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Dendritic cells (DCs) are key players in immunity and tolerance. Some DCs express c-kit,
the receptor for stem cell factor (SCF), nevertheless c-kit functional role and the regula-
tion of its expression in DCs are incompletely defined. We recently demonstrated that
autocrine SCF sustains a pro-survival circuit, and that SCF increases phospho-AKT in
c-kit+ mouse bone marrow-derived DCs (BMdDCs). Herein we observed that CpG and
PolyI:C, two stimuli mimicking bacterial and viral nucleic acids respectively, strongly
inhibited c-kit expression by BMdDCs and spleen DCs in vitro and in vivo. Experiments
in IFNARI−/− mice showed that IFN-I pathway was required for c-kit down-regulation in
cDC1s, but only partially supported it in cDC2s. Furthermore, CpG and PolyI:C strongly
inhibited c-kit mRNA expression. In agreement with the reduced c-kit levels, SCF pro-
survival activity was impaired. Thus in the presence of exogenously provided SCF, either
PolyI:C or CpG induced spleen DC death in 2 days, while at earlier times IL-6 and IL-12
production were slightly increased. In contrast, SCF improved survival of unstimulated
spleen DCs expressing high c-kit levels. Our studies suggest that c-kit down-modulation
is a previously neglected component of DC response to CpG and PolyI:C, regulating DC
survival and ultimately tuning immune response.
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Introduction

Dendritic cells (DCs) are key players in immunity and tolerance
[1, 2]. Under physiological conditions, DCs are in a resting or
immature state, acting as quiescent sentinels distributed in healthy
tissues. In the presence of pathogens and/or cell injury, DCs get
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activated, take up pathogen and cell debris and migrate to draining
lymph nodes (LNs). Activated or mature DCs prime näıve T cells,
thus starting adaptive responses, and orchestrate immunity by
secreting several cytokines and chemokines [2].

DC activation is induced by a wide array of different pathogen-
and injured cell-derived molecules (PAMPs, pathogen-associated
molecular patterns and DAMPs damage-associated molecular pat-
terns, respectively), which bind to innate immunity receptors
expressed both on DC membrane and intracellularly. Innate immu-
nity receptors include members of the Toll-Like Receptor (TLR)
family, RIG-I-Like Receptor (RLR) family, etc. [3]. Members of
TLR family have a variety of specificities. TLR-4, for example, rec-
ognizes LPS from Gram-negative bacteria, TLR-9 binds unmethy-
lated CpG DNA typically present in bacterial DNA, while TLR-3
recognizes viral double strand RNA (dsRNA), as well as synthetic
dsRNA, e.g. PolyI:C [3]. Moreover, dsRNA can also be sensed by
MDA5 and RIG-I, both belonging to the RLR family [4], while CpG
can bind to DNA-dependent kinase catalytic subunit (DNA-PKcs),
another player in CpG signaling pathways in DCs [5].

DCs are highly heterogeneous [6]. At least three differenti-
ated DC subsets are found in physiological conditions, i.e. the
so-called conventional DC1s (cDC1s), conventional DC2s (cDC2s)
and plasmacytoid DCs (pDCs) [6], while other subsets appear in
inflammatory conditions [7]. The current view is that cDC subsets
are specialized in antigen presentation to T cells, whereas pDCs
in producing abundant amounts of type I Interferon (IFN-I) upon
viral infection. Nevertheless, further studies are required to better
define the peculiar function of each DC subset [8].

DCs undergo a limited number of divisions in the periphery
and have a short life-span, being constantly replaced by newly
differentiated DCs derived from the BM. For example, it is esti-
mated that the half-life of spleen DCs is about 7 days for cDCs and
shorter for pDCs [9, 10]. The two key cytokines for DC develop-
ment and homeostasis are Flt3L and GM-CSF [11–13]. Additional
molecules likely contribute to differentiated DC survival in lym-
phoid organs, as suggested by the presence of some residual cDCs
in the spleen of Flt3L KO mice, and of Flt3L/GM-CSF double KO
mice [12].

We recently described a previously unknown autocrine circuit
driven by Stem Cell Factor (SCF) and its membrane receptor c-kit
in DCs. It should be highlighted that, although c-kit is mostly rec-
ognized for its role during DC development, some differentiated
DCs in lymphoid organs constitutively express c-kit, for example
cDC1s and cDC2s from mouse spleen and cDC1s from mouse and
human BM, while pDCs are negative for c-kit expression [2, 14].
We showed that differentiated MHChi CD40hi DCs generated from
mouse BM with GM-CSF (BM-derived DCs, BMdDCs) produced
SCF and responded to it, e.g. by increased phosphorylation of Akt
kinase. SCF silencing resulted in reduced survival of BMdDCs in
vitro. Furthermore, we demonstrated that GM-CSF inhibited both
SCF and c-kit expression by differentiated BMdDCs, suggesting
that SCF might more prominently regulate DC survival under con-
ditions of reduced GM-CSF availability [14]. We did not observe
any effect of SCF on antigen presentation by BMdDCs, neither in
MHC-I, nor in MHC-II [14].

