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Plasmacytoid dendritic cells (pDCs) highly populate lung tumor masses and are strictly correlated to bad
prognosis, yet their role in lung cancer is controversial. To understand their role in lung cancer, we
isolated pDCs from human samples of lung obtained from non-small cell lung cancer patients under-
going thoracic surgery. Tumor masses presented a higher percentage of pDCs than healthy tissues; pDCs
were in the immunosuppressive phenotype, as determined by higher levels of CD33 and PD-L1. Despite
higher HLA-A and HLA-D expression, cancerous pDCs did not exert cytotoxic activity against tumor cells
but instead promoted their proliferation. In this scenario, cancerous pDCs were able to produce high
levels of IL-1a. This effect was observed on the specific activation of the inflammasome absent in
melanoma 2 (AIM2), which led to higher cytoplasmic calcium release responsible for calpain activation
underlying IL-1a release. The blockade of type I interferon receptor and of AIM2 via the addition of LL-
37 significantly reduced the release of IL-1a, which was still high after Nod-like receptor P3 inhibition
via glibenclamide. More important, mitochondrial-derived reactive oxygen species sequester diminished
AIM2-dependent IL-1a release. Our data demonstrate that lung tumoreassociated pDCs are responsive
to the activation of AIM2 that promotes calcium efflux and reactive oxygen species from mitochondria,
leading to calpain activation and high levels of IL-1a, which facilitate tumor cell proliferation in the
lung. (Am J Pathol 2015, 185: 3115e3124; http://dx.doi.org/10.1016/j.ajpath.2015.07.009)
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In the past decade, several studies have highlighted the key
role of plasmacytoid dendritic cells (pDCs) in innate im-
munity.1,2 Their discovery dates back 50 years ago and,
although their functional activity is nowadays being better
explored, their role in specific pathologies still remains
elusive. Human neoplasms, including solid tumors, such as
head and neck, breast,3 ovarian,4 lung cancer,5 and skin
tumors,6 are populated by nonactive/tolerogenic pDCs,
associated with bad prognosis for cancer patients.7 None-
theless, their function is still controversial. Various studies
indicate that pDCs play an immunosuppressive role, and
facilitate tumor progression in both animal models and
humans.1 In contrast, others found that the presence of
activated pDCs results in tumor regression in mice.1 Given
these findings, it is clear that pDC function plays a critical
role in tumor biology.
stigative Pathology.

.

pDCs are recognized as type I interferon (IFN)eproducing
cells.8 The stimulation of pDCs with Toll-like receptor (TLR)
7 and 9 ligands leads to the production of large amounts of
type I IFN, underlying their potential antiviral activity.1,9

This function was also highlighted for tumor-associated
pDCs (TApDCs), although pDC-derived type I IFN still
needs clarification in that it can lead to both a mounting
cytotoxic, antitumor activity10 and immunosuppression,11

which instead facilitates tumor cell immune escape. In a
mouse model of melanoma, the intratumoral stimulation of
pDCs with imiquimod, a TLR7 agonist, rendered these cells
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Table 1 Histological Status of the Tumor Tissues Obtained by 14
Patients with Lung Cancer

Patient No. Type of lung cancer

1 Adenocarcinoma
2 Adenocarcinoma
3 Adenocarcinoma
4 Squamous carcinoma
5 Adenocarcinoma
6 Adenocarcinoma
7 Adenocarcinoma
8 Squamous carcinoma
9 Adenocarcinoma
10 Adenocarcinoma
11 Squamous carcinoma
12 Adenocarcinoma
13 Adenocarcinoma
14 Squamous carcinoma
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cytotoxic and contributed to tumor regression via IFN re-
ceptor (IFNAR) signaling.12 Similarly, Liu et al13 demon-
strated that the intratumoral activation of pDCs via CpG
could induce natural killer celledependent tumor regression.
In sharp contrast, stimulation of lung tumorebearing mice
with systemic CpG, a TLR9 ligand, did not lead to the same
results.14,15 CpG-activated pDCs increased the recruitment of
T-regulatory cells, and limited the inflammatory cell influx to
the lung, establishing an immunosuppressive environment that
favored tumor growth.1,15,16 The samewas observed in amouse
model of breast cancer in which in vivo depletion of pDCs
delayed tumor growth, showing that TApDCs provided
an immune-subversive environment, most likely through T-
regulatory cell activation, thus favoring breast tumor progres-
sion.16 Similarly, the high presence of pDCs contrasted
doxorubicin-induced tumor cell death and, thus, regression.17 In
the absence of a specific stimulus, pDCs in the tumormass have
been associated with the development and maintenance of the
immune-suppressive microenvironment.18 Similar to mice,
human pDCs are in their immature phenotype in tumor
masses.1,7 Nonetheless, a thorough study has never been con-
ducted on the role of these cells in human lung tumor micro-
environment, which may differ from the extensively studied
mouse pDCs. The phenotype of pDCs is strictly correlated to
the environment they encounter.1 In this context, chronic
inflammation and the ensuing signaling pathways in the tumor
mass are relevant to decide for the fate of the infiltrated pDCs.

