National Bio-Resource Project of the MEXT, Japan
[47]. IFNAR2 KO mice were obtained from B&K Universal. All of
the animal experiments were conducted according to the guide-
lines of the Animal Care and Use Committee of RIMD and IFReC of
Osaka University, and the use of animals was approved by Osaka
University.

Reagents

The 2’3" and 3’3’ ¢cGAMPs were purchased from Invivogen (San
Diego, CA, USA). DMXAA was purchased from Sigma-Aldrich (St.
Louis, MO, USA) and dissolved in 5% NaHCOs. Yamasa (Chiba,
Japan) kindly donated c-di-GMP. OVA was purchased from
Kanto Chemical (Osaka, Japan) and the endotoxin levels were
determined by Toxicolor® (Seikagaku Corp., Tokyo, Japan) as
less than 1 EU/mg. K3 CpG ODN was synthesized by GeneDesign
as previously described [48]. CFSE was purchased from Life
Technologies (Carlsbad, CA, USA).

Immunizations and spleen cell cultures

After anesthetization, C57BL/6J mice were i.m. immunized with
OVA (10 pg), or OVA and K3 CpG (10 pug), DMXAA (50 pg),
c-di-GMP (1 1ug), 2’3’ or 3’3 ¢cGAMP (1 pg), or K3 CpG +
2'3'/3'3'¢cGAMP/ c-di-GMP/DMXAA at days 0 and 10. On day 17,
OVA-specific serum IgG1 and IgG2c were measured by ELISA as
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previously described [49]. The secondary antibodies used in IgG2c
and IgG1 ELISAs were horseradish peroxidase conjugated goat
anti-mouse 1gG2c and IgG1l (Bethyl Laboratories, Montgomery,
TX). On day 17, spleen cells were collected and single cell sus-
pensions were prepared using a gentleMACS dissociator (Miltenyi
Biotech, Gladbach, Germany). After red blood cell lysis using
Tris-NH4Cl buffer, cells were cultured in RPMI (containing
1% penicillin/streptomycin and 10% fetal calf serum [FCS)]
and stimulated with total OVA (10 pg/mL) or OVA peptides
(10 png/mL) that are specific for MHC class I (OVA 257) or MHC
class I (OVA 323) for 48 h. Production of IFN-y and IL-13 were
measured by ELISA.

hPBMC isolation and stimulation

All hPBMC experiments were conducted following approval from
the Institutional Review Board of the National Institute of Biomed-
ical Innovation. hPBMCs were isolated from the blood of healthy
volunteer blood donors using human lymphocyte separation
medium (IBL, Japan), and 1 x 10° cells were cultured in RPMI.
PBMCs were stimulated with K3 CpG (10 pg/mL), cGAMP (10
1M), or K3 CpG + ¢GAMP for 24 h and production of IFN-y and
IL-12 were measured by ELISA.

For in vitro neutralization experiments, hPBMCs that were
cultured as described above were subjected to IL-12/23p40
(clone: C8.6, BioLegend, San Diego, CA, USA), type-I IFN (clone:
MMHAR-2, PBL Interferon Source, Piscataway, NJ, USA), or both
IL-12/23p40 and type-I IFN neutralizing antibody treatments
(5 wg/mL) 30 min before 24 h of stimulation.

mPBMC and DC cultures

mPBMCs were isolated from C57BL/6J mice using mouse lympho-
cyte separation medium (IBL, Japan), and 0.5 x 106 cells were
cultured in RPMI. GM-DC cultures were prepared by flushing BM
cells from the tibia and femurs of C57BL/6J mice and cultur-
ing these cells for 7 days in the presence of 20 ng/mL of GM-CSF
(PeproTech, Rocky Hill, NJ, USA). GM-DCs were cultured in RPMI,
containing 1% penicillin/streptomycin and 20% FCS. FL-DC cul-
tures were prepared from BM cells of C57BL/6J mice that were
cultured for 7 days in the presence of 100 ng/mlL of human Flt3L
(PeproTech). FL-DCs were cultured in RPMI, containing 1% peni-
cillin/streptomycin and 10% FCS.

In vitro cytotoxicity assay

Splenocytes were isolated from C57BL/6J mice and 1 x 108 cells
were cultured in RPMI in 96-well round-bottom plates for 24 h
with the stimulants. After the stimulation, in order to prepare a
positive control, Triton X-100 was added into the nonstimulated
cells that were incubated at 37°C for 15 min. After centrifugation,
supernatants of the cells were mixed with the substrate mix and
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incubated for 15 min at room temperature. ODs at 490 nm were
measured and the percent cytotoxicity was calculated according
to the instructions of the Non-Radioactive Cytotoxicity Assay Kit
(Promega, WI, USA).

