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Tumor Biology and Immunology

Downregulation ofMembraneTraffickingProteins
and Lactate Conditioning Determine Loss of
Dendritic Cell Function in Lung Cancer
Nicoletta Caronni1, Francesca Simoncello1, Francesca Stafetta1,
Corrado Guarnaccia1, Juan Sebastian Ruiz-Moreno2, Bastian Opitz2,
Thierry Galli3, Veronique Proux-Gillardeaux3, and Federica Benvenuti1

Abstract

Restoring antigen presentation for efficient and durable acti-
vation of tumor-specific CD8þ T-cell responses is pivotal to
immunotherapy, yet the mechanisms that cause subversion of
dendritic cell (DC) functions are not entirely understood, limiting
the development of targeted approaches. In this study, we
show that bona fide DCs resident in lung tumor tissues or DCs
exposed to factors derived from whole lung tumors become
refractory to endosomal and cytosolic sensor stimulation and fail
to secrete IL12 and IFNI. Tumor-conditionedDC exhibited down-
regulation of the SNARE VAMP3, a regulator of endosomes
trafficking critical for cross-presentation of tumor antigens and
DC-mediated tumor rejection. Dissection of cell-extrinsic sup-

pressive pathways identified lactic acid in the tumor microenvi-
ronment as sufficient to inhibit type-I IFN downstream of TLR3
and STING. DC conditioning by lactate also impacted adaptive
function, accelerating antigen degradation and impairing cross-
presentation. Importantly, DCs conditioned by lactate failed to
prime antitumor responses in vivo. These findings provide a new
mechanistic viewpoint to the concept ofDC suppression andhold
potential for future therapeutic approaches.

Significance: These findings provide insight into the cell-
intrinsic and cell-extrinsic mechanisms that cause loss of pre-
sentation of tumor-specific antigens in lung cancer tissues. Cancer
Res; 78(7); 1685–99. �2018 AACR.

Introduction
Dendritic cells (DC) are themost potent and specialized class of

antigen-presenting cells, essential to acquire and present tumor-
associated antigens to T lymphocytes. Recent reports highlighted
the key role of tissue-resident DCs in natural and therapy-induced
tumor rejection (1–5). In early phases, DCs contribute to immune
surveillance by sensing tumor-derived nucleic acid through the
cytosolic sensors STING, and activation of the type-I IFN system
(6, 7). In established tumors, DCs are required to prime T cells
against tumor antigens and reactivate CTLs in tissues (4, 8).
However, the tumormicroenvironment (TME) targets DCs reduc-
ing the inherent capacity to recognize and activate tumor-specific
CD8þ T cells. This is caused bymultiple overlappingmechanisms,
including accumulation of DCs with poor antigen-presenting
functions and immunosuppressive/tolerogenic properties
(9–12) and direct suppression of fully differentiated cells in situ.

For instance, IL10 produced by macrophages blocks IL12
production inmodels of breast cancer, whereas peroxidized lipids
cause loss of cross-presentation in ovarian and EL-4 lymphoma
cancer models (8, 13, 14). A lipid prostanoid, prostaglandin-E2,
produced by overexpression of COX 1–2 enzymes in cancer
cells, prevents inflammatory cytokine production and accumula-
tion of CD103 cross-presenting DCs in mutant Braf melanoma
models (3).

Despite these evidences, the molecular mechanisms that inter-
fere with distinctive DCs cellular features are still poorly under-
stood.DCs are unique amongmyeloid cells because they integrate
sensing and firing of the innate response with antigen processing
and cross-presentation of exogenous antigens to CD8þ T cells.
Molecularly, this is ensured by highly regulated and cell-specific
expression ofmembrane-trafficking proteins that together orches-
trate slow acidification in phagosome and export of antigens to
the cytosol (15). In addition, membrane trafficking proteins are
important for secretion of antitumoral cytokines, such as IL12
(16). Vesicular soluble N-ethylmaleimide sensitive proteins
(v-SNARE) allow fusion of membranes across the biosynthetic
and exocytic route (17). VAMP3 or cellubrevin is a V-SNARE that
has been implicated in control of polarized recycling of the T-cell
receptor and focal secretion of solublemediators of inflammation
inmacrophages (18, 19).Whether andhowmembrane trafficking
pathways are affected in tumor-exposed DCs has not been
investigated.

A second gap-in knowledge is the limited understanding of
immunosuppressive factors that target DCs in the TME. Increased
lactate production is a hallmark of many cancer types that corre-
lates to worsen prognosis, and whose detrimental effects are, in
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part, mediated by suppression of immune cells (20–22). High
lactate concentrations affect the functionof T cells andNK cells, by
inhibition of NFAT signaling and cytotoxic functions. In addition,
lactatewas shown to block differentiation ofmonocytes intoDCs,
DC activation, and monocyte metabolism and to promote accu-
mulation of MDSC and M2 polarization of tumor-associated
macrophages (22–25). Earlier studies suggest that lactate affects
antigen presentation in DCs (26). However, the impact of lactate
on IL12 and IFNI production, antigen cross-presentation, and
priming of tumor-specific CD8þ T cells by DCs has not been
extensively explored.

In this study, we have investigated the origin of DCs dysfunc-
tion in amodel of lung cancer, searching for intrinsicmechanisms
and extrinsic factors determining suppression. We have identified
downregulation of membrane-trafficking protein as an inherent
modification occurring in DCs upon exposure to tumor-derived
factors that limits antigen processing and presentation to CD8þ T
cells. In parallel, we have identified lactic acid as a key soluble
factor that, independently of modulation of trafficking proteins,
target DCs functions impairing innate response, antigen proces-
sing, and tumor rejection.