An emerging area of investigation is the role of the inflam-
masome in cancer.19 The inflammasome is a multiprotein
complex that comprises the assembly of Nod-like receptors
(NLRs) or HIN200 family receptors, such as absent in mela-
noma 2 (AIM2), able to bind the adaptor apoptosis-associated
speck-like protein containing a carboxyterminal CARD that
induces the autocleavage of caspase-1 and the activation of
IL-1elike cytokines.19 It is of great interest that high serum
concentrations of proinflammatory inflammasome-related cy-
tokines (eg, IL-1a/b and IL-18) are correlated to malignancies
with a low rate of survival from time of diagnosis.20 In the
tumor microenvironment, IL-1-like cytokines can be secreted
by both malignant and infiltrated immune cells.21 On the basis
of the notion that the inflammasome is responsible for IL-1e
like cytokine release by bone marrowederived macrophages
and dendritic cells,19 the aim of our study was to understand the
role of pDCs during a pathological condition, such as lung
cancer.

Herein, we found that human immunosuppressive TApDCs
produced higher levels of IL-1a than healthy pDCs in an
AIM2-dependent manner and that their activity was type I IFN
and oxidative stress dependent.

Materials and Methods

Human Samples

We used lung samples of non-small cell lung cancer patients
undergoing thoracic surgery after their approval according to
3116
the Review Board of the Hospital of Salerno (Salerno, Italy).
The non-small cell lung cancer subjects were 60 � 10 years of
age, and the histological status is described in Table 1. Samples
from the tumor mass were defined as cancerous, whereas the
healthy samples were obtained from the same patient from a
distant noncancerous portion of the lung.

Isolation of Human LungeDerived pDCs

pDCs were isolated from healthy and cancerous samples that
were excised and digestedwith 1U/mL collagenase and 20mg/
mLDNase I (Sigma Aldrich,Milan, Italy) and antibiotics. Red
blood cells were lysed. pDCs were isolated using a custom
negative selection in that the enrichment immunomagnetic
cocktail for human pDCs (EasySep Stem Cell, Voden, Milan,
Italy) was modified with the addition of anti-EpCam antibody
to avoid epithelial or tumor cell contamination. Purity was
checked by flow cytometry, and was routinely approximately
85% to 90% (Supplemental Figure S1A), and by means of
confocal microscopy (Supplemental Figure S1B). pDCs were
treated with the following: 0.1 to 10 mg/mL CpG (InvivoGen,
San Diego, CA), 0.1 to 10 mg/mL imiquimod (InvivoGen), 0.1
to 10 mg/mL poly(dA:dT) (InvivoGen), 1 mmol/L glibencla-
mide, NLRP3 inhibitor (Sigma Aldrich, Rome, Italy), 1 mmol/
L diazoxide (DZX; Sigma Aldrich, Rome, Italy), 10 mmol/L
calpain inhibitor MDL 28170 (Sigma Aldrich, Rome, Italy),
10 mmol/L necrostatin-1, receptor-interacting protein kinase
inhibitor (Sigma Aldrich, Rome, Italy), 10 mmol/L dipheny-
leneiodonium chloride (DPI), NADPH oxidase inhibitor
(Sigma Aldrich, Rome, Italy), 10 mmol/L N-acetylcysteine
(NAC; Sigma Aldrich, Rome, Italy), and 0.1 mg/mL LL-37
(Biolegend, San Diego, CA).

Co-Culture Studies

Carboxyfluorescein diacetate succinimyl ester (CFSE)þ

human leukemia K562 cells were cultured with pDCs (ratio,
1:2.5) for 5 to 24 hours to measure their cytotoxic
activity, according to the percentage of CFSEþ propidium
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Figure 1 Immunosuppressive plasmacytoid
dendritic cells (pDCs) populate lung tumor mass.
Human samples of non-small cell lung cancer
(NSCLC) patients undergoing thoracic surgery were
enzymatically digested, and pDCs were isolated by
means of an immunomagnetic kit. A: Lung tumor
masses (cancerous) present a higher percentage of
pDCs than healthy lung tissues. B: pDCs are iden-
tified as B220þCD19�BDCA-2þCD123þ cells by
means of flow cytometry. CeF: The expression of
CD33 (C), PD-L1 (D), HLA-AI (E), and HLA-D (F) is
higher on cancerous tumor-associated pDCs than
healthy cells. G: Intracellular staining of granzyme
B reveals higher presence of this cytotoxic medi-
ator in cancerous than healthy pDCs. Data repre-
sent means � SEM (CeG). n Z 14 patients.
*P < 0.05, **P < 0.01, ***P < 0.005, and
****P < 0.0001, as determined by two-tailed
unpaired t-test.