So far, c-kit/SCF involvement in DC-mediated regulation of
immune response has been demonstrated only in allergic asthma
mouse models [15, 16]. It was reported that SCF/c-kit expression
by DCs was essential to drive DC production of IL-6 and IL-23
in response to Cholera Toxin (CT)/Ovalbumin (OVA), ultimately
controlling T cell polarization to Th2/ Th17 [15, 16]. Notably,
c-kit+ inflammatory monocytic DCs (moDCs) were found in the
lung in response to CT/OVA, and to a much minor extent in
response to CpG/OVA, whereas lung DCs from healthy mice were
negative for c-kit expression [15]. In vitro studies showed that
c-kit mutant-lung DCs and -BMdDCs had a strongly impaired IL-
6 response when stimulated with the pro-allergic stimuli CT and
House Dust Mite (HDM). In contrast, IL-6 production in response
to the pro-inflammatory stimulus CpG was not affected by c-kit
mutation, suggesting a specific involvement of c-kit/SCF in aller-
gic responses [16, 17]. It should not be neglected that the wild-
type BMdDCs used in these experiments had extremely low levels
of membrane c-kit, and strongly up-regulated it after stimulation
with either CT or HDM [16]. The possibility that CpG failed to
increase c-kit expression by wild-type BMdDCs was not investi-
gated, nor the potential role played by c-kit in modulating CpG-
induced IL-6 production by DCs constitutively expressing c-kit, e.g.
spleen DCs.

In this article we examined the cross-talk between CpG,
PolyI:C, and SCF in DC populations that constitutively express
c-kit, i.e. spleen DCs and c-kit+ BMdDCs generated by our proto-
col [14]. We evaluated DC production of IL-6 and IL-12, and c-kit
expression under different stimulatory conditions, both in vitro
and in vivo. Our studies showed that while CpG-induced IL-6 and
IL-12 production by spleen DCs were only slightly up-regulated in
the presence of SCF, a strong c-kit down-regulation by spleen DCs
and BMdDCs was observed in response to either CpG or PolyI:C.
Spleen DCs activated by CpG and PolyI:C had a decreased sur-
vival in the presence of SCF. Thus, c-kit down-modulation by DCs
responding to CpG and PolyI:C might contribute to activated DC
death, possibly regulating the duration of immune response.

Results

SCF does not synergize with CpG or PolyI:C in
inducing IL-6 production by BMdDCs

We used our previous protocol to obtain high numbers of BMdDCs
constitutively expressing c-kit from B6 mice [14]. As shown in
Fig. 1A, in a typical experiment about 94% of BMdDCs were c-kit+

MHC-IIhi CD40hi cells, and only a few cells in the culture were c-
kit− MHC-IIint CD40int cells. Our gating strategy and an example of
CD11c staining are shown in Supporting Information Fig. 1A and
B. A comprehensive analysis of our BMdDC phenotype is reported
in [14]. Since the great majority of BMdDCs in our cultures were
c-kit+, we were able to mimic the conditions of constitutive c-kit
expression, for example those of spleen DCs.

To study the possible interplay between SCF and CpG in reg-
ulating IL-6 production by c-kit+ DCs, we stimulated BMdDCs
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Figure 1. IL-6 production by BM-derived DCs (BMdDCs) stimulated with
either CpG or PolyI:C in combination with SCF. (A) Typical flow cytomet-
ric profile of BMdDCs showing c-kit expression by MHCIIhi CD40hi BMd-
DCs (see Material and Methods and Supporting Information Fig. 1). In
the left panel, numbers represent percentages of cells in the indicated
regions. In the histograms, thick lines represent c-kit staining profiles,
thin lines isotype control mAb; c-kit Median Fluorescence Intensity
(MFI) values are indicated. (B) BMdDCs (5×105 cells/well) were cultured
in 24-well plates with medium, 50 nM CpG, 10 μg/ml PolyI:C, each tested
alone or in the presence of 100 ng/mL SCF. After 24 h, supernatants
were collected and IL-6 measured by ELISA in duplicates or triplicates.
Individual experiment and average values (bar) are shown. (C) BMdDCs
(1.2×106 cells/ well) were stimulated in 24-well plates as above. After
8 h, BMdDC samples were analysed by Real-Time PCR in duplicates or
triplicates. IL-6 mRNA expression was calculated relative to hprt1 in
arbitrary units. For each experiment, IL-6/ hprt1 levels were normal-
ized to medium. Average values of 3 independent experiments and SD
are shown. In (A), representative example of 10 N; in (B) N = 5; in (C)
N = 3 (N indicates the number of independent experiments).

generated as in Fig. 1A with CpG and SCF, alone or in combi-
nation, and measured IL-6 expression by ELISA and qPCR. CpG
induced a strong IL-6 response, as shown by both methods (Fig. 1B
and C). IL-6 concentration in the culture supernatant was not sig-
nificantly augmented when comparing CpG plus SCF with CpG
alone (Fig. 1B). Although SCF slightly increased IL-6 mRNA lev-
els induced by CpG, the difference was not statistically signifi-
cant (Fig. 1C). Similar results were obtained with BMdDCs gen-
erated from Balb/c mice (Supporting Information Fig. 1C). We
also tested PolyI:C, a weak IL-6 inducer, and found that IL-6 pro-
duction by BMdDCs in response to PolyI:C was indeed lower than
that induced by CpG, and not enhanced by SCF (Fig. 1B-C). Results
were confirmed by measuring IL-6 protein concentration at graded
doses of either CpG or PolyI:C, and IL-6 mRNA at different times
after stimulation with CpG, alone or in combination with SCF
(Supporting Information Fig. 1D and F).