Cytokine measurement

Mouse IL-12p40, mouse IL-13, human IFN-y, and human IL-12
levels were measured using ELISA kits from R&D Systems (Min-
neapolis, MN, USA). Mouse IFN-y levels were determined using
an ELISA kit from BioLegend.

Staining for intracellular cytokine and cell surface
molecules

hPBMCs were stimulated with X3 CpG (10 pg/mL), cGAMP
(10 uM), or K3 CpG + cGAMP for 16 h, with the last 4 h being
in the presence of Brefeldin A. After the stimulation, cells were
harvested and stained for surface molecules with CD16-PerCP-
Cy5.5 (BD Biosciences, Franklin Lake, NJ), CD56-BV421 (BioLe-
gend), CD3-FITC (BD Biosciences), and CD8-PE (Miltenyi Biotech)
antibodies. Fixed and permeabilized cells were stained with IFN-
y-allophycocyanin (BioLegend) for the detection of intracellular
IFN-y and analyzed using the BD FACSCANTO II flow cytometer.

In vivo CTL cytotoxicity assay

Six-week-old C57BL/6J mice were immunized with OVA (10 g)
only, or OVA and either K3 CpG (10 j1g), cGAMP (1 .g), or K3
+ cGAMP once, via the i.m. route. On day 7, splenocytes from
the naive C57BL/6J mice were labeled with 2 or 0.2 1M of CFSE
for 10 min at 37°C. The cells, which were labeled with 2 1M of
CFSE, were subjected to peptide pulsing by incubating them with
the OVA257 (10 jug/mL) for 90 min at 37°C. Then, the cells were
washed, and equal numbers from each cells were transferred to the
immunized mice via the i.v. route. Splenocytes were isolated, and
upon staining with the LIVE/DEAD® Fixable Near-IR Dead Cell
Stain (Invitrogen, Carlsbad, CA, USA), CFSE-labeled cells were
analyzed by flow cytometry 24 h after the transfer.

Tumor cells and treatment

EG-7-OVA thymoma cells were purchased from American Type
Culture Collection (VA, USA) and cultured in RPMI. A total of 1 x
108 cells were s.c. injected to the back of mice on day 0. On days
7 and 10, mice were given intratumor injections of PBS (50 pL),
K3 CpG (10 png), cGAMP (10 pg), or K3 CpG + ¢GAMP, and mice
were monitored for tumor growth for 22 days.

B16 F10 melanoma cells were purchased from RIKEN Cell Bank
(Japan) and cultured in DMEM. A total of 0.5 x 10° cells were s.c.
injected to the back of mice on day 0. On days 8, 11, and 13, mice
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were given intratumor injections of PBS (50 L), K3 CpG (10 11g),
cGAMP (10 pg), or K3 CpG + ¢cGAMP, and mice were monitored
for tumor growth for 17 days.

Statistical analysis

Mann-Whitney U-test, Student’s t-test, or one-way ANOVA with
Bonferroni’s multiple comparison test were used for the statistical
analyses (*p < 0.05; **p < 0.01; ***p < 0.001). Statistical analy-
ses were performed using GraphPad Prism software (La Jolla, CA,
USA).
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Perivascular leukocyte clusters are essential for
efficient activation of effector T cells in the skin

Yohei Natsuakil?>1%, Gyohei Egawal>1%, Satoshi Nakamizo!, Sachiko Ono!, Sho Hanakawa!, Takaharu Okada?,
Nobuhiro Kusubal, Atsushi Otsukal, Akihiko Kitoh!, Tetsuya Honda!, Saeko Nakajima!, Soken Tsuchiya?,
Yukihiko Sugimoto?, Ken J Ishii*>®, Hiroko Tsutsui’, Hideo Yagita®, Yoichiro Iwakura®1?, Masato Kubo!1:12,

Lai guan Ng'?, Takashi Hashimoto?, Judilyn Fuentes!4, Emma Guttman-Yassky'4, Yoshiki Miyachi! & Kenji Kabashima'

It remains largely unclear how antigen-presenting cells (APCs) encounter effector or memory T cells efficiently in the periphery.
Here we used a mouse contact hypersensitivity (CHS) model to show that upon epicutaneous antigen challenge, dendritic cells
(DCs) formed clusters with effector T cells in dermal perivascular areas to promote in situ proliferation and activation of skin

T cells in a manner dependent on antigen and the integrin LFA-1. We found that DCs accumulated in perivascular areas and

that DC clustering was abrogated by depletion of macrophages. Treatment with interleukin 1« (IL-1«) induced production of the
chemokine CXCL2 by dermal macrophages, and DC clustering was suppressed by blockade of either the receptor for IL-1 (IL-1R)
or the receptor for CXCL2 (CXCR2). Our findings suggest that the dermal leukocyte cluster is an essential structure for elicitating

acquired cutaneous immunity.