Cancerous pDCs Produce IL-1a via AIM2
iodideepositive K562 cells determined by flow cytometry.
In another set of experiments, we performed co-culture
experiments with the human Jurkat T cell line and CpG-
or phosphate-buffered salineepulsed pDCs (ratio, 1:10 or
1:5), to test the activity of pDC antigen-presenting activity.

Flow Cytometry Analysis

pDCs were identified by flow cytometry (BD FacsCalibur,
Milan, Italy) using the following antibodies: CD123-
allophycocyanin, B220-phycoerythrin, CD19-PeCy5.5,
BDCA-2 fluorescein isothiocyanate (FITC), CD33-PerCP,
HLA-AI-PerCP, HLA-DePerCP, granzyme BeFITC or
allophycocyanin, and PD-L1-FITC or allophycocyanin
(eBioscience, San Diego, CA). Intracellular staining for
IL-1a was performed on fixed/permeabilized pDCs after
the extracellular staining for CD123, B220, and CD19.
Healthy and cancerous pDCs were stained for MitoSOX
Mitochondrial Superoxide Indicator, as indicated in the
manufacturer’s guide (Life Technologies, Carlsbad, CA).

Immunofluorescence Analysis

Enriched pDC solution and human tissues were stained
for CD123eAlexaFluor 555 (eBioscience) or BDCA-2e
AlexaFluor 555 (eBioscience) and intracellular IL-1ae
FITC. Similar staining was performed on human lung
cancerederived tissues. Images were observed by means
of confocal microscopy (magnification, �40; Zeiss, Jena,
Germany).
The American Journal of Pathology - ajp.amjpathol.org
Activity of Caspase-1

Caspase-1 activity was measured by means of a commercially
available FAM FLICA caspase-1 assay kit (ImmunoChemistry
Technologies, Bloomington, MN) and analyzed/expressed
according to the absorbance (550 nm) of FLICAþ cells.

Cytokine Measurements

IFNa, IL-18, IL-1a, and IL-1b were measured in cell-free su-
pernatant obtained from the pDC culture by using commercially
available enzyme-linked immunosorbent assays (eBioscience).

Measurement of Intracellular Calcium

Intracellular calciumconcentrationsweremeasured by using the
fluorescent dye Fura 2-AM (SigmaAldrich, Rome, Italy). pDCs
(5 � 104 cells per well) were incubated at 37�C with CpG,
imiquimod, and poly(dA:dT) for 1 hour. Thereafter, cells were
washed and Fura 2-AM hydrolysis was allowed in calcium-free
medium, as already reported.22 Data were expressed as
percentage of D increase of fluorescence ratio (F340/F380
nm) induced by 1 mmol/L ionomycin or 0.05 mmol/L
carbonyl cyanide p-trifluoromethoxy-phenylhydrazoneebasal
fluorescence/basal fluorescence ratio (F340/F380 nm).

Statistical Analysis

Results are expressed as means � SEM. A t-test or one-
way analysis of variance was used to statistically
3117
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Figure 2 Cancerous plasmacytoid dendritic cells (pDCs) do not have
cytotoxic activity. Co-culture experiments were performed between human
pDCs and the leukemia cell line K562 cells (ratio, 2.5:1), previously stained
with CFSE. Five hours after the addition of pDCs to K562 cells, flow
cytometry analysis was performed by using propidium iodide (PI) to reveal
CFSEþ dying K562 cells. Cancerous pDCs do not induce K562 to cell death,
contrary to healthy pDCs (A), as observed by the lower percentage of
CFSEþPIþ cells compared with CFSEþ cells (B). Negative control (CTR) for
flow cytometry analysis for CFSEþK562 cells without the presence of pDCs is
shown. Data represent means � SEM (A). nZ 9 patients. ***P < 0.005, as
determined by two-tailed unpaired t-test. CSFE, carboxyfluorescein
diacetate succinimyl ester.

Sorrentino et al
evaluate differences among treatments. P < 0.05 was
considered significant.