CpG and PolyI:C inhibit membrane c-kit expression
by BMdDCs

We then analyzed c-kit membrane expression. In agreement with
our previous findings [14], we observed that BMdDCs kept in
culture with medium over 1 or more days had the tendency to
increase c-kit expression (compare c-kit MFI in Fig. 1A and Fig. 2A
and B; plus data not shown). In contrast, c-kit membrane expres-
sion was strongly reduced after 1 day of culture with SCF, CpG or
PolyI:C, each tested alone in comparison with medium (Fig. 2A
and B). Combination of SCF plus PolyI:C induced a statistically
higher c-kit decrease than PolyI:C alone, and a similar trend was
observed with SCF plus CpG versus CpG alone (Fig. 2A and B).
CpG, and to a lower extent PolyI:C, induced membrane CD40
up-regulation, that did not change in the presence of SCF. SCF
alone did not induce any change in CD40 membrane expression
(Fig. 2C and D). CpG-induced c-kit down-modulation was evident
already after 6 h of culture, whereas that induced by PolyI:C was
not (Supporting Information Fig. 2). We also used forskolin (FSK)
as a positive control for c-kit up-regulation [16], and found that
BMdDCs treated with FSK up-regulated c-kit membrane expres-
sion (Supporting Information Fig. 2).

CpG and PolyI:C inhibit c-kit mRNA expression by
BMdDCs, and PolyI:C increases SCF mRNA expression

We performed qPCR analysis of c-kit expression by BMdDCs stim-
ulated as above and found that CpG induced a striking decrease
of c-kit mRNA compared with medium alone, with 6-fold- and
7-fold-reduced levels after 4 and 8 h of incubation respectively
(Fig. 3A and B). These effects were not augmented when CpG was
combined with SCF. A less pronounced decrease was induced by
PolyI:C at 8 h. c-kit mRNA level was not changed in the presence
of SCF alone (Fig. 3A and B). c-kit mRNA expression by BMd-
DCs incubated with medium for 4h and 8h was similar to that
of BMdDCs at the beginning of the culture (time 0) (p = 0.64
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Figure 2. c-kit and CD40 membrane expression by BMdDCs stimulated with either CpG or PolyI:C in combination with SCF. BMdDCs (1.2×106 cells/
well) were cultured in 24-well plates with medium, 50 nM CpG, 10 μg/mL PolyI:C, each tested alone or in the presence of 100 ng/mL SCF. After 24
h, cells were collected, stained with fluorochrome-conjugated mAbs and analysed by flow cytometry. (A and C) Typical histograms showing c-kit
(A) and CD40 (C) expression by MHCIIhi CD40hi BMdDCs, gated as in Fig. 1A. Thick lines represent c-kit (A) and CD40 (C) staining profiles, thin lines
their corresponding Fluorescence Minus One (FMO) controls; c-kit (A) and CD40 (C) MFI values are indicated. (B and D) Summary of c-kit (B) and
CD40 (D) MFI results. Individual experiment and average values (bar) are shown. In (A and C), representative example of 10 N; in (B and D), N = 10
(N indicates the number of independent experiments).

medium 4 h versus time 0; p = 0.46 medium 8 h versus time
0; data not shown). Furthermore, we measured SCF mRNA lev-
els and observed that PolyI:C induced a major SCF up-regulation
compared with medium, reaching a >10-fold increase at 8 h of

incubation, whereas no significant change was observed with CpG
(Fig. 3C and D). SCF mRNA levels were not altered by the addi-
tion of soluble SCF alone or in combination with CpG or Poly I:C
(Fig. 3C and D).
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Figure 3. c-kit and SCF mRNA expression by BMdDCs stimulated with either CpG or PolyI:C in combination with SCF. BMdDCs (1.2×106 cells/ well)
were cultured in 24-well plates with medium, 50 nM CpG, 10 μg/mL PolyI:C, each tested alone or in the presence of 100 ng/mL SCF. After 4 (A and
C) and 8 (B and D) h, BMdDC samples were analysed by Real-Time PCR in triplicates. c-kit (A-B) and SCF (C-D) mRNA expression was calculated
relative to hprt1 in arbitrary units; c-kit/ hprt1 levels (A-B) and SCF/ hprt1 (C-D) were normalized to corresponding medium. Average values of at
least 3 independent experiments and SD are shown. In (A and C), N = representative example of 3 N; in (B and D) N = 4 (N indicates the number
of independent experiments).