Boundary tissues, including the skin, are continually exposed to
foreign antigens, which must be monitored and possibly eliminated.
Upon exposure to foreign antigens, skin dendritic cells (DCs),
including epidermal Langerhans cells (LCs), capture the antigens
and migrate to draining lymph nodes (LNs), where the presentation
of antigen to naive T cells occurs mainly in the T cell zone. In this
location, the accumulation of naive T cells in the vicinity of DCs is
mediated by signaling via the chemokine receptor CCR7 (ref. 1). The
T cell zone in the draining LNs facilitates the efficient encounter of
antigen-bearing DCs with antigen-specific naive T cells.

In contrast to T cells in LNs, the majority of T cells in the skin,
including infiltrating skin T cells and skin-resident T cells, have an
effector-memory phenotype?. In addition, the presentation of antigen
to skin T cells by antigen-presenting cells (APCs) is the crucial step
in the elicitation of acquired skin immune responses, such as con-
tact dermatitis. Therefore, we investigated how antigen presentation
occurs in the skin and if it is different from antigen presentation in
LNs. Published studies using mouse contact hypersensitivity (CHS)
as a model of human contact dermatitis have revealed that dermal
DCs (dDCs) have a pivotal role in the transport and presentation of
antigen to the LNs, but epidermal LCs do not?, In the skin, however, it

remains unclear which subset of APCs presents antigens to skin T cells
and how skin T cells efficiently encounter APCs. In addition, dermal
macrophages are key modulators in CHS responses?, but the precise
mechanisms by which macrophages are involved in the recognition
of antigen in the skin have not yet been clarified. These unanswered
questions prompted us to investigate where skin T cells recognize
antigens and how skin T cells are activated in the elicitation phase of
acquired cutaneous immune responses such as CHS.

When keratinocytes encounter foreign antigens, they immediately
produce various proinflammatory mediators, such as interleukin 1
(IL-1) and tumor-necrosis factor, in an antigen-nonspecific man-
ner>6, Proteins of the IL-1 family are considered important modula-
tors in CHS responses because the activation of hapten-specific T cells
is impaired in mice deficient in both IL-10.and IL-1f but not in mice
deficient in tumor-necrosis factor”. IL-1o and IL-1f are agonistic
ligands of the receptor for IL-1 (IL-1R). While IL-1otis stored in kerat-
inocytes and is secreted upon exposure to nonspecific stimuli, IL-1f
is produced mainly by epidermal LCs and dermal mast cells in an
inflammasome-dependent manner via activation of the cytoplasmic
pattern-recognition receptor NLRP3 and of caspase-1 and caspase-11.
Because IL-1ot and IL-1P are crucial in the initiation of acquired
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immune responses such as CHS, it is of great interest to understand
how IL-1 modulates the recognition of antigen by skin T cells.

Using a mouse CHS model, here we examined how DCs and effector
T cells encounter each other efficiently in the skin. We found that upon
encountering antigenic stimuli, dDCs formed clusters in which effec-
tor T cells were activated and proliferated in an antigen-dependent
manner. These DC-T cell clusters were initiated by skin macrophages
via IL-1R signaling and were essential for the establishment of cutane-
ous acquired immune responses.

RESULTS

Formation of DC-T cell clusters at antigen-challenged sites

To explore the accumulation of cells of the immune system in the skin,
we examined the clinical and histological features of the elicitation of
human allergic contact dermatitis. Allergic contact dermatitis is the most
common of eczematous skin diseases, affecting 15-20% of the general
population worldwide?, and is mediated by T cells. Although antigens
should be spread evenly over the surface of skin, clinical manifesta-
tions commonly include discretely distributed small vesicles (Fig. 1a),
which suggests an uneven occurrence of intense inflammation.
Histological examination of allergic contact dermatitis showed spongio-
sis, intercellular edema in the epidermis and colocalization of perivascu-
lar infiltrates of CD3* T cells and spotty accumulation of CD11¢* DCs
in the dermis, especially beneath the vesicles (Fig. 1b). These findings
led us to hypothesize that focal accumulation of T cells and DCs in the
dermis might contribute to vesicle formation in early eczema.