Results

Human Lung Cancer Tissues Are Highly Populated by
pDCs

Previously, we demonstrated that pDCs highly populate the
lung of tumor-bearingmice participating in the establishment of
the tumor immune microenvironment and progression.14,15 To
understand the role of pDCs in humans, samples of cancerous
and healthy human lung were enzymatically digested and
analyzed for the presence of pDCs (identified as
B220þCD19�BDCA-2þCD123þ cells) by means of flow
cytometry. Human lung cancer tissues were highly populated
by pDCs compared with healthy lung tissues (1.72 � 0.36
versus 8.49 � 1.22) (Figure 1, A and B, and Supplemental
Figure S1C), confirming our previous data on mice.15 Inter-
estingly, we found that healthy lung tissues had similar per-
centages of pDCs as healthy blood (data not shown).

To understand the phenotype of pDCs, we went on by
analyzing the expression of the immunosuppressive CD3323

and PD-L1.24 Lung cancerederived pDCs presented higher
levels of CD33 (Figure 1C) and PD-L1 (Figure 1D), and they
also had higher levels of HLA-AI (Figure 1E), HLA-D
3118
(Figure 1F), and intracellular granzyme B (Figure 1G).
Because of the high expression of HLAs, to evaluate pDC
antigen-presenting activity, we performed co-culture ex-
periments with the human Jurkat T cell line and CpG- or
phosphate-buffered salineepulsed pDCs (ratio, 1:10 or
1:5). The proliferation rate of Jurkat T cells was increased
when cancerous, but not healthy, pDCs were added. How-
ever, we were not able to detect type 1 helper T-cellelike
cytokines to show an antitumor activity (data not shown).
According to the higher expression of granzyme B, pDCs

were co-cultured with the K562 cell line, previously stained
with CFSE, to measure pDC cytotoxic activity. The addition
of lung cancerederived (cancerous) pDCs to CFSEþ K562
cells significantly reduced the percentage of CFSEhigh

propidium iodideepositive cells (Figure 2A), but, instead, a
higher percentage was registered for CFSEþ propidium
iodideenegative K562 cells (Figure 2B), compared with
healthy pDCs, suggesting that K562 cells were induced to
cell proliferation. These data highlight that cancerous
immunosuppressive pDCs facilitate tumor cell proliferation
in human lung cancer.

Human Lung CancereDerived pDCs Produce IL-1eLike
Cytokines

pDCs are highly specialized at sensing nucleic acids via the
intracellular pattern recognition receptors TLR7 and TLR9,
which lead to the release of high levels of type I IFN.1 Hence,
pDCs are recognized as the professional IFN-producing cells.
The stimulation of healthy pDCs with 0.1 mg/mL CpG and 1
mg/mL imiquimod significantly increased the production of
IFNa (Figure 3, A and B). Instead, cancerous pDCs were not
able to release higher levels of IFNa under CpG (Figure 3A)
and imiquimod stimulation (Figure 3B), although the basal
levels of IFNa in these cells were significantly higher than the
basal levels of healthy pDCs (Figure 3, A and B). Because a
recent study found that type I IFN negatively controls pDC
turnover in that an overproduction of type I IFNs can lead to
the death of pDCs during steady-state conditions and viral
infections,8 we measured lactate dehydrogenase (LDH)
release. Both healthy and cancerous pDCswere not dying cells
because the levels of LDH were not as high as the positive
control (Figure 3C).
On the basis of the notion that IL-1elike cytokines highly

populate tumor masses,20 we kept on our study by investigating
whether cancerous pDCs were able to release IL-1a and IL-1b
under inflammasome activation. We first measured the
expression of AIM2 and NLRP3 by means of flow cytometry.
The levels of AIM2 (Figure 3, D and E) and NLRP3 (Figure 3,
E and F) were significantly increased in cancerous pDCs
compared with healthy cells. Interestingly, the stimulation of
healthy and cancerous pDCs with poly(dA:dT), an AIM2
ligand, did not increase the levels of IL-1b (Figure 4A), whereas
the stimulation of TApDCs with a well-known NLRP3 acti-
vator, ATP, increased IL-1b levels compared with healthy
pDCs (healthy pDCs: control versus ATP stimulated,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Cancerous plasmacytoid dendritic cells (pDCs) release higher levels of type I interferon (IFN). pDCs were stimulated with 0.1 mg/mL CpG and 1
mg/mL Imiquimod (Imi) for 5 hours. A and B: Healthy pDCs increase the production of IFNa after CpG (A) and Imi (B) stimulation. Instead, cancerous pDCs do
not increase the release of IFNa under the same conditions, but have higher basal levels of IFNa compared with healthy pDCs. C: The release of lactate
dehydrogenase (LDH), typical of dying cells, is not altered in both healthy and cancerous pDCs after CpG and Imi addition. D and F: Absent in melanoma 2
(AIM2; D) and Nod-like receptor P3 (NLRP3; F) expression was analyzed by means of flow cytometry. E: Representative data. Data represent means � SEM
(AeD and F). n Z 14 patients (AeD and F). *P < 0.05, **P < 0.01, as determined by two-tailed unpaired t-test. CTR, control.