Materials and Methods
Mice

C57BL/6 mice were purchased from Harlan Laboratories
and maintained in sterile isolators. MyD88�/� generated by
S. Akira (27) were kindly provided by Anna Villa (Humanitas
Research Hospital, Italy). Asc�/� mice (Genentech) were kind-
ly provided by Sebastian Optiz (Charit�e – Universit€atsmedi-
zin). OT-I [C57BL/6-Tg(TcraTcrb)] originally generated by
M. Bevan and F. Carbone were from The Jackson laboratory.
OT-I on a Rag 1/2�/� background were donated by Matteo
Bellone (San Raffaele Scientific Institute, Milan, Italy).
VAMP3�/� mice were originally from J.E. Pessin (Albert
Einstein College of Medicine, New York, NY) and their genetic
background was changed to C57BL/6 following >6 back-
crosses. Animal care and treatment were conducted in confor-
mity with institutional guidelines in compliance with national
and international laws and policies (European Economic
Community Council Directive 86/609; OJL 358; December
12, 1987). All experiments were performed in accordance with
the Federation of European Laboratory Animal Science Asso-
ciation guidelines and protocols were approved by the Italian
Ministry of Health (Aut. N.1155/2016-PR).

Cell lines
The Lewis lung carcinoma cell line 3LL (LL2, LLC/1) has

been purchased by the ATCC (CRL-1642) in October 2014.
LLC-Thy1.1-OVA (3LL-OVA) was derived from LL2 by retroviral
transduction with a pMIG retroviruses containing the following
inserts: Thy1.1; OVA IRES Thy1.1 and kindly donated by Dr.
Douglas Fearon (Cancer Research UK Cambridge Institute, Cam-
bridge, United Kingdom) in April 2015. The lung adenocarcino-
ma cell line LG1233was derived from lung tumors of C57BL/6KP
mice (K-rasLSL-G12D/þ;p53fl/fl mice) and was kindly provided by
Dr. Tyler Jacks (Massachusetts Institute of Technology, Cam-
bridge, MA) in July 2015. LG1233 was not authenticated. All cell
lines were maintained in DMEM supplemented with 10% FBS
and gentamicin (50 mg/mL) and routinely tested for Mycoplasma
contamination. All cell lines were expanded to passage 3 and

stored in aliquots in liquid nitrogen; to induce tumors, cells were
cultured less than five passages.

Tumor conditioned medium
Tumor conditioned medium was obtained as described previ-

ously (14).
In brief, 0.5� 106 3LL or LG,were injected subcutaneously into

the right flank of C57BL/6 mice. Mice were sacrificed and tumor
collected 21 days after injection. Tumor masses were cut in small
pieces and incubated with Collagenase type 2 (265 U/mL;
Worthington) and DNase (250 U/mL; Thermo Scientific) at 37�C
for 1 hour. After red blood lysis and dead cell exclusions, using the
Dead Cell Removal Kit (Miltenyi Biotec), cells were plated over-
night at the concentration of 107 cells/mL and the cell-free
supernatant collected. For some experiments, 3LL TCM was
boiled for 10 minutes at 95�C, centrifuged 50 at 14,000 rpm, and
the protein-free supernatant was used for DC conditioning (3LL
boiled). Fractionation of TCM has been performed by using
Amicon Ultra-0.5 Centrifugal Filter Unit (Ultracel 3 KDa, Milli-
pore) and centrifuging the supernatant at 5,000 rpm. The super-
natant fraction >3 kDa remained above the filter and the <3 kDa
passed through to the bottom chamber. Both fractions were
resuspended in DMEM to the prefiltration volume.

Where indicated, TCMhas been obtained by culturing 3LL cells
in 24-well plate at the concentration of 3 � 105/mL, in the
presence of LDHA inhibitor, 5 mmol/L (GSK 2837808A, Tocris
Bioscience) or its vehicleDMSO. Supernatantswere collected after
48 hours of culture.

The concentration of lactic acid in the obtained TCM was
measured by using the Lactate Colorimetric Assay Kit II
(BioVision).

Lung orthotopic tumor model
To establish lung orthotopic tumors, 3LL cells were harvested

and wash three times with cold PBS and mixed at a 1:1 ratio with
Geltre LDEV-Free Reduced Growth Factor Basement Membrane
Matrix (Gibco). A total of 1 � 104 3LL cells in a final volume of
20mLwas injected into the left lung lobe by intercostal injection at
the median axillary line of C57BL/6 mice. Tumors were collected
at day 21 or 28 after engraftment.

Lung tumor DC isolation
Tumor-bearing lungs were harvested after PBS lung circulatory

perfusion, mechanically cut into small pieces, and digested
with Collagenase type 2 (265 U/mL; Worthington) and DNase
(250 U/mL; Thermo scientific) at 37�C for 30 minutes. Collage-
nase was then stopped by EDTA 10 mmol/L and the cell suspen-
sion was filtered using 40-mm cell strainer (Corning). CD11cþ

lung cells were separated by immunomagnetic sorting using
CD11c microbeads (Miltenyi Biotec) following the manufac-
turer's instructions. DCs were purified by FACS sorting with FACS
Aria II (BDBiosciences), using the gating strategy shown inFig. 1A,
after CD11cþ cells staining in PBS þ 2% FBS with the following
antibodies: CD11c-A647 (N418), and CD24-PEDazzle594
(M1/69) purchased from eBioscience and SiglecF-BB515
(E50-2440) and MHCII-BV711 (M5/114.15.2) from BD Bios-
ciences. For gene expression analysis, up to 30,000 cells were
sorted directly into 350 mL RLT buffer (Qiagen). For ex vivo DC
stimulation, 1 � 104 cells were plated in U-bottom 96-well plate
and stimulated for 3 hours with CpG-B (1 mg/mL; ODN 1668;
InvivoGen) PolyI:C (10 mg/mL; InvivoGen) or LPS (1 mg/mL;
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Figure 1.