SCF slightly synergizes with CpG but not PolyI:C in
inducing IL-6 production by spleen DCs

To investigate whether CpG and Poly I:C effects on spleen DCs
were similar to those observed on BMdDCs, we purified spleen
DCs with CD11c-immuno-magnetic separation from B16-Flt3L-
treated B6 mice [18]. Spleen DCs purified from B16-Flt3L-treated
mice constitutively expressed c-kit, similarly to spleen DCs from
untreated mice (Fig. 4A, Supporting Information Fig. 3). We
stimulated spleen DCs purified from B16-Flt3L-treated mice with
PolyI:C and CpG in vitro, alone or in combination with SCF and
measured IL-6 by ELISA (Fig. 4B). In agreement with results
obtained with BMdDCs, SCF alone was unable to induce IL-6 and
to modulate the weak PolyI:C-driven IL-6 production, while CpG
elicited high IL-6 release. Differently from BMdDC data, a little
further increase in IL-6 levels was observed when spleen DCs
were stimulated with CpG plus SCF (Fig. 4B). Results were similar
when graded doses of CpG were tested (Supporting Information
Fig. 4A).

Furthermore, SCF had a little but statistically significant pro-
survival effect on spleen DCs (Fig. 4C), in agreement with our
previous results on BMdDCs [14]. To rule out that the SCF pos-
itive effect on CpG-induced IL-6 production was due to a better
survival of spleen DCs, we performed intracellular staining for
IL-6. The percentage of IL-6 producing cells within spleen DCs
was significantly higher in the presence of CpG plus SCF than
with CpG alone, being on the average 35.8, and 31.6%, respec-

tively (Fig. 4D and E), thus confirming the small SCF synergistic
effect observed by ELISA.

SCF slightly synergizes with CpG in inducing IL-12
production by spleen DCs but not by BMdDCs

We then investigated whether SCF was able to modulate IL-12
production by either BMdDCs or spleen DCs stimulated with CpG
(Fig. 5). As expected, CpG was a strong IL-12 inducer while SCF
alone did not stimulate IL-12 production. When used in combina-
tion with CpG, SCF slightly but significantly increased IL-12 pro-
duction by spleen DCs (Fig. 5B), but not by BMdDCs (Fig. 5A), thus
echoing IL-6 findings (see Fig. 1 and Fig. 4). Results obtained with
Balb/c BMdDCs were similar to those obtained with B6 BMdDCs,
although levels of IL-12 induced by CpG were lower (Supporting
Information Fig. 4B).

CpG and PolyI:C inhibit membrane c-kit expression
by spleen DCs

We then analyzed c-kit membrane expression and found that
spleen DCs cultured in medium for 1 day had the tendency to
increase c-kit levels, similarly to BMdDCs (compare c-kit MFI in
Fig. 4A and 6A and B; plus data not shown). A strong and statisti-
cally significant c-kit down-modulation was observed after 1 day
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Figure 4. IL-6 production by spleen DCs stimulated with either CpG or PolyI:C in combination with SCF. (A) Typical flow cytometric profile of
freshly purified spleen DCs showing c-kit expression by CD11c+ MHCII+ spleen DCs (see Material and Methods and Supporting Information Fig. 3B).
In the left panel, numbers represent percentages of cells in the indicated region. In the histograms, thick line represents c-kit staining profiles,
thin line isotype control mAb; c-kit MFI value is indicated. (B) Spleen DCs (5×105 cells/ well) were plated in 24-well plates with medium, 50 nM CpG,
10 μg/mL PolyI:C, each tested alone or in the presence of 100 ng/mL SCF. After 24 h of incubation, supernatants were collected and IL-6 measured
by ELISA in duplicates or triplicates. (C) Spleen DCs (1.6×105 cells/ well) were incubated in duplicates or triplicates in 96-well plates with either
medium, or 100 ng/mL SCF. At the beginning of the incubation (time 0) and after 2 days of culture, the absolute number of PI(-) living cells was
determined by MACSQuant VYB. Data at day 2 are shown as percentage of PI(-) living cells at time 0 (% of input). (D-E) Spleen DCs were plated as in
B. After 4 h of incubation, a cocktail containing Brefeldin A and Monensin was added to each well and cells were incubated for further 16 h. Cells
were then collected and stained for intracellular IL-6. (D) Example of IL-6 staining. Numbers represent percentages of IL-6+ cells in the indicated
regions. (E) Summary of IL-6 results. In B, C and E individual experiment and average values (bar) are shown. In (A), representative example of 15
N; in (B), N = 5; in (C), N = 5; in (D), representative example of 3 N; in (E) N = 3 (N indicates the number of independent experiments).

of incubation with CpG or PolyI:C, resulting in a roughly 3-fold
reduction of c-kit Median Fluorescence Intensity (MFI) as com-
pared with medium (Fig. 6A and B). A similar effect was observed
with SCF alone, and on the average c-kit MFI tended to be even
lower in the presence of CpG plus SCF, and PolyI:C plus SCF
(Fig. 6A and B). We performed additional studies culturing spleen
DCs in different conditions for only 6 h, and observed that c-kit
MFI with medium was 967 ± 164, with SCF 307 ± 24 (p � 0.05),
and with CpG 934 ± 173 (average ± SD of 3 experiments). Thus,