Cancerous pDCs Produce IL-1a via AIM2
68.47 � 11.18 versus 47.7 � 11.37; TApDCs: control versus
ATP stimulated, 75.88 � 12.66 versus 142.9 � 13.3; data not
shown).

Interestingly, both healthy and cancerous pDCs showed
higher levels of FAM-FLICA absorbance, confirming the
activation of caspase-1 after poly(dA:dT) addition (Figure 4B),
although these cells were not LDH-releasing cells (Figure 4C).
In sharp contrast, poly(dA:dT) robustly increased the release
of IL-1a from cancerous pDCs compared with healthy pDCs
(Figure 4D). To confirm that pDCs were the source of IL-1a in
our experimental conditions, we performed both confocal
microscopy (Supplemental Figure S1, B and C) and flow
cytometry analyses (Figure 4, E and F). Non-stimulated
(control) lung cancerederived pDCs (CD123þ cells) had
intracellular stores of IL-1a (Supplemental Figure S1B).
Concomitantly, the stimulation of lung cancerederived pDCs
with phosphate-buffered saline or poly(dA:dT) for 5 hours
decreased the levels of the intracellular IL-1a (Figure 4, E
and F), although not in a statistically significant manner
(P Z 0.0844), confirming the release of the cytokine into the
supernatant, as shown in Figure 4D. Moreover, to avoid
in vitro limitations, we also stained lung cancer tissues for
intracellular IL-1a (FITC). CD123þ cells were in the tumor
microenvironment, surrounding the tumor mass, highlighted
The American Journal of Pathology - ajp.amjpathol.org
by the DAPI staining (Supplemental Figure S1C). CD123þ

cells were IL-1aeFITC positive, confirming that pDCs are
another source of IL-1a in the lung tumor microenvironment
(Supplemental Figure S1C).

To further evaluate the role of the AIM2ecaspase-1
inflammasome in cancerous pDCs, we treated the cells with
y-Vad, a well-known caspase-1 inhibitor. The inhibition of
caspase-1 significantly reduced the release of IL-1a from
cancerous pDCs after poly(dA:dT) stimulation (Figure 4G).
The same effect was observed with an aspecific caspase
inhibitor, z-VAD (Figure 4H).

To investigate the molecular mechanism underlying AIM2
activation, we went on by blocking type I IFNAR by means
of a monoclonal antibody. The blockade of IFNAR reduced
the release of IL-1a after poly(dA:dT) treatment (Figure 4I),
implying that type I IFN is involved in the induction of IL-1a
after AIM2 activation. Moreover, to confirm the involvement
of AIM2, we observed that the addition of LL-37, an AIM2
inhibitor,25 significantly reduced the levels of IL-1a after
poly(dA:dT) addition (Figure 4J). To confirm that
poly(dA:dT) activity was solely AIM2 dependent, we treated
TApDCs with a well-known inhibitor of NLRP3,26 gliben-
clamide, and a K/ATP channel opener, DZX. The inhibition
of NLRP3 by means of glibenclamide did not alter
3119
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Figure 4 Plasmacytoid dendritic cells (pDCs) are responsive to absent in melanoma 2 (AIM2) activation. AeC: The activation of AIM2 by 1 mg/mL poly(dA:dT) does
not increase the release of IL-1 b (A) but instead significantly increases the levels of FAM-FLICA absorbance to confirm the activity of caspase-1 after the addition of
poly(dA:dT) at 3 hours (B) onto human pDCs, which are not lactate dehydrogenase (LDH)ereleasing cells (5 hours) (C).D and E: Poly(dA:dT) stimulation increases IL-1a
levels in cell-free supernatant (D) versus intracellular staining (E). F: Representative dot plots for flow cytometry analysis. GeJ: The release of IL-1a from cancerous
pDCs is reduced by the inhibition of caspase-1 by 1 mmol/L y-VAD (specific; G), 1 mmol/L aspecific inhibitor z-VAD (H), the blockade of interferon receptor (IFNAR; I),
and LL-37 addition (J). Data represent means� SEM nZ 14 patients (AeE and GeJ). *P< 0.05, **P< 0.01, ***P< 0.005, and ****P< 0.0001, as determined by
two-tailed unpaired t-test. Ab, antibody; APC, allophycocyanin; CTR, control; FITC, fluorescein isothiocyanate.