Suppression of tissue-resident lung DCs in tumor-bearing host. A, Gating strategy for the identification of DCs in lungs of healthy or 3LL othrotopic
tumor-bearing mice at day 28 post-implantation. B, Absolute numbers (left) and percentages (right) of DCs in control and tumor-bearing mice. Data represent
themean� SEMof n� 10mice per group.C,Representative histogramofMHCII andMHCI expression by control or T-DCs.D andE,Relative expression of IL12a, IL12b,
IFNa, IFNb, and IL10 in control and tumor-derived FACS-sorted DCs after 3 hours of ex vivo stimulation with the indicated agonists. Data were normalized on
Gapdh and are presented as mean � SEM of five independent experiments. F and G, T-cell activation assay. Control and 3LL-derived DCs were pulsed with
OVA class I peptide (left), OVA protein (right), or apoptotic A20-OVA cells at different ratios (G) and coincubated with CD8þ OT-I. IFNg was quantified by ELISA
upon 48 hours of coculture and percentage of CD69þ cells was analyzed by FACS after 16 hours of coculture. Data are pooled from individual mice (n ¼ 5).
Significance was determined by an unpaired t test or two-way ANOVA; � , P � 0.05; �� , P � 0.01; ��� , P � 0.001. NS, not stimulated.
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InvivoGen) and then lysed in RLT buffer (Qiagen) for gene
expression quantification. For ex vivo T-cell activation assay,
1 � 104 cells/well were plated in U-bottom 96-well plate, stim-
ulated with polyI:C (1 mg/mL) and pulsed with class I OVA
peptide, OVA protein or UV-irradiated A20-OVA cells at indicated
doses. A20-OVA were generated by transducing A20 with a
lentiviral vector encoding Ii-OVA (kindly provided by David
Murrugarren, CIB, Navarra). To induce apoptosis cells were
exposed to UV-C irradiation for 30 seconds and further cultured
for 8–12hours in PBS. After 3-hour stimulation, cellswerewashed
twice in PBS and coincubated with 1� 105 CD8þ isolated OT-I T
cells. IFNg was quantified by ELISA upon 48 hours of coculture,
whereas the percentage of CD69þ cells was assessed after 16 hours
of coculture by FACS.

FL-DCs
Mouse FL-DCs were generated from bone marrow of C57BL/6

wt, MyD88�/�, Asc�/�, or VAMP3�/� mice. Bone marrow cells
were cultured at the concentration of 1.5 � 106 cells/mL in Nunc
nontreated 6-well plates (Thermo Scientific) for 7 days using
Iscove's modified Dulbecco's medium supplemented with 10%
FBS, 50 mmol/L 2-Mercaptoethanol (Gibco), 0.2% of primocin
(InvivoGen), and15%of Flt3L-containing supernatant, produced
from an SP2/0 transfected cell line that secretes murine recom-
binant Flt3L. At day 7 of culture, cells were harvested and con-
ventional DCs were depleted of B220þ cells (Miltenyi Biotec kit,
CD45R; B220). Depending on the experiment, cells were condi-
tioned for 3 or 24 hours with TCMat the ratio of 1:1withmedium
or lactic acid 10 mmol/L [L-(þ)-Lactic acid, Sigma]. Cells were
lysed in TRIzol after 3 hours of conditioning for proinflammatory
cytokine gene quantification or after 24 hours of TCM for SNARE
expression quantification. For stimulation experiments, after
24 hours of conditioning, cells were harvested, washed,
and plated 2 � 106 cells/mL in 96-well plates at 37�C with
CpG-B (1 mg/mL; ODN 1668 InvivoGen), polyI:C (10 mg/mL;
InvivoGen), LPS (1 mg/mL; InvivoGen), or DMXAA (25 mg/mL;
InvivoGen).Where indicated, DCswere conditionedwith TCM in
the presence of anti-IL-10R mAb (clone 1B1.3; 10 mg/mL;
eBiosciences) and anti-TGFb 1, 2, 3 antibody (clone 1D11;
10 mg/mL; R&D Systems). After overnight culture, cytokine con-
centrations in the supernatant were determine by ELISA.

In vitro T-cell activation assay
FL-DCs were plated at 2 � 104 cells/well in U-bottom 96-well

plate and conditioned for 2 hours with TCM (1:1) or lactic acid
(10mmol/L).Without washing the conditionedmedia, DCswere
then stimulated with CpG-B (1 mg/mL) and polyI:C (1 mg/mL)
and pulsed for 3 hours withOVA class I peptide (SIINFEKL), OVA
protein, or UV-irradiated A20-OVA cells at indicated doses. After
antigen feeding, 1.5 � 105 RagOT-I cells were added to
DC-containing wells for 48 hours. IFNg production was quanti-
fied by ELISA after 48 hours of coculture.

pH-rodo
FL-DCs were conditioned with lactic acid (10–20 mmol/L) for

1 hour at the concentration of 2.5 � 106/mL. Cells were then
washed and pulsed 150 at 37�C with pHrodo Green Dextran
(20 mg/mL; Thermo Scientific), washed twice with cold PBS and
reincubating at 37�C. At the indicated time point (0-30-900) cells
were washed, incubated at 4�C and pHrodo fluorescence was
analyzed by FACS.

DQ BSA
FL-DCs were conditioned with lactic acid (10–20 mmol/L) for

1 hour at the concentration of 2.5 � 106/mL. After 45 minutes of
conditioning, CpG-B (1 mg/mL) and polyI:C (1 mg/mL) were
added to the cell suspensions for 15minutes of stimulation. Cells
were then washed and pulsed 150 at 37�C with BSA medium,
containing DQ Green BSA (5 mg/mL; Thermo Scientific) and
A647-BSA (5 mg/mL; Molecular Probes). After BSA pulse, cells
were washed twice with cold PBS, to remove aspecific-bounded
BSA from the cell surface, and cells were incubated for 10minutes
at 37�C, then washed and fixed with PBS þ 1% PFA. DQ-BSA
lysosomal degradation was measured by flow cytometry as the
percentage of FITC/DQ-BSAþ cells, normalized on A647þ cells.

Phagocytosis assay
To assess phagocytosis, wt or VAMP3�/� DCs were incubated

with fluorescent latex beads (Polyscience, 1 mm). Different
amounts of a 1:50 dilution of the stock (4.55 � 1010 beads/mL)
corresponding to a DC:beads ratio of 1:25, 1:50, 1:100, 1:200
were used. Values of uptake at 4�Cwere subtracted before plotting
the data.