To characterize the DC-T cell clusters in elicitation reactions, we
used two-photon microscopy to obtain time-lapse images in a mouse
model of CHS. We isolated T cells from the draining LNs of mice sen-
sitized with the hapten DNFB (2,4-dinitrofluorobenzene), labeled the
cells with fluorescent dye and transferred them into mice that express
the common DC marker CD11c tagged with yellow fluorescent protein
(YFP). In the steady state, YFP* dDCs distributed diffusely (Fig. 1c),
representative of nondirected movement in a random fashion
(Supplementary Fig. 1), as reported before?. After topical challenge
with DNFB, YFP* dDCs transiently increased their velocity and formed

b

Epidermis

Dermis

Figure 1 The formation of DC-T cell
clusters is responsible for epidermal
eczematous conditions. (a) Clinical
manifestations of allergic contact
dermatitis in human skin 48 h after
a patch test with nickel. Scale bar,
200 pm. (b) Microscopy of a skin biopsy
of a human eczematous legion, stained
with hematoxylin and eosin (H&E) or with

DC cluster ~

clusters in the dermis, with the clusters becoming larger and more evi-
dent after 24 h (Fig. 1cand Supplementary Movie 1). At the same time,
transferred T cells accumulated in the DC clusters and interacted with
YFP* DCs for several hours (Fig. 1d and Supplementary Movie 2).
Thus, we observed accumulation of DCs and T cells in the dermis in
mice during CHS responses. We noted that the intercellular spaces
between keratinocytes overlying the DC-T cell clusters in the dermis
were enlarged (Fig. 1e), which replicated observations made for human
allergic contact dermatitis (Fig. 1b).

We next sought to determine which of the two main DC popula-
tions in skin, epidermal LCs or dDCs, was essential for the elicitation
of CHS. To deplete mice of all cutaneous DC subsets, we used mice
with sequence expressing the diphtheria toxin receptor (DTR) under
the control of the promoter of the gene encoding langerin as recipients
(in such ‘Langerin-DTR’ mice, treatment with diphtheria toxin (DT)
leads to depletion of langerin-positive cells) and mice that express a
transgene encoding DTR under the control of promoter of the gene
encoding CD11cas donors (in such ‘CD11¢-DTR’ mice, treatment with
DT leads to transient depletion of CD11c¢* DC populations). To selec-
tively deplete mice of LCs or dDCs, we transferred bone marrow (BM)
cells from C57BL/6 mice or CD11c-DTR mice into Langerin-DTR or
C57BL/6 mice, respectively (Supplementary Fig. 2a,b). We injected
DT into the chimeras to ensure depletion of each DC subset before
elicitation and found that ear swelling and inflammatory histological
findings were significantly attenuated in the absence of dDCs but not
in the absence of LCs (Fig. 1f and Supplementary Fig. 2¢). In addition,
production of interferon-y (IFN-Y) in skin T cells was substantially
suppressed in mice depleted of dDCs (Fig. 1g). These results suggested
that dDCs, not epidermal LCs, were essential for T cell activation and
the elicitation of CHS responses.

Antigen-dependent proliferation of skin effector T cells in situ
To evaluate the effect of DC-T cell clusters in the dermis, we deter-
mined whether T cells had acquired the ability to proliferate via the
accumulation of DC-T cell clusters in the dermis. We purified CD4* or
CD8* T cells from the draining LNs of DNFB-sensitized mice, labeled

L AR
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DC cluster +

antibody to CD3 (anti-CD3) or anti-CD11c. *, epidermal vesicles; arrowheads indicate dDC-T cell clusters. Scale bars, 250 pm. (¢) Sequential
images of leukocyte clusters in the elicitation phase of CHS. White outlined areas indicate dermal accumulation of DCs (green) and T celis (red).
Scale bar, 100 um. (d) Enlargement of DC-T cell cluster in c. Scale bar,10 pum. (e) Intercellular edema of the epidermis overlying a DC~T cell cluster
in the dermis, with keratinocytes (red) visualized with isolectin B4 (left), and distance between adjacent keratinocytes above (+) or not above (-) a
DC-T cell cluster (n = 20 images per condition) (right). Scale bars, 10 um. (f) Ear swelling 24 h after CHS with (+) or without () sensitization (Sens)
and with (=) or without (+) subset-specific depletion of DCs (n = 5 mice per group). (g) Quantification (left) and frequency (right) of IFN-y-producing
T cells in the ear 18 h after CHS with or without sensitization (as in f) and with (DT +) or without (DT -) depletion of dDCs (n = 5 mice per group).
*P < 0.05 and **P < 0.001 (unpaired Student’s t-test). Data are representative of five independent experiments (a-d) or three experiments (f,g)

or are pooled from three experiments (e; error bars (e-g), s.d.).
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Figure 2 Antigen-dependent T cell proliferation in DC-T cell clusters.
(a) Proliferation CDA* T cells (left) or CD8* T cells (right) in the skin

of recipient mice 24 h after transfer of CeliTrace Violet-labeled cells
from donor mice left unsensitized (US) or sensitized with DNFB or
TNCB, assessed as dilution of tracer in the challenged sites. Numbers
adjacent to bracketed lines indicate percent cells that had proliferated.
(b) Conjugation time of dDCs with T cells sensitized with DNFB (n = 160
T cells) or TNCB (1 = 60 T cells), assessed at 24 h after challenge with
DNFB. *P < 0.05 (unpaired Student’s t-test). (¢) Sequential images of
dividing T cells (red) in DC-T cell clusters. Green, dDCs; arrowheads
indicate a dividing T cell. Data are representative of three experiments.