Sorrentino et al
poly(dA:dT)-induced IL-1a release (Figure 5A). Similarly,
the activation of NLRP3 by means of DZX did not
modify poly(dA:dT)-induced IL-1a release (Figure 5B),
implying that AIM2 was responsible for IL-1a release.
3120
Cell viability was not altered after the addition of gli-
benclamide and DZX (data not shown).
England et al27 described that IL-1a is not a substrate for

caspase-1. Similarly, Gross et al28 showed that IL-1a is not
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Figure 5 The release of IL-1a after poly(dA:dT) administration is ab-
sent in melanoma 2 and calpain dependent. A: Tumor-associated plasma-
cytoid dendritic cells (TApDCs) show that the administration of 1 mmol/L
Nod-like receptor P3 inhibitor, glibenclamide (Gly), does not alter IL-1a
release after poly(dA:dT) administration. B: The same is observed with 1
mmol/L diazoxide (DZX). C and D: TApDCs were treated for 5 hours with 10
mmol/L specific calpain inhibitor MDL 28170 (C) and 10 mmol/L receptor-
interacting protein kinase 1/3 inhibitor necrostatin-1 (Nec-1; D). IL-1a
release was tested. Data represent means � SEM (AeD). n Z 7 patients
(AeD). ****P < 0.0001, as determined by two-tailed unpaired t-test. CTR,
control.

Cancerous pDCs Produce IL-1a via AIM2
universally inflammasome dependent, but rather, calcium-
dependent calpain protease activity leads to IL-1a processing.
Therefore, to understand the cross talk between AIM2 inflam-
masome and calpain, we inhibited the calpain system by means
of MDL 28170. Surprisingly, MDL robustly reduced IL-1a
release after poly(dA:dT) administration (Figure 5C), implying
the involvement of calpain in an AIM2-dependent inflamma-
some. Moreover, to confirm that IL-1a was not released under
cell death, as already observed in Figure 4C, we treated
TApDCs with necrostatin-1 to inhibit receptor-interacting pro-
tein kinase 1/3edependent necrosis. The administration of
necrostatin-1 did not alter (P Z 0.0635) poly(dA:dT)-induced
IL-1a release (Figure 5D). We did not observe any difference
in LDH release after necrostatin-1 or MDL 28170 in the pres-
ence or absence of poly(dA:dT) (data not shown), implying that
cell viability was not altered.

Taken together, these data suggest that poly(dA:dT) specif-
ically triggers AIM2 inflammasome, which leads to caspase-1
but also calpain-dependent system activation, responsible for
IL-1a release in a type I IFN-dependent manner.

Poly(dA:dT)-Mediated Release of IL-1eLike Cytokines
Is Dependent on mtROS in Cancerous pDCs

The activation of the inflammasome, especially in the case
of NLRP3 inflammasome, has been widely related to
mitochondrial-dependent oxidative stress.29 Given the
notion that oxidative stress is highly registered in tumor
masses and infiltrated immune cells, we administered in-
hibitors of reactive oxygen species (ROS) production. The
release of IL-1a after poly(dA:dT) from cancerous pDCs
was significantly reduced by the addition of a classic ROS
The American Journal of Pathology - ajp.amjpathol.org
sequester, such as NAC (Figure 6A), and NADPH in-
hibitor, DPI (Figure 6B). We did not observe any differ-
ence in LDH release after NAC or DPI addition (data not
shown).

Interestingly, the administration of poly(dA:dT) signifi-
cantly increased the release of mitochondrial-derived ROS
(mtROS), as observed by the positive staining for MitoSOX
(Figure 6, C and E). Moreover, the specific inhibition of the
mitochondrial NADPH by means of DPI significantly
reduced MitoSOXþ cells (Figure 6D) compared with NAC-
and poly(dA:dT)-treated TApDCs. To confirm the role of
mitochondria in the activation of AIM2 in cancerous pDCs,
we measured the capability of pDCs to release mitochon-
drial calcium stores. The administration of poly(dA:dT) on
healthy pDCs did not induce an increase in the release of
total (Figure 6F) and mitochondrial (Figure 6G) calcium.
Instead, both total (Figure 6F) and mitochondrial
(Figure 6G) calcium stores were deprived of calcium that
was released into the cytosol when poly(dA:dT) was added
to cancerous pDCs. This effect was not reverted by the
addition of glibenclamide, implying that NLRP3 is not
involved in this signaling pathway (data not shown).

Taken together, these data imply that cancerous pDCs are
responsive to the activation of AIM2 that promotes calcium
efflux and ROS from mitochondria, leading to calpain activa-
tion that, in the end, leads to higher levels of IL-1a from
TApDCs. In their suppressive nature (Figures 1 and 2), the
TApDCs favor tumor cell survival.
Discussion

In this study, we found that human lung cancer samples are
highly populated by pDCs in their immunosuppressive
phenotype, strictly correlated to the release of IL-1a under
AIM2 stimulation. Previously, we demonstrated that the
immune-suppressive phenotype of lung tumoreassociated
pDCs was able to facilitate lung tumor growth in mice.14,15

This study, instead, further corroborates the protumor activ-
ity of pDCs in human lung cancer and focuses the attention
on the inflammasome-derived IL-1elike cytokines correlated
to the production of type I IFN.