Tumor/DC coinjection and ex vivo T-cell restimulation
Wt or VAMP3�/� DCs were stimulated for 30 minutes with

CpG-B (1 mg/mL) and poly I:C (1 mg/mL), then resuspended in
PBS at the concentration of 3 � 106/mL and coinjected subcuta-
neously in the right flank of shaved C57BL/6 mice with
LLC-Thy1.1-OVA at the ratio of 1:1. After 14 days from tumor
inoculation, spleen of tumor-bearing mice was harvested and
disaggregated. Splenocytes were ex vivo restimulated with class I
OVA peptide (2 mmol/L) for 5 hours, in the presence of BD-Golgi
Stop (1:1,000; BD Biosciences). IFNg production was measured
by intracellular staining and flow cytometry analysis. Tumor
growth was monitored every 2 days by calipers and tumor size
was determined by the formula (d1 � d2

2)/2.

In vivo T-cell priming and tumor rejection
FLDCs were conditioned for 2 hours with lactic acid

(10 mmol/L) and then stimulated for 3 hours with CpG-B
(1 mg/mL) and polyI:C (1 mg/mL) and pulsed with class I OVA
peptide (100 nmol/L) for 3 hours. Cells were then washed and
injected 3 � 105 cells in the footpad of C57BL/6 mice, previ-
ously intravenously transferred with 1 � 106 RagOT-I. Blood
and popliteal lymph nodes were collected 14 days after DC
injection and restimulated ex vivo with class I OVA peptide
(2 mmol/L) for 5 hours, in the presence of BD-Golgi Stop
(1:1,000; BD Biosciences). IFNg production was measured by
intracellular staining and flow cytometry analysis.

For tumor rejection experiments, DCswere treated as described
above, but injected subcutaneously in the right flank of C57BL/6
mice, which also received after 14 days 3� 105 LLC-Thy1.1-OVA.
Tumor growth was monitored every 2 days by calipers and tumor
size was determined by the formula (d1 � d2

2)/2.

Flow cytometry
The following antibodies were obtained from BioLegend:

CD11c-A647 (N418), CD45-PercPcy5.5 (30-F11), CD24-PEDaz-
zle594 (M1/69), MHCII-APC/A488 (AF6-120.1), CD8-APC
(53-6.7), TCR Va5.2-PercPcy5.5 (B20.1), IFNg-PE (XMG1.2) and
CD69-PE (H1.2F3). From BD Biosciences, the following antibo-
dies were purchased: CD86-PE (B7-2), TCR Vb5.2-FITC (MR9-4).
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MHCI-PE (AF6-88.5.5.3) was obtained from eBioscience.
Viability was assessed by staining with the LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (Life Technologies), Fixable Viability
Dye eFluor 780 (eBioscience), or Annexin V/7AAD kit (Life
Technologies).

For cell staining, FcR-binding sites were blocked by using
aCD16/CD32 (93, Biolegend). Samples were then stained with
specific antibodies inPBSþ1%BSAandfixedwithPBSþ1%PFA.
For intracellular staining, cells were stimulated with SIINFEKL
100nmol/L 37�C for 5 hours, addingGolgi Stop (BDBiosciences)
to allow accumulation of intracellular cytokines. After viability
and surface marker staining, cells were fixed and permeabilized
using Cytofix/Cytoperm solution (BD Biosciences) following the
manufacturer's instructions, and then stained with anti-IFNg .
Flow data were acquired with a FACS Celesta (BD Biosciences)
and analyzed with Diva software (BD Biosciences) or FlowJo
software (Tree Star, Inc.).

Real-time PCR
Total RNAwas extracted fromDCswith TRIzol reagent or using

the RNeasy Micro Kit (Qiagen) according to the manufacturer's
instruction. cDNA was synthesized using SuperscriptII reverse
transcriptase (Invitrogen) or SuperScript VILO (Invitrogen).
Real-time PCR for gene expression was performed using SsoFast
EvaGreen Supermix (Bio-Rad) and specific primers listed in
Supplementary Table S1.

ELISA
IL12p70, IL10, and IFNg were detected by ELISA Max Standard

sets (Biolegend), following the manufacturer's instructions. IFNa
in supernatantwasmeasuredbyusing ratmonoclonal anti-mouse
IFNa, clone RMMA-1 (pbl assay science) as capture antibody and
rabbit polyclonal anti-mouse IFNa, rabbit Serum (pbl assay
science) as detection antibody. Samples were then incubatedwith
anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technolo-
gy), followed by TMB Substrate Solution (Sigma). Finally, the
Stop Solution (HCl 1 mol/L) was added to the reaction and the
absorbance was red at 450 nm with iMar Microplate Absorbance
Reader (Bio-Rad).

LC-MS
Duplicate samples were diluted 10x in acetonitrile/50 mmol/L

NH4OAc pH4.5 (9:1). The same 4 samples (DMEMCþ, TCM 3LL
boiled, TCMLG, TCM3LL)were analyzed after a 5mmol/L lactate
spike to evaluate eventual matrix interferences; 5 mL of each
sample was injected using a 3x full loop injection. The liquid
chromatography was performed by hydrophilic interaction chro-
matography (HILIC) using a ZIC-HILIC column (2.1� 150 mm,
3.5 mm, Merck Sequant). Mobile Phase A was 50 mmol/L
NH4OAc, pH 4.5 and Mobile Phase B was acetonitrile, the
separation was performed using a gradient from 90% B to 0%
B in 18 min at 0.25 mL/min. The amaZonSL hyphenated mass
spectrometer (Bruker Daltonics, Bremen, Germany) was operated
inMRM innegative ionmodemonitoring them/z 89 (parent ion)
to 43.1 (fragment ion) transition. Area integration analysis was
performed using the Compass Data Analysis software (Bruker).

Statistical analysis
Statistical significance was determined using an unpaired

two-tailed Student t test, two-way ANOVA, one-way ANOVA,
Kruskal–Wallis or Log-rank (Mantel-Cox) test as indicated.

Survival in mouse experiments are reported as Kaplan–Meier
curves and significance was determined by log-rank test.
A P value of �0.05 was considered significant (�, P � 0.05; ��,
P � 0.01; ���, P � 0.001; ����, P � 0.0001).