CpG-induced c-kit down-modulation by spleen DCs was not yet
evident after only 6 h of incubation, in contrast with the find-
ings obtained with BMdDCs (see Supporting Information Fig. 2).
Notably, after 2 days of incubation with either PolyI:C or CpG in
the presence of SCF, spleen DC numbers were decreased (Fig. 6C
and D), suggesting that SCF was unable to efficiently support
activated DC survival, possibly due to the reduced c-kit expres-
sion. Furthermore, c-kit MFI of spleen DCs incubated for 1 day
with PolyI:C, CpG or medium alone positively correlated with the
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Figure 5. IL-12 production by BMdDCS and by
spleen DCs stimulated with CpG in combination
with SCF. BMdDCs (A) and spleen DCs (B) were
cultured in 24-well plates (5×105 cells/ well) with
medium, 50 nM CpG, 100 ng/mL SCF, and 50
nM CpG plus 100 ng/mL SCF. After 24 h, super-
natants were collected and IL-12 measured by
ELISA in duplicates. Individual experiment and
average values (bar) are shown. In (A), N = 5; in
(B), N = 5; (N indicates the number of independent
experiments).

percentage of live spleen DCs in the culture (Supporting Informa-
tion Fig. 4C).

Finally, we analyzed CpG and PolyI:C effects after gating on
either cDC1s or cDC2s. In agreement with our previous find-
ings on BM DCs [14], we observed that unstimulated cDC1s
had a higher c-kit MFI than unstimulated cDC2s (Supporting
Information Fig. 5A–C). Notably, we found that both subsets

markedly down-regulated c-kit expression upon CpG- or PolyI:C-
induced activation (Supporting Information Fig. 5A–C). We fur-
ther observed that both cDC1s and cDC2s significantly down-
regulated c-kit expression after stimulation with either TNFα or
IFNβ (Supporting Information Fig. 6A and B). In contrast, LPS at
1 μg/ml did not modulate c-kit expression by cDC2s and slightly
increased it by cDC1s (Supporting Information Fig. 6A and B). A

Figure 6. c-kit membrane expression and survival of spleen DCs stimulated with either CpG or PolyI:C in combination with SCF. (A-B) Spleen
DCs (5×105 cells/ well) were cultured in 24-well plates with medium, 50 nM CpG, 10 μg/mL PolyI:C, each tested alone or in the presence of 100
ng/mL SCF. After 24 h, cells were collected, stained with fluorochrome-conjugated mAbs and analysed by flow cytometry. (A) Typical histograms
showing c-kit expression by CD11c+ MHCII+ spleen DCs, gated as in Fig. 4A. Thick lines represent c-kit staining profiles, thin lines FMO controls;
c-kit MFI values are indicated. (B) Summary of c-kit results. (C-D) Spleen DCs were cultured as in fig. 4C with medium, 50 nM CpG, 10 μg/mL PolyI:C,
each tested alone or in the presence of 100 ng/mL SCF. After 2 days, the absolute number of PI(-) living cells was determined as in fig. 4C. In B-D
individual experiment and average values (bar) are shown. In (A), representative example of 3 N; in (B), N = 3; in (C-D), N = 5 (N indicates the
number of independent experiments).
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Figure 7. c-kit membrane expression by spleen cDC1s and cDC2s after in vivo treatment with either CpG or PolyI:C of wild-type and IFNARI−/−

mice. Mice were intraperitoneally injected with either 150 μg PolyI:C or 2.5 nmoles CpG, or else PBS as a control. After 24 h, spleen cells were
obtained, stained with fluorochrome-conjugated mAbs and analysed by flow cytometry. (A) Flow cytometric profiles of spleen cells from B6 mice
treated as indicated. In the left panels, numbers represent percentages of CD11c+ MHCII+ DCs in the indicated regions; in the right panels,
percentages of CD8α+ cDC1s and CD11b+ cDC2s in the indicated regions. (B) c-kit histograms of CD8α+ cDC1s and CD11b+ cDC2s from B6 mice,
gated as in A. Thick lines represent c-kit staining profiles, thin lines isotype control mAb; c-kit MFI values are indicated. (C-D) Summary of c-kit
results in cDC1s (C) and cDC2s (D) from B6 mice. Individual mice and average values (bar) are shown. (E-H) Summary of c-kit results in cDC1s
(E-F) and cDC2s (G-H) from male IFNARI−/− mice and wild-type (wt) littermates. Individual mice and average values (bar) are shown. In (A-B),
representative example of individual mice from 2 independent experiments; in (C-D), 9 mice examined in 2 independent experiments; in (E-H) 16
mice examined in 3 independent experiments; in each experiment 2–3 IFNARI−/− mice and 2–3 wt mice were examined in parallel.

similar trend was found at 5 μg/ml LPS (N = 2 experiments, data
not shown). Since IFNβ was able to directly inhibit c-kit expression,
CpG and PolyI:C could possibly act indirectly on c-kit expression
by stimulating type I IFN production.