the cells with a division-tracking dye and transferred the cells into
naive mice. Twenty-four hours after the application of DNFB to the
recipient mice, we collected the skin to evaluate T cell proliferation by
dilution of fluorescence intensity. Most of the infiltrating T cells (>90%)
were CD44"CD62L" effector T cells (Supplementary Fig. 2d). Among
the infiltrating T cells, CD8* T cells proliferated actively, whereas
the CD4* T cells showed low proliferative potency (Fig. 2a). This
T cell proliferation was antigen dependent because T cells sensitized
with the hapten TNCB (2,4,6-trinitrochlorobenzene) exhibited low
proliferative activity in response to the application of DNFB (Fig. 2a).
In line with that finding, the DC-T cell conjugation time was pro-
longed in the presence of the cognate antigen DNFB (Fig. 2b), and
the T cells interacting with DCs within DC-T cell clusters proliferated
(Fig. 2c and Supplementary Movie 3). These findings indicated that
skin effector T cells conjugated with DCs and proliferated in situ in
an antigen-dependent manner.

LFA-1-dependent activation of CD8* T cells in DC-T cell clusters
Sustained interaction between DCs and naive T cells, known as the
‘immunological synapse) is maintained by cell adhesion molecules!.
In particular, the integrin LEA-1 (CD58) on T cells binds to cell-surface
glycoproteins, such as the intercellular adhesion molecule ICAM-1,
on APCs, which is essential for the proliferation and activation of naive
T cells during antigen recognition in the LNs. To determine whether LFA-
1-ICAM-1 interactions are required for the activation of effector T cells
in DC-T cell clusters in the skin, we elicited a CHS response in mouse
ear skin with DNFB, then injected KBA, a neutralizing antibody to
LFA-1, intravenously 14 h later. Such administration of KBA reduced
the accumulation of T cells in the dermis (Fig. 3a). The velocity of
T cells in the cluster was 0.65 £ 0.29 pm/min (mean *s.d.) at 14 h
after the DNFB challenge and increased up to threefold (1.64 *
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1.54 wm/min) at 8§ h after treatment with KBA, while it was not
affected by treatment with the isotype-matched control antibody
immunoglobulin G (IgG) (Fig. 3b). At the outside of clusters, T cells
smoothly migrated at the mean velocity of 2.95 + 1.19 m/min, con-
sistent with published results'?, and this was not affected by treatment
with the control antibody IgG (data not shown). Treatment with KBA
also significantly altenuated ear swelling (Fig. 3c) as well as IFN-y
production by skin CD8" T cells (Fig. 3d,¢). These results suggested
that the DC-effector T cell conjugates were integrin dependent,
similar to the DC-naive T cell interactions in draining LNs.

dDC clustering requires skin macrophages
We next examined the factors that initiated the accumulation of
DC-T cell clusters. dDC clusters also formed in response to the
initial application of hapten (sensitization phase), but their number
decreased significantly 48 h after sensitization, while DC clusters per-
sisted for 48 h in the elicitation phase (Fig. 4a and Supplementary
Fig. 3a). These DC clusters were abrogated 7 d after application of
DNFB (data not shown). These observations suggested that the accu-
mulation of DC-T cell clusters was initiated by DC clustering, which
then induced the accumulation, proliferation and activation of T cells,
a process that depended on the presence of antigen-specific effector
T cells in situ. DC clusters were also induced by solvents (such as
acetone) or adjuvants (such as dibutylphthalic acid) and by patho-
genic inoculation with Mycobacterium bovis bacillus Calmette-Guérin
(Supplementary Fig. 3b,c). In addition, we observed DC clusters not
only in the ear skin but also in other regions, such as the back skin and
the footpad (Supplementary Fig. 3d). These results suggested that
the formation of DC clusters was not an ear-specific event but was a
general mechanism during skin inflammation.