Results
DCs conditioned by lung tumor microenvironment lose the
capacity to produce inflammatory cytokines and to present
antigens to T cells

We first set-up the model to compare tissue resident DCs
isolated from lungs of healthy or tumor-bearing mice. To this
aim, we injected orthotopically 1 � 104 3LL (LLC/1) cells in the
left lung lobe. Lesions were clearly visible starting at day 14 post-
inoculation and lungs were harvested between day 21 and 28 to
analyze the composition of theDCs compartment. We applied an
accurate gating strategy to exclude alveolar macrophages
and identify bona fide tissue resident lung DCs (Fig. 1A). Siglec-
F�/CD11chigh/MHC-IIþ/CD24þ cells were increased in frequency
and absolute numbers in the tumor injected lobe, as compared
with control lobes from healthy animals (Fig. 1B). Expression of
MHC class-II was similar whereas MHC class-I was slightly
enhanced on tumor-associated DCs (Fig. 1C). Next, we isolated
lung-DCs by cell sorting to probe their capacity to respond to
innate stimuli. Thus, cells were restimulated ex vivo and expression
of cytokine genes was assessed by RT-PCR, as numbers were too
few to allow protein detection. Control lung DCs induced tran-
scription of both IL12 subunits and of the two type-I interferon
species (IFNa and b) upon stimulation with agonists of TLR9,
TLR4 and TLR3. In contrast, DCs isolated from lung tumors
showed little or no proinflammatory gene induction and instead
upregulated the production of the immune-suppressive cytokine
IL10 (Fig. 1D andE). To assess antigen presentation, we incubated
cell-sorted DCs with OVA MHC class-I peptide (SIINFEKL) or
intact OVA protein and mixed them to OVA-specific transgenic
CD8þ T cells (OT-I). Presentation of peptide was equally efficient
in control and tumor DCs. In contrast, the ability to cross-present
OVA intact proteinwas largely lost in tumor derivedDCs (Fig. 1F).
Moreover, we generated an A20-OVA cell line (H-2Kd back-
ground), to assess cross-presentation of cell-associated antigens.
When tumor conditioned DCs were incubated with apoptotic
A20-OVA cells, they failed to activate OTI T cells, confirming loss
of presentation of tumor-derived antigens by DCs in the tumor
tissue (Fig. 1G).

Loss of innate and adaptive activities by tumor tissues DCs
likely reflects multiple complex steps that are kinetically difficult
to dissect. To address early events occurring inDCs upon exposure
to tumor-derived factors, excluding confounding contributions
by different activation and differentiation stages, we exposed
in vitro Flt3L differentiated DC (FL-DCs) to tumor-derived factors
(TCM,obtained by culturing dissociated tumormass inmedium).
FL-DC exposed to 3LL TCM upregulated MHC-II, CD86 and
MHC-I. We tested as well a second lung tumor cell line derived
from KrasG12D/þ;Trp53�/�, KP mice, referred to as LG (Fig. 2A
and B; refs. 28, 29). Besides phenotypic maturation, 3LL and LG
TCM triggered rapid induction of IL1b and IL6 transcripts in
tumor-exposed DCs (Fig. 2C). Despite initial activation, 3LL
TCM-conditioned DCs were refractory to produce bioactive
IL12p70 or to secrete IFNa in response to CpG-B, LPS, polyI:C
and agonist of the cytosolic sensor STING (DMXAA). Instead,
TCM-treated DCs enhanced secretion of IL10 upon TLR4
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Figure 2.

Tumor-derived factors block cytokine production and CD8þ T-cell activation in DCs. A and B, Representative histograms (A) and median fluorescence intensity
(MFI; B) of MHCII, CD86, and MHCI expression by FL-DCs 24 hours after conditioning with 3LL or LG TCM. C, Relative expression of IL1b and IL6 in control, 3LL-, and
LG-conditioned DCs. Cells were harvested 3 hours after treatment with TCM (1:2). Data were normalized on Gapdh and are presented as mean � SEM of six
independent experiments. D and E, Cytokine suppression experiments. DCs were conditioned for 24 hours with TCM (1:2), washed and stimulated overnight with
CpG-B (1mg/mL), polyI:C (10mg/mL), LPS (1mg/mL), or DMXAA (25mg/mL). Cytokine productionwas assessed by ELISA. Data are presented asmean� SEMof eight
independent experiments. F and G, In vitro T-cell activation assay. TCM-conditioned FL-DCs were pulsed with OVA class I peptide or OVA protein for 3 hours,
followed by coincubation with Rag OT-I T cells for 48 hours. Bars show IFNg levels measured by ELISA. Data represent the mean � SEM of three independent
experiments. Significance was determined by an unpaired t test; � , P � 0.05; �� , P � 0.01; ��� , P � 0.001. NS, not stimulated.
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stimulation (Fig. 2D). A similar trend was found for the LG TCM,
except for IL10 induction that remained unchanged upon
TCM treatment (Fig. 2E). We next moved to assess the ability of
DCs to activate T cells in vitro. FL-DCs loadedwithpeptide or intact
OVA protein induced a dose-dependent production of IFNg
by OVA-specific CD8þ T cells. In contrast, FL-DC conditioned by
3LL or LG TCM failed to activate T cells efficiently, both in the
case of peptide and intact protein (Fig. 2F and G). The inability
to present peptide, despite elevated expression of maturation
markers, may depend on lack of costimulatory cytokines or
failure to interact with T cells (30, 31). In conclusion, DCs con-
ditioned by lung cancer TME in vitro and in vivo, show loss of
responsiveness to agonist of innate sensors and are unable to
activate antigen-specific T cells.