CpG and PolyI:C inhibit membrane c-kit expression
by spleen DCs in vivo

We then analyzed the effects of CpG and PolyI:C on c-kit mem-
brane expression by spleen cDC subsets in vivo. To this aim, nor-
mal B6 mice were injected intraperitoneally with either PolyI:C
or CpG, or else PBS as a control. After 1 day, mice were killed
and spleen cells were analyzed by flow cytometry. Fig. 7A-B show
representative flow cyometric profiles, and fig. 7C-D a summary
of results. In vivo treatment with CpG or PolyI:C induced a sta-
tistically significant c-kit down-regulation by cDC1s, as well as by
cDC2s (Fig. 7C and D), thus confirming our in vitro results.

As a control for spleen DC activation, we also checked MHCII,
CD40 and CD11c membrane expression by CD11c+ MHCII+ DCs

Table 1. MHCII, CD11c and CD40 expression by CD11c+ MHCII+ spleen
DCs from B6 mice injected with PolyI:C, CpG and PBS

MHCII MFI CD40 MFI CD11c MFI

PBS 10523 ± 4274 526 ± 39 31474 ± 2272
PolyI:C 15222 ± 3159 (*) 1563 ± 270 (*) 21157 ± 3598
CpG 9956 ± 1934 1104 ± 65 (**) 22155 ± 943 (**)

Spleen cells were obtained from B6 mice treated as in Fig. 7, stained
with fluorochrome-conjugated mAbs and analysed by flow cytometry.
Numbers represent average values ± SD of MHCII, CD40 and CD11c MFI
of CD11c+ MHCII+ spleen DCs, gated as in Fig. 7A. Summary of results
obtained with 9 mice in 2 independent experiments (same mice as in
Fig. 7C and D).

and found that CD40 MFI was significantly up-regulated after
treatment with either CpG or PolyI:C, MHCII significantly up-
regulated with PolyI:C and CD11c significantly down-regulated
with CpG [19] (Table 1).

To investigate whether CpG and PolyI:C in vivo effects were
mediated by type I IFN, we took advantage of IFNARI−/− mice
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[20]. We observed that CpG significantly inhibited c-kit expres-
sion by spleen cDC2s but not by spleen cDC1s from IFNARI−/−

mice. The CpG-triggered negative regulation of c-kit expression by
spleen cDC2s was less pronounced in IFNARI−/− mice than in con-
trol mice. A similar trend was observed for c-kit down-regulation
induced by PolyI:C (Fig. 7E–H).

Discussion

We showed here that PolyI:C and CpG inhibited c-kit expression
by both spleen cDC1s and cDC2s, not only in vitro but also in vivo.
Furthermore, TNFα and IFNβ inhibited c-kit expression by both
spleen cDC subsets, while LPS did not, and even induced a slight
c-kit up-regulation by cDC1s. In vivo experiments in IFNRAI−/−

mice showed that IFNAR expression was required for CpG- and
PolyI:C-triggered inhibitory effect in cDC1s but not in cDC2s. It
is possible that LPS had a reduced ability to induce type I IFN in
comparison with CpG and PolyI:C, or induced it with a different
kinetics [21]. The molecular bases for the differences between
cDC1s and cDC2s remain to be determined. In this context, it is
intriguing that RelB specifically controls differentiation of a dis-
tinct population of c-kit+ CD172+ DCs in the spleen that preferen-
tially induces Th2 response [22], and that the pro-allergic stimuli
CT and HDM are able to increase membrane c-kit expression by
BMdDCs in vitro and to recruit c-kit+ inflammatory moDCs into
the lung [15, 16]. Taken together, these results point to c-kit as a
potential surface marker to discriminate between different kinds
of DC activation, possibly supporting distinct types of polarized
responses. Future studies on c-kit modulation by a wider array of
stimuli will be necessary to test this possibility.

Using BMdDCs expressing high levels of c-kit generated with
our previous protocol [14], we showed a significant reduction
of c-kit mRNA after 4 and 8 h of stimulation with CpG, and
after 8 h of incubation with PolyI:C. The rapid effect of CpG on
c-kit mRNA was reflected by reduced c-kit membrane expression,
as measured by flow cytometry after 6 h of stimulation. After
24 h of incubation, both CpG and PolyI:C inhibited membrane
c-kit expression. Although high levels of autocrine SCF induced
by PolyI:C could possibly contribute to membrane c-kit down-
regulation, our qPCR results showed that c-kit expression was
strongly inhibited at the mRNA level. Furthermore, CpG also inhib-
ited membrane c-kit expression by spleen DCs, but with a slow
kinetics, as CpG effect was evident after 24 but not yet after 6 h of
treatment.