The abundance of DC clusters in response to the application of
DNFB was not altered in mice that lack T cells and B cells (recombinase

Figure 3 LFA-1 is essential for the persistence of DC-T cell clustering
and for T cell activation in the skin. (a) Clusters of DCs (green) and T celis
(red) in the DNFB-challenged site before (O h) and 9 h after treatment
with KBA (LFA-1-neutralizing antibody) or 1gG (isotype-matched control
antibody). Scale bar, 100 um. (b) T cell velocity in DNFB-challenged sites
at various times (horizontal axis) after treatment with KBA or 1gG (n =30
T cells per group), presented relative to velocity at time O, set as 1. (c) Ear
swelling 24 h after treatment with KBA or igG in mice (n = 5 per group)
left unsensitized (Sens -) or challenged with DNFB (Sens +). (d,e) IFN-y
production by CD8* T cells (d) and quantification of IFN-y-producing cells
in the CD4+ or CD8* population {(e) in skin from mice (n= 5 per group)
challenged with DNFB, then treated with KBA or 1gG 12 h later, assessed
6 h after antibody treatment. Numbers in top right quadrants (d) indicate
percent |FN-y*CD8* T cells. *P < 0.05 (unpaired Student’s f-test). Data
are representative of three experiments (error bars (b,c,e), s.d.).
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Figure 4 Macrophages are essential for DC cluster formation. (a) Score of DC cluster abundance in mice (n = 4 per group) left untreated (UT) or 24 h and
48 h after application of DNFB in the sensitization or elicitation phase of CHS; scores were assigned according to the size and number of clusters. (b) Score
of DC cluster abundance (as in a) in untreated wild-type mice (UT), in DNFB-treated wild-type (C57BL/6) mice (WT), RAG-2-deficient mice (Rag2-'-), aly/aly
mice (aly/aly), DT-treated Mas-TRECK or Bas-TRECK mice or DT-treated C57BL/6 recipients of LysM-DTR BM cells, and in wild-type mice treated with 1A8
(anti-Ly6G) (n = 4 mice per group). (c) DC clusters in C57BL/6 chimeras given LysM-DTR BM with (right) or without (left) treatment of recipients with DT.
Scale bars, 100 um. (d) Ear swelling in C57BL/6 chimeras (n= 5 per group) given LysM-DTR BM with or without treatment with DT, assessed 24 h after no
DNFB (Sense -) or application of DNFB to the recipients. (e) Quantification (left) and frequency (right) of IFN-y-producing CD8* T cells in miceasind (n=5
per group). *P < 0.05 (unpaired Student’s t-test). Data are representative of three (a,c,e), two (b) or four (d) experiments (error bars (b,d,e), s.d.).

RAG-2-deficient mice), in mice deficient in lymphoid tissue-inducer
cells (alymphoblastic (aly/aly) mice)!? or in mice depleted of mast cells
or basophils (Mas-TRECK or Bas-TRECK mice treated with DT)!3.14
(Fig. 4b). In contrast, DC clustering was abrogated in C57BL/6 mice
given transfer of BM from LysM-DTR mice (with sequence encoding
a DTR cassette inserted into the gene encoding lysozyme M) followed
by treatment of the recipients with DT to ensure depletion of both mac-
rophages and neutrophils (Fig. 4b,c). Depletion of neutrophils alone,
by administration of antibody 1A8 to Ly6G, did not interfere with the
formation of DC clusters (Fig. 4b), which suggested that macrophages
were required during the formation of DC clusters, but neutrophils
were not. Of note, the formation of DC clusters was not attenuated by
treatment with the LFA-1-neutralizing antibody KBA (Supplementary
Fig. 3e.f), which suggested that macrophage-DC interactions were
LFA-1 independent. Consistent with the formation of DC clusters,
elicitation of the CHS response (Fig. 4d) and IFN-y production by
skin T cells (Fig. 4e) were significantly suppressed in chimeras given
LysM-DTR BM and treated with DT. Thus, skin macrophages were
required for the formation of DC clusters, which was necessary for
T cell activation and the elicitation of CHS.

Perivascular DCs clustering requires macrophages

To examine the migratory kinetics of dermal macrophages and DCs
in vivo, we visualized them by two-photon microscopy. In vivo labe-
ling of blood vessels with dextran conjugated to the hydrophobic
red fluorescent dye TRITC (tetramethylrhodamine isothiocyanate)
revealed that dDCs distributed diffusely in the steady state (Fig. 5a,
left). After application of DNFB to the ears of mice previously sensi-
tized with DNFB, dDCs accumulated mainly around post-capillary
venules (Fig. 5a, right, and b). Time-lapse imaging revealed that
some dDCs showed directional migration toward TRITC* cells that

Elicitation

a Steady state
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were labeled red by incorporation of extravasated TRITC-dextran
(Fig. 5¢ and Supplementary Movie 4). Most of the TRITC* cells
were F4/80*CD11b* macrophages (Supplementary Fig. 4a). These
observations prompted us to investigate the role of macrophages in
DC accumulation. We used a chemotaxis assay to determine whether
macrophages attracted the DCs. We isolated dDCs and dermal macro-
phages from dermal skin cell suspensions and incubated them for 12 h
in a Transwell assay. dDCs placed in the upper wells migrated effi-
ciently to lower wells that contained dermal macrophages (Fig. 5d).
However, we did not observe such dDC migration when macrophages
were absent from the lower wells (Fig. 5d). Thus, dermal macrophages
were able to attract dDCs in vitro, which may have led to the accumu-
lation of dDCs around post-capillary venules.