Loss of membrane trafficking protein leads to defective cross-
presentation in tumor-exposed DCs

On the basis of the above findings, we reasoned that loss of
antigen presentation in tumor-exposed DCs may depend on
alteration of the finely tuned trafficking machinery that orches-
trate antigen handling. Proteins of the SNARE and Rab family
are important regulator of antigen-processing and cytokine
secretion in DCs (16, 32–34). The importance of these path-
ways is undescored by SNARE downregulation by viruses as a
mechanism of escape (35, 36). We quantified transcripts for 3
proteins representative of different steps along the endocytic
pathway. VAMP3 marks recycling endosomes (17, 19, 37) and
has been implicated in secretion of TNF by macrophages. Stx6
is involved in post-Golgi trafficking (38) and Rab27 is associ-
ated to the endo-lysosomes and cross-presentation in DCs (32).
Interestingly, transcription of the 3 proteins was decreased in
DCs isolated from early 3LL tumor tissues and strongly inhib-
ited in DCs isolated from advanced tumors (Fig. 3A). Similarly,
incubation of FL-DCs with TCM of 3LL or LG tumors in vitro
caused strong down-regulation of VAMP3, Rab27 and Stx6
(Fig. 3B and Supplementary Fig. S1A). Thus, exposure to
tumor-derived factors both in vivo and in vitro affects the
expression of trafficking-related genes. As VAMP3 was the most
consistently downregulated transcript, we examined the func-
tional relevance of its loss in DCs. Cells differentiated from
VAMP3 null mice (39) show no defect in phenotypic matura-
tion (Supplementary Fig. S1B) and a slight reduction in IL12
secretion, whereas IFNI levels were unchanged (Supplementary
Fig. S1C and S1D). Phagocytosis of fluorescent latex beads was
not affected by VAMP3 deficiency (Supplementary Fig. S1E).
Despite intact engulfment of particles, presentation of cells
associated OVA was largely diminished in the absence of
VAMP3 (Fig. 3C), whereas cross-presentation of soluble OVA
protein or peptide were intact. Thus, these data suggest that
VAMP3 is required to process cell associated antigens down-
stream of apoptotic cell uptake. To evaluate the impact of
VAMP3 deficiency on antitumor immune responses in vivo, we
inoculated mice with 3LL-OVA tumor cells alone or mixed with
DCs. Coinjection of tumor cells with wt DCs induced IFNg
production by antigen specific CD8þ T cells and strongly
inhibited tumor growth. In contrast, coadministration of tumor
cells with VAMP3�/� DCs induced only a weak response and
was unable to block tumor progression (Fig. 3D and E).
Therefore, diminished expression of VAMP3 in tumor-exposed
DCs affects the inherent capacity to cross-present tumor-
associated antigen and to initiate antitumor responses.

DCs suppression does not depend on innate sensors nor on
blockade of IL10 or TGFb

We next asked what cell extrinsic factors cause suppression of
cytokine production and antigen presentation in our model. A
recent report showed that versican contained in the supernatant of
3LL cells induces tolerogenic DCs via TLR2 dependent activation
(40). To understand whether a similar mechanism accounts for
loss of IL12, IFNI, and T-cell priming we tested cells derived from
MyD88�/� mice. Early transcription of Il1b and Il6 was similarly
induced by the TCM in wt and MyD88�/� cells (Supplementary
Fig. S2A). Cytokine production upon restimulation with CpG-B
was blunted in MyD88 null cells as expected, whereas IFNI
responses to polyI:C and DMXAA were normal (Supplementary
Fig. S2B). Interestingly, exposure to the TCM, abolished IFNI
responses and T-cell priming in MyD88�/� DCs (Fig. 4A and B
and Supplementary Fig. S2C). The early induction of IL1b, sug-
gested a possible role of inflammasome activation. To test this
hypothesis, we analyzed DCs deficient for Asc, the key adaptor
protein required for inflammasome assembly and signaling (41).
Again, the inability to produce IFNI in response to polyI:C and
DMXAA was maintained in Asc null, TCM-conditioned DCs
(Fig. 4C and Supplementary Fig. S2C). We conclude that neither
sensing via MyD88 nor inflammasome activation are implicated
in the acquisition of refractoriness to innate stimuli and loss of T
cell priming in tumor conditioned DCs.

A second major proposed pathway of DC suppression is
through IL10 and TGFb, two cytokines overexpressed in the TME
(8, 42, 43). We performed blocking studies adding antibodies
against the IL10 receptor or neutralizing TGF-b, individually or in
combination. In the presence of these antibodies, release of
cytokines by control cells was enhanced, confirming their block-
ing activity. Nevertheless, cytokine suppression by TCM was
almost entirely maintained in the presence of blocking Abs, with
the exception of a slight rescue induced by anti-IL10R in response
to polyI:C (Fig. 4D; Supplementary Fig. S2D). Thus, IL10 and
TGF-b are not exclusive factors involved in deactivation of endo-
somal and cytosolic sensing by tumor factors in this model.

Lactic acid in the TCM causes loss of DC function and priming
of antitumor responses

To search for alternative pathways of suppression, we next
undertook a broad approach to discriminate among protein (heat
sensitive) and non-protein (heat resistant) factors. The TCM was
boiled followed by precipitation to eliminate denatured proteins,
yielding a protein-free medium that still contains heat resistant
metabolites. DCs were incubated with intact or boiled TCM,
followed by restimulation with CpG-B, polyI:C and DMXAA. As
shown in Fig. 5A, the ability to secrete IL12p70 and IFNI was
strongly inhibited by both intact and boiled TCM. Of note,
most T-cell priming suppressive activity was maintained by
the boiled TCM (Fig. 5B). Together these data suggest that
a heat-resistant metabolite inhibits cytokine suppression and
antigen presentation.

Recent reports showed that lactic acid is an abundant, heat-
resistant, metabolite in the TME of various cancer models, includ-
ing lung cancer (24). We verified the presence of lactic acid by
liquid chromatography-mass spectrometry (LC-MS). Indeed,
both 3LL and LG TCM contained lactate, in similar amounts
before and after boiling (Supplementary Fig. S3A). A colorimetric
assay to quantify the amount of lactate showed that the 3LL TCM
contains 60�mmol/L of lactic acid (Supplementary Fig. S3B). To
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Figure 3.