Exogenously provided SCF had no effect on IL-6 and IL-12
production when tested alone, and it did not modulate PolyI:C-
induced IL-6 production. In contrast, spleen DCs produced a
slightly higher amount of IL-6 when stimulated with CpG plus
SCF, as compared with CpG alone. Results were statistically sig-
nificant and similar by ELISA and intracellular staining. This minor
but reproducible synergy was not observed in BMdDCs. The dif-
ference between the two types of DCs might be explained by the
faster kinetics of c-kit inhibition observed in CpG-stimulated BMd-

DCs. Along the same line, spleen DCs but not BMdDCs, produced
a slightly higher amount of IL-12 when stimulated for 1 day with
CpG plus SCF, as compared with CpG alone. Results were similar
with BMdDCs generated from either B6 or Balb/c mice, although
—as expected [23]—the former produced higher amounts of IL-12
than the latter.

Taken together, our results suggest that c-kit down-regulation
dominates the response to CpG and PolyI:C, partially or completely
inhibiting the possibility of a synergistic effect of SCF on CpG-
driven IL-6 and IL-12 production. In brief, our results suggest
that c-kit signalling —while being a positive regulator of allergy
[16, 17]— is inhibited via reduced mRNA and membrane protein
expression during DC response to the proinflammatory stimuli
PolyI:C and CpG.

Incubation with exogenously provided SCF for 2 days had a
little but statistically significant protective effect against sponta-
neous spleen DC death in vitro, in agreement with our previ-
ous findings showing that autocrine SCF supports BMdDC sur-
vival [14]. We also measured SCF protein expression by spleen
DCs after 1 day of culture with medium and found that cell lysates
contained 281.8 ± 97.9 pg/ml of SCF by ELISA assay [14]. Thus,
our results on spleen DCs show that not only these cells produce
autocrine SCF, but they also respond to exogenously provided
SCF by increased survival. Nevertheless, in the presence of SCF
spleen DC absolute numbers were reduced after 2 days of stimula-
tion with PolyI:C or CpG. Taken together, our results suggest that
interruption of SCF/c-kit pro-survival circuit due to reduced c-kit
expression might contribute to DC death following DC maturation
induced by CpG and PolyI:C [24–26].

We previously showed that SCF signaling in BMdDCs increases
AKT phosphorylation [14]. This pathway is likely involved in SCF
pro-survival effects in DCs, and through the activation of NF-κB,
in the slight synergistic effect of SCF on CpG-induced IL-6 and
IL-12 production by spleen DCs [27, 28]. TLRs signal through
macromolecular complexes [29], and it has been shown that tyro-
sine phosphorylation plays a role in TLR-mediated activation path-
way [30]. It remains to be determined whether the observed CpG-
SCF interplay involves tyrosine phosphorylation events mediated
by c-kit kinase activity, but this is beyond the scope of our study.

It is becoming more and more evident that DC homeostasis is
regulated at multiple levels, both intrinsic and extrinsic to the
cell. Our results suggest a role for the SCF/c-kit axis in tun-
ing DC homeostasis after activation, with potential implications
in translational medicine. For example, a better knowledge of
the SCF/c-kit pathway might be helpful to counteract the detri-
mental depletion of DCs that occurs in patients with sepsis [31]
and contributes to immunosuppression and worsening of the dis-
ease [32]. Furthermore, it is intriguing that a recent transcriptomic
analysis of tumor infiltrating DCs in human samples showed that
c-kit is highly correlated with a better prognosis [33]. This aspect
deserves further studies, considering the growing evidence that
transcriptomic analysis of tumor microenvironment, including DCs
in tumor associated tertiary lymphoid structures, is instrumental to
appropriately guide prognosis and therapy of human cancers [34].
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Material and methods

Cytokines, reagents and culture media

Recombinant mouse SCF and TNFα were purchased from
Immunotools (Friesoythe, Germany), recombinant mouse GM-
CSF from Peprotech (Rocky Hill, NJ, USA), and recombinant
mouse IFNβ from PBL Assay Science (Piscataway, NJ, USA).
Opti-MEM Medium (ThermoFisher Scientific, Waltham, MA,
USA) was supplemented with Glutamine, penicillin/streptomycin,
50 μM β-Mercaptoethanol (medium). This medium was used
for all the experiments, except for the 7-day culture of BM
cells with GM-CSF (see below). RPMI Medium 1640 (Sigma-
Aldrich, Milan, Italy) was supplemented as above, plus 10% Heat-
Inactivated Fetal Calf Serum (FCS) (Complete RPMI medium).
LPS from E. coli was purchased from Enzo Life Sciences (Farm-
ingdale, NY, USA), high molecular weight Poly I:C (Tlrl-pic- 5)
and Class B CpG oligonucleotide 1668 (Tlrl-1668, sequence 5-
TCCATGACGTTCCTGATGCT-3’) from Invivogen (San Diego, Cal-
ifornia, USA). Forskolin was purchased from Sigma-Aldrich.

Mouse treatment and DC preparation

Female C57BL/6J (B6) and Balb/C mice purchased from Charles
River (Calco, Italy), and 129 Sv IFNARI−/− (IFNARI−/−) mice [20]
were housed at the animal facility of Istituto Superiore di Sanità
of Rome (ISS), according to institutional guidelines (DL116/92
and 26/2014).