The stimulation of AIM2 via poly(dA:dT) robustly
augmented the release of IL-1a, but not of IL-1b, from
TApDCs in an IFN-, caspase-1e, and calpain-dependent
manner.

AIM2 is a cytosolic double-stranded DNA sensor.30

Similarly to TLR7 and TLR9, AIM2 has been proposed to
function as an immune surveillant for the invasion of viruses
and bacteria as well as for the detection of endogenous
danger-associated molecular patterns during autoimmune
diseases.25 However, neither IL-1b (Figure 4A) nor IL-18
and IL-33 (data not shown) were increased after AIM2
stimulation in TApDCs. Instead, we had higher levels
of IL-1a that did not correlate with the cytotoxic activity of
TApDC, but, rather with the immunosuppressive nature of
3121
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Figure 6 The activation of absent in melanoma 2
is dependent on the mitochondrial-derived oxidative
stress. A and B: Poly(dA:dT)-induced IL-1a release
from cancerous plasmacytoid dendritic cells
(pDCs) is inhibited by the addition of 10 mmol/L
N-acetylcysteine (NAC; A) and 10 mmol/L diphe-
nyleneiodonium chloride (DPI; B). Mitochondrial-
derived reactive oxygen species were measured by
means of flow cytometry as MitoSOX-positive
cells. CeE: Cancerous pDCs stimulated with
poly(dA:dT) show higher positivity to MitoSOX
than control (CTR) and healthy pDCs. Total (F) and
mitochondrial (G) levels of calcium are signifi-
cantly released into the cytosol of cancerous pDCs
after poly(dA:dT) stimulation. Data represent
means � SEM (AeD, F and G). n Z 14 patients
(AeD, F and G). *P < 0.05, **P < 0.01,
***P < 0.005, and ****P < 0.0001, as deter-
mined by one-way analysis of variance and two-
tailed unpaired t-test.
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these cells. Instead, the activation of NLRP3 via ATP
induced the release of both IL-1b and IL-1a (data not
shown).

ATP and double-stranded DNA derived from tumor
dying cells can trigger NLRP3 and AIM2 inflammasome,
respectively, although with a differential output in terms of
IL-1elike cytokines. IL-1a seems to be predominant in the
lung tumor microenvironment, because tumor and epithelial
cells are the major source of this cytokine.20

In this study, we demonstrated that TApDCs are another
source of IL-1a and can contribute to tumor proliferation.
Indeed, IL-1a is an alarmin that can facilitate tumor progres-
sion. In a model of diethylnitrosamine-induced liver carcinoma,
skin papillomas, and gastric carcinoma, IL-1a is released by
dying cells, stimulating oxidative stress pathways responsible
for local inflammation. In some cases, IL-1a is also produced
during cell rescue from death to provide tissue regeneration and
subsequent accumulation of mutations and tumor initiation and
3122
progression.19Moreover, IL-1awas described as antitumor in a
mouse model of fibrosarcoma,31 because it promoted the
cytotoxic natural killer, CD4þ, and CD8þ T cells. Some cancer
cells can express membrane IL-1a, which can increase the
immunogenicity of tumor cells and promote antitumor immune
surveillance and tumor regression. On the other side, however,
high levels of released IL-1a in the tumor microenvironment
can favor angiogenesis and invasiveness31 and can be a marker
for poor prognosis.20,21 Moreover, pDCs have been widely
associated with the expansion of T-regulatory cells in can-
cer.1,16 However, some studies have shown that the adoptive
transfer of pDCs pulsed with a tumor-associated antigen can
exert antitumor activity in that it induces a cytotoxic adaptive
immunity. The discrepancy between these evidences may
underlie the nature of pDCs. We showed that the TApDC
phenotype plays a pivotal role in cancer immunoediting in
mice.14,15,17 Herein, we found that similar to mice, TApDCs
have an immune-suppressive nature and are associated with
ajp.amjpathol.org - The American Journal of Pathology
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Cancerous pDCs Produce IL-1a via AIM2
lung tumor proliferation because of the activation of the
AIM2-calpain axis that leads to IL-1a release and activity.