Downregulation of VAMP3 in tumor-conditioned DCs impairs tumor rejection. A, qRT-PCR analysis of expression of Vamp3, Rab27a, and Stx6 by lung DCs
sorted from control or tumor-bearing mice at early (21 days) or late (28 days) time points. Data were normalized on Gapdh and are presented as mean � SEM
calculated from biological triplicates, each consisting of a pool of three animals. B, Relative expression of Vamp3, Rab27a, and Stx6 by FL-DCs upon 24 hours of
TCM conditioning in vitro. Data represent the mean� SEM of five independent experiments. C, In vitro T-cell activation induced by wt or VAMP3�/� FL-DCs
pulsed with class I OVA peptide (left), OVA protein (middle), or apoptotic A20-OVA (right). IFNg production was quantified by ELISA 48 hours after coincubation.
Data represent the mean � SEM of three independent experiments. D and E, 3LL-OVA were injected subcutaneously along with 3 � 105 wt or VAMP3�/� DCs.
D, T-cell response was evaluated 14 days after tumor injection on total splenocytes ex vivo restimulated with class I OVA peptide. IFNg production was
assessed by intracellular staining and expressed as the percentage of IFNgþ/CD8þ T cells. Data are representative of two independent experiments with five
mice per group. E, Tumor growth is presented as average tumor volume � SEM. Significances have been determined by one-way ANOVA or Kruskal–Wallis test,
depending on sample distribution; � , P � 0.05; �� , P � 0.01; ���� , P � 0.0001.
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test the effect of lactate directly on DCs, we used a lower dose
(10 mmol/L), to exclude any effect on viability (Supplementary
Fig. S3C). Twenty-four hours conditioning with 10 mmol/L of
lactic acid did not induce phenotypicmaturation (Supplementary
Fig. S3D), but blocked IL12p70 production after CpG-B stimu-
lation and IFNa upon CpG-B, polyI:C and DMXAA, indicating
inhibition of innate functions (Fig. 5C). To evaluate the effect of
lactic acid on adaptive DCs functions control or lactate condi-
tioned DCs were loaded with OVA class-I peptide, intact OVA
protein or UV-treated apoptotic A20-OVA. As shown in Fig. 5D,
lactate did not affect presentation of control peptide whereas
cross-presentation of soluble OVA and cell-associated OVA was
significantly inhibited, in a dose-dependentmanner (Supplemen-
tary Fig. S3F).

We next used different approaches to directly prove that lactic
acid in the TME is the critical metabolite responsible for DC

blockade. First, as lactate was shown to partition into a low
molecular weight fraction (24), we separated the TCM by size
(>3 KDa and <3 KDa fractions) and confirmed that the vast
majority of lactate was in the <3 KDa (Fig. 6A).When the different
fractions were tested on DCs, we observed that high MW factors
were significantly less suppressive than low MW factors (Fig. 6B
andC). Second, we cultured lung tumor cells in the presence of an
LDHA inhibitor to decrease lactate concentration in the TME
(Fig. 6D). Notably, a modest reduction in lactate content resulted
in a slight recovery in terms of cytokine production and T-cell
activation, demonstrating a causal link between lactate content
and extent of suppression (Fig. 6E and F).

To explore the mechanisms of lactate-induced block in antigen
presentation, we tested intracellular pH, as this was recently
shown to decrease in T cells exposed to high lactate concentration
(44). DCs were incubated with pHrodo green dextran, a pH-

Figure 4.

TCM-induced DC suppression is not caused by innate sensors or anti-inflammatory cytokines. A and C, Wt, MyD88�/�, or Asc�/� FL-DCs were conditioned
for 24 hours with 3LL TCM, washed, and then stimulated overnight with polyI:C (10 mg/mL) or DMXAA (25 mg/mL). IFNa production was measured by ELISA.
Data are presented as mean � SEM of two independent experiments. B, In vitro T-cell activation assays. After 2 hours of conditioning with 3LL TCM (1:2), wt
and MyD88�/� FL-DCs were pulsed with OVA class I peptide for 3 hours. DCs were then coincubated 48 hours with OT-I T cells and IFNg production was
quantified by ELISA. Data represent the mean � SEM of two independent experiments. D, FL-DCs were conditioned 24 hours with 3LL TCM in the
presence of aIL10R (10 mg/mL) or aTGFb (10 mg/mL) or both, as indicated. After treatment, cells were washed and stimulated overnight with CpG-B (1 mg/mL),
polyI:C (10 mg/mL), or DMXAA (25 mg/mL). IFNa and IL12p70 were measured by ELISA. Data represent mean � SEM of one experiment out of two.
Significance was determined by an unpaired t test. � , P � 0.05; �� , P � 0.01. NS, not stimulated.

Mechanisms of DC Suppression in Lung Tumors

www.aacrjournals.org Cancer Res; 78(7) April 1, 2018 1693

on September 25, 2019. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst January 23, 2018; DOI: 10.1158/0008-5472.CAN-17-1307 

http://cancerres.aacrjournals.org/


sensitive probe that is internalized by endocytosis and emits
fluorescence only in acidic organelles. Exposure of DCs to lactate
caused a significantly higher increase in fluorescence emission as
compared to ctrl cells, indicating lower endosomal pH (Fig. 6G,
Supplementary Table S2). To test whether low endosomal pH
may interfere with antigen degradation, we incubated control- or
lactate-treated DCs with a model antigen coupled to a self-
quenched conjugate that emits bright fluorescence only upon
proteolytic cleavage in endosomes (DQ-BSA). Indeed, fluores-
cence was higher in lactate conditioned DCs in a dose-dependent
way, indicating an accelerated proteolytic cleavage (Fig. 6H,

Supplementary Table S3). Together these results strongly suggest
that lactic acid reprogram both innate responses and antigen
handling in DCs.

Lactate inhibits DC-mediated T-cell priming and tumor
rejection

Because lactic acid acted as potent suppressor of DCs functions
in vitro, we evaluated its impact on the ability to prime antitumor
responses in vivo. To this goal, we adoptively transferred OT-I T
cells in recipient mice followed by immunization with control or
lactate conditioned OVA pulsed DCs. Tissues were harvested at

Figure 5.