DC cluster formation requires IL-1a upon antigen challenge

We attempted to explore the mechanism underlying the forma-
tion of DC clusters. We observed that DC accumulation occurred
during the first application of hapten (Fig. 4a), which suggested
that an antigen-nonspecific mechanism, such as production of
the proinflammatory mediator IL-1, may initiate DC cluster-
ing. DNFB-induced accumulation of DCs was not suppressed in
mice deficient in NLRP3 or deficient in caspase-1 and caspase-
11 more than their wild-type counterparts, but it was signifi-
cantly lower in IL-1RI1-deficient mice (which lack the receptor
for IL-1ot and IL-1B and for the IL-1 receptor antagonist (IL-1ra))
than in their wild-type counterparts, as well as after the subcutaneous
administration of IL-1ra than before treatment with the antagonist
(Fig. 6a,b). Consistent with those observations, the elicitation of
CHS and IFN-y production by skin T cells were significantly attenu-
ated in mice that lacked both IL-10 and IL-1J (Fig. 6¢,d). In addi-
tion, the formation of dDC clusters was suppressed significantly by
the subcutaneous injection of a neutralizing antibody to IL-1c but

Figure 5 Macrophages mediate the perivascular formation of DC clusters. (a)
Distribution of dDCs (green) in the steady state (left) and in the elicitation
phase of CHS (right). White outlined areas indicate DC clusters; arrows
indicate sebaceous glands visualized with BODIPY (green); yellow and red,
blood vessels; red, macrophages. Scale bars, 100 um. (b) Enlargement of a
perivascular DC cluster. Arrows indicate sebaceous glands of hair follicles.
Scale bar, 100 pm.(c) Sequential images of dDCs (green) and macrophages
(red) in the elicitation phase of CHS. White dashed line represents the track
of a DC. Scale bar, 30 um. (d) Chemotaxis of dDCs in the presence (+) or
absence () of macrophages (M®) prepared from ear skin, presenied as the
frequency of dDCs that transmigrated into the lower chamber of a Transwell
(relative to input dDCs). *P < 0.05 (unpaired Student’s ftest). Data are
representative of three experiments (error bars (d), s.d.).
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Figure 6 IL-1o upregulates the expression of CXCR2 ligands in M2 macrophages to induce the formation of § 15 = 2
DC clusters. (a) Score of DC cluster abundance (as in Fig. 4a) in untreated wild-type mice (UT) or in wild-type mice 210 %
or mice deficient in IL-1R1 (//1r1-"~), NLRP3 (N/rp3--) or caspase-1 (Caspl-'~) 24 h after painting of the skin with "5 -
DNFB (n = 4 mice per group). (b) Score of DC cluster abundance (as in Fig. 4a) in untreated wild-type mice or mice E 0 &

treated with DNFB (painted on the skin) and with 1gG (isotype-matched control antibody), anti-IL-1 o or anti-IL-13 or both,

recombinant [L-1ra or pertussis toxin (Ptx), assessed 24 h after treatment with hapten (n = 4 mice per group). (c,d) Ear swelling 24 h after application
of DNFB (c) and quantification (d, left) and frequency (d, right) of IFN-y-producing CD8* T cells in the ear 18 h after application of DNFB (d) in
unsensitized wild-type mice (US) or in mice lacking both IL-1e and IL-1B (//1a~~//11b-") and wild-type mice given adoptive transfer of DNFB-sensitized
T cells (n = 5 mice per group). (e) Quantitative RT-PCR analysis of //1r]1 mRNA in M1 or M2 macrophages (n = 4 mice per group). (f) Quantitative
RT-PCR analysis of Cxc/l2 mRNA in M1 or M2 macrophages cultured with (+) or without (-) IL-1o. {(g) Score of DC cluster abundance (as in Fig. 4a) in
untreated wild-type mice (UT) or in mice treated with DNFB (painted on the skin) in the presence (SB265610) or absence (vehicle (Veh)) of a CXCR2
inhibitor, assessed 24 h after treatment with DNFB (n = 4 mice per group). (h,i) Ear swelling 24 h after application of DNFB {h) and quantification (i,
right) and frequency (i, left) of IFN-y-producing CD8* T cells 18 h after application of DNFB (i) in unsensitized wild-type mice (US) or in mice treated
with DNFB in the presence or absence of the CXCR2 inhibitor SB265610 (n = 5 mice per group). *P < 0.05 (unpaired Student's f-{est). Data are

representative of two (a,c,d) or three (b,e~i) experiments (error bars, s.d.).

was suppressed only marginally by a neutralizing antibody to IL-1p
(Fig. 6b). Because keratinocytes are known to produce IL-10 upon
application of a hapten!5, our results suggested a major role for IL-1ot
in mediating the formation of DC clustering.