The activation of AIM2 was reported as IFN-inducible
inflammasome.25 Indeed, De Young et al32 suggested that
AIM2 could be primed by TLR agonists that induce type I
IFN release or by IFNs themselves.33,34 In our experimental
conditions, we observed that the basal levels of IFNa from
TApDCs were significantly higher than healthy. To confirm
the role of type I IFN, the blockade of IFNAR significantly
reduced AIM2-dependent IL-1a release from TApDCs.

Similarly, Fang et al33 found that Streptococcus
pneumoniaeeinfected macrophages required type I IFN
signaling for the activation of AIM2 inflammasome. Gross
et al28 demonstrated that the activation of NLRP3, NLRC4, and
AIM2 inflammasomes can lead to the release of IL-1a, but not
in a direct manner. In this scenario, the authors showed that IL-
1a was not universally inflammasome dependent, but rather
had calcium-dependent calpain protease activity. A support to
this article is that IL-1a is not a substrate for caspase-1, although
some danger molecules can regulate inflammasome-dependent
processing and release of IL-1a in mouse bone marrowe
derived macrophages. In this context, we found that calpain is
involved in AIM2-dependent IL-1a release in TApDCs.
However, because of the nature of TApDCs, we were not able
to knock down caspase-1 to discriminate its role compared with
calpain. Nevertheless, we found that the activation of AIM2 via
poly(dA:dT) led to mitochondrial release of calcium, which is
important for calpain activation. Therefore, we could speculate
that AIM2-induced mitochondrial calcium release is respon-
sible for calpain activation that turns out with higher levels
of IL-1a from TApDCs. However, we found that y-VAd
administration reduced the release of IL-1a under
poly(dA:dT) stimulation, most probably implying that this
inhibitor is not as specific as reported, but most probably
interferes with other caspase activity.

As reported by Gross et al,28 AIM2 activation leads to an
increase in mtROS production in a caspase-1edependent
manner. Similarly, we found that poly(dA:dT) increased the
release of calcium from mitochondrial stores, a connection
point between the inflammasome and calpain activation. In
support, the administration of DZX, an inducer of NLRP3, did
not alter IL-1a release after poly(dA:dT), implying, rather than
an aspecific activity of poly(dA:dT) (Figure 5A), an involve-
ment of calcium stores. Indeed, DZX is a K/ATP-channel
opener and its activity increased (data not shown) the
release of calcium from mitochondrial stores, further con-
firming the role of calcium in poly(dA:dT) activity in
TApDCs. Poly(dA:dT) significantly induced IL-1a after the
activation of the mitochondrial-derived oxidative stress
signaling, as observed by a higher percentage of MitoSOX-
positive cells. It was recently reported that cell distress sub-
sequent to mitochondrial dysfunction and the oxidation of
many cell targets, including mitochondrial DNA, is able to
induce IL-1elike cytokine release.29

Our study is the first to define a role for mtROS under AIM2
activation in tumor-derived pDCs. Although mtROS were
The American Journal of Pathology - ajp.amjpathol.org
described as NLRP3 stimuli, herein we demonstrate that
cancerous pDCs are more susceptible to mitochondria
dysfunction in that AIM2 leads to IL-1a release. The difference
between our study and the others’ is that the cells were not
undergoing cell death, and we principally detected significant
increases in IL-1a rather than IL-1b. These effects may underlie
the difference between mouse and human monocytes, dendritic
cells, and macrophages. All studies conducted so far have been
performed on mouse cultured bone marrowederived cells
rather than on pathological human diseaseederived DCs.

Therefore, as already stated by Gross et al28 and as observed
by our data, it is plausible to conclude that, although the events
downstream of inflammasome signaling and calcium influx are
in principle independent to one another, they can regulate
common processes for IL-1a release, an immunosuppressive
cytokine responsible for the progression of lung malignancy.

Several mechanisms have been postulated for the immu-
nosuppressive nature of TApDCs1: i) release of tolerogenic
factors, ii) immunoglobulin-like transcript 7 expression,
iii) programed death-ligand 1 (PD-L1) expression, iv) Siglec
family activity, and v) induction of a type 2 helper T-cellelike
environment. Herein, we highlighted a novel mechanism by
which pDCs can favor tumor cell survival. The activation of
the AIM2 inflammasome can lead to mtROS and calcium
influx, which lead to calpain activation, a mechanism that
underlies the TApDC phenotype that favors tumor growth via
IL-1a.

In conclusion, our data demonstrate that the release of IL-1a
via the activation of AIM2 by the autocrine activity of type I
IFN or by a still unknown endogenous tumor-associated
danger-associated molecular pattern that leads to the release of
mtROS plays a crucial role for the immunosuppressive activity
of TApDCs. Therefore, strategies aiming at modulating AIM2
activity in TApDC in the tumor site might prove to limit tumor
cell proliferation.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2015.07.009.
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