Lactic acid inhibits innate functions and cross-presentation in DCs. A, DCs were conditioned with untreated 3LL TCM or boiled 3LL TCM (100 at 95�C) for 24 hours,
then washed and stimulated overnight with the indicated agonists. Cytokine production was measured by ELISA. Data represent the mean � SEM of two
or three independent experiments.B, 3LL- or 3LL boiled-conditioned DCswere pulsedwith class I OVA antigen or OVA protein and coincubated 48 hourswith OT-I T
cells. Data show ELISA values of IFNg in wells upon 48 hours of coculture. Data are mean � SEM of two or three independent experiments. C, Control DCs or
DCs conditioned with lactic acid (10 mmol/L) were stimulated overnight with CpG-B (1 mg/mL), DMXAA (25 mg/mL), or polyI:C (10 mg/mL). IL12p70 and
IFNa production was measured by ELISA. Data represent the mean � SEM of three or five independent experiments. D, Control or lactic acid-conditioned DCs
were pulsed with OVA class I peptide (left), OVA protein (middle), or apoptotic A20-OVA cells (right) and coincubated with OT-I T lymphocytes. IFNg was
measured by ELISA after 48 hours of culture and percentage of CD69þ cells was analyzed by FACS after 16 hours of coculture. Data represent mean� SEM of three
independent experiments. Significance was determined by an unpaired t test; � , P � 0.05; �� , P � 0.01; ��� , P � 0.001. NS, not stimulated.

Caronni et al.

Cancer Res; 78(7) April 1, 2018 Cancer Research1694

on September 25, 2019. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst January 23, 2018; DOI: 10.1158/0008-5472.CAN-17-1307 

http://cancerres.aacrjournals.org/


day 15 post-priming to analyze the presence of IFNg producing
effector T cells. Injection of wt DCs expanded a population
of OVA-specific effector CD8þ T cells that was significantly
reduced in mice immunized with lactate conditioned DCs
(Fig. 7A and B). Finally, animals immunized with control or

lactate-treated DCs were inoculated with 3LL-OVA cells subcuta-
neously. Immunization with control DCs strongly reduced tumor
volume and tumor engraftment (40%as compared to 100% in no
DCs group) and significantly prolonged survival. In contrast,
lactate-treated DCs were significantly less efficient in conferring

Figure 6.

High concentrations of lactic acid in the TME block DC functions by modifying intracellular pH. A–C, The TCM was size-fractionated into >3 KDa and <3 KDa
fractions and used to condition DCs. A, Concentrations of lactic acid in the different fractions assessed by a colorimetric assay. IFNa production (B) and T-cell
activation (C) by DCs conditioned with TCM fractions. D–F, DCs were conditioned with cell culture supernatants of tumor cells (3LL) grown in the presence
of LDHA inhibitor (GSK 2837808A) or vehicle (DMSO). D, Lactic acid concentration in the obtained supernatants. E, Conditioned DCs were stimulated with CpG-B
(1 mg/mL) and IFNa levels were evaluated by ELISA or pulsed with OVA protein (300 mg/mL) and mixed with T cells, and IFNg was evaluated by ELISA after
48 hours of culture (F). Data are presented as mean � SEM of fold induction on TCM of three independent experiments. G, Control or LA-DCs (10 or 20 mmol/L)
were pulsed with pH-sensitive pHrodo Green dye 150 at 37�C. Cells were then washed and blocked at 4�C (t0) or incubated 300 and 900 at 37�C to allow
internalization. Data are presented as acidification index that represent mean � SEM of pH-rodo Green MFI, normalized on t0 of three independent experiments.
H, Control DCs or LA-DCs (10 or 20 mmol/L) were pulsed with DQ-BSA and A647-BSA (as control of uptake) 150 at 37�C. Cells were then washed and fixed (t0)
or incubated 100 at 37�C (t10) to allow degradation. The percentage of FITC/DQ-BSAþ cells was assessed by flow cytometry as an index of degradation.
Data were normalized on the uptake of A647-OVA and represent mean� SEM of three independent experiments. Significance was determined by unpaired t test;
� , P � 0.05; �� , P � 0.01; ���, P � 0.001. LA, lactic acid.

Mechanisms of DC Suppression in Lung Tumors

www.aacrjournals.org Cancer Res; 78(7) April 1, 2018 1695

on September 25, 2019. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst January 23, 2018; DOI: 10.1158/0008-5472.CAN-17-1307 

http://cancerres.aacrjournals.org/


protection from tumor challenge, in terms of tumor volume,
engraftment (83% of mice developed tumors) and animal sur-
vival (Fig. 7C and D).

In conclusion, the data show that lactic acid contained in the
TME has a potent immune-suppressive action on DCs abrogating
priming of antitumoral responses in vivo.

Figure 7.

Lactic acid constrains DC-induced priming of antitumoral T-cell response. A and B, In vivo T-cell priming. Control or lactic acid–conditioned DCs were stimulated
with CpG-B (1 mg/mL) and polyI:C (1 mg/mL) and pulsed with class I OVA peptide for 3 hours. Cells were then washed and injected in the footpad of C57BL/6 mice,
previously transferred with RagOT-I intravenously 14 days after DCs injection; blood and popliteal lymph nodes were collected and restimulated ex vivo
with class I OVA peptide. IFNg production was measured by intracellular staining and flow cytometry analysis. Representative dot-plots (A) and percentages
(B) of IFNgþ CD8 T cells are shown. Data represent the mean� SEM of two independent experiments. Significance was determined by unpaired t test; � , P � 0.05;
�� , P � 0.01. NS, not stimulated. C and D, 3LL-OVA cells (3 � 105 cells/mice) were injected subcutaneously in the right flank of mice 14 days after in vivo T-cell
priming induced by subcutaneous injection of control or LA-DCs. Data are presented as tumor growth profile (left) and as the percentage of survival (right).
Tumor growth profiles were compared using two-way ANOVA and tumor survival by log-rank (Mantel-Cox) test; �� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001.

Cancer Res; 78(7) April 1, 2018 Cancer Research1696

Caronni et al.

on September 25, 2019. © 2018 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst January 23, 2018; DOI: 10.1158/0008-5472.CAN-17-1307 

http://cancerres.aacrjournals.org/


Discussion