To generate BMdDCs, mice were sacrificed at 5–16 weeks
of age and BM was obtained from tibias and femurs [35, 36].
c-kit+ DCs were generated from BM cells as we previously
described [14]. Briefly, BM cells were cultured in Complete RPMI
medium with GM-CSF. At day 7, we collected non-adherent and
slightly adherent cells after detachment with PBS 3 mM EDTA.
CD11c+ cells were highly purified (�99% pure) with anti-CD11c
magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many), and re-plated for 2 days in Opti-MEM medium sup-
plemented as above (medium), in the presence of 20 ng/mL
of GM-CSF. At day 9, BMdDCs containing, at an average,
�91% c-kit+ MHC-IIhi CD40hi cells were obtained and used for
experiments.

To obtain high number of spleen DCs, B6 mice were injected
subcutaneously into the flanks with 2×106 B16-Flt3L cells [18].
After 8 days, mice were killed, and CD11c+ cells purified from
spleen cell suspension with anti-CD11c magnetic microbeads (Mil-
tenyi Biotec). We thus obtained spleen DC preparations contain-
ing, at an average, �94% CD11c+ MHCII+ DCs.

For the studies to evaluate the in vivo effects of PolyI:C and
CpG, B6 mice, IFNARI−/− and age- and sex-matched littermate
controls were injected intraperitoneally with either 150 μg of
PolyI:C, or 2.5 nmol of CpG, or else PBS as a control. After 1
day, mice were killed and spleen cells were analyzed.

Membrane and intracellular staining and flow
cytometry

Cell membrane staining was performed with fluorochrome-
conjugated monoclonal antibodies (mAbs), after blocking with
anti-FcγR (clone 2.4G2) mAb. The following mAbs were used
(clone indicated in parentheses): anti-CD11c (HL3), anti-I-
Ab or MHCII (M5/114.15.2) anti-CD40 (HM40-3), anti-CD11b
(M1/70), anti-CD8α (53-6.7), anti-c-kit (2B8) (from BD Bio-
sciences; Biolegend, San Diego, CA, USA; Miltenyi Biotec; eBio-
science, ThermoFisher Scientific; conjugated with FITC, phycoery-
thrin (PE), PE-Cy7, APC, APC-Vio770). Dead cells were excluded
with Propidium Iodide (PI, Sigma-Aldrich). Intracellular staining
for IL-6 was performed following cell stimulation in the presence
of Brefeldin A and Monensin (Protein Transport Inhibitor Cocktail,
eBioscience, ThermoFisher Scientific). After membrane staining,
cells were fixed, permeabilized and stained using either anti-IL-6
mAb PE (clone MP5-20F3) or isotype control PE (clone RTK2071)
(both from Biolegend). Samples were analysed by FACSCanto I
and II (BD Biosciences). Data were analysed using FlowJo soft-
ware, v.9.7.6 (FlowJo, Ashland, OR, USA).

Real-time PCR

Total RNA was extracted from BMdDCs and spleen DCs
using the TriReagent (Sigma-Aldrich). cDNA was synthesized
from 1 μg of total RNA using M-MLV Reverse Transcrip-
tase (Promega, Madison, WI, USA), according to the manufac-
turer’s instructions. Real-time PCR was performed using Taq-
Man Gene expression Assays and the ABI Prism 7900 sequence
detection system (Applied Biosystems, Foster City, CA, USA).
cDNAs were amplified with primers for IL-6 (Mm00446190 m1),
c-kit (Mm00445212 m1), SCF (Mm00442972 m1), and hprt-1
(Mm00446968 m1) (Applied Biosystems, ThermoFisher Scien-
tific), all conjugated with fluorochrome FAM. Relative expression
of each gene versus hprt-1 was calculated according to the 2−��ct

method.

ELISA

Spleen DCs and BMdDCs (both at 5×105 cells/ well) were cul-
tured in different conditions. After 24 h, supernatants were col-
lected. IL-6 was tested by Mouse IL-6 Quantikine ELISA kit (R&D-
System, Minneapolis, USA), and IL-12 by Mouse IL-12p70 Quan-
tikine ELISA kit (R&D-System).

Cell number determination

Spleen DCs (1.6×105 cells/ well) were plated in 96-well plates in
different conditions. At the start of the culture (time 0), and after
2 days of incubation, spleen DC absolute number was determined
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by MACSQuant VYB instrument (Miltenyi Biotec), after dead cell
exclusion by PI. Data were analysed using FlowJo software, v.10.2.

Statistics

Each experimental group was compared with its corresponding
control group (i.e. medium, or PBS) by performing a two-tailed
paired Student’s t-test. Two-tailed paired Student’s t-test was also
used to compare PolyI:C versus PolyI:C + SCF, and CpG versus
CpG + SCF. Student’s t-tests and Spearman’s correlation test were
performed using Prism v.6.0f, GraphPad Software (La Jolla, CA,
USA). Differences were considered significant when *p � 0.05;
**p � 0.01; ***p �0.001.
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