M2 macrophages produce chemokine CXCL2 to attract dDCs
To further characterize how macrophages attract dDCs, we examined
expression of the gene encoding IL-1Ro (I1171) in BM-derived classi-
cally activated (M1) and alternatively activated (M2) macrophages, clas-
sified as such on the basis of differences in the expression of Tnf, Nos2,
Il12a, Argl, Retnla and Chi313 mRNA!¢ (Supplementary Fig. 4b).
We found that M2 macrophages had higher expression of IlIr] mRNA
than did M1 macrophages (Fig. 6e). We also found that subcutaneous
injection of pertussis toxin, an inhibitor specific for inhibitory regu-
lative G protein, almost completely abrogated the formation of DC
clusters in response to hapten stimuli (Fig. 6b), which suggested that
signaling through chemokines coupled to the inhibitory regulative
G protein was required for the formation of DC clusters.

We next used microarray analysis to examine the effect of IL-10t
on the expression of chemokine-encoding genes in M1 and M2 mac-
rophages. Treatment with IL-1o did not enhance such expression
in M1 macrophages, whereas it increased the expression of Ccl5,
Ccll7, Ccl22 and Cxcl2 mRNA in M2 macrophages (Supplementary
Table 1). Among those, Cxcl2 mRNA expression was enhanced most
prominently by treatment with IL-10,, a result we confirmed by
real-time PCR analysis (Fig. 6f). Consistently, Cxcl2 mRNA expres-
sion was much higher in DNFB-painted skin than in untreated skin
(Supplementary Fig. 5a) and was not affected by neutrophil deple-
tion with the 1A8 antibody to Ly6G (Supplementary Fig. 5b,c). In
addition, IL-10i-treated dermal macrophages produced Cxcl2 mRNA
in vitro (Supplementary Fig. 5d). These results suggested that dermal
macrophages, but not neutrophils, were the main source of CXCL2
during CHS. We also detected high expression of Cxcr2 mRNA (which
encodes the receptor for CXCL2) in DCs (Supplementary Fig. 5e);
this prompted us to examine the role of CXCR2 in dDCs. The forma-
tion of DC clusters in response to DNFB was substantially reduced
by intraperitoneal administration of the CXCR2 inhibitor SB265610
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(ref. 17) (Fig. 6g). In addition, treatment with $B265610 during the
elicitation of CHS with DNFB inhibited ear swelling (Fig. 6h) and
IFN-y production by skin T cells (Fig. 6i).

Together our results indicated that in the absence of effector
T cells specific for a cognate antigen (i.e., in the sensitization phase of
CHS), DC clustering was a transient event, and hapten-carrying DCs
migrated into draining LNs to establish sensitization. On the other
hand, in the presence of the antigen and antigen-specific effector
or memory T cells, DC clustering was followed by accumulation of
T cells (i.e., in the elicitation phase of CHS) (Supplementary Fig. 6).
Thus, dermal macrophages were essential for initiating the formation
of DC clusters through the production of CXCL2, and DC clustering
had a role in the efficient activation of skin T cells.

DISCUSSION

Although the mechanistic events in the sensitization phase in cuta-
neous immunity have been studied thoroughly over 20 years!&19,
the types of immunological events that occur during the elicitation
phases in the skin has remained unclear. Here we have described the
antigen-dependent induction of DC-T cell clusters in the skin in a
mouse model of CHS and showed that DC-effector T cell interactions
in these clusters were required for the induction of efficient antigen-
specific immune responses in the skin. We found that dDCs, but not
epidermal LCs, were essential for the presentation of antigen to skin
effector T cells and that they exhibited sustained association with
effector T cells in an antigen- and LFA-1-dependent manner. IL-10,
not the inflammasome, initiated the formation of these perivascular
DC clusters.

Epidermal contact with antigens triggers the release of IL-1 in the
skin!%, Published studies have shown that the epidermal keratinocytes
constitute a major reservoir of IL- 106 and that mechanical stress applied
to keratinocytes permits the release of large amounts of IL-1ot even in
the absence of cell death20. The cellular source of IL-1c in this proc-
ess remains unclear. We found that IL-1ct activated macrophages that
subsequently attracted dDCs, mainly to areas around post-capillary
venules, where effector T cells are known to transmigrate from the
blood into the skin?!. In the presence of the antigen and antigen-specific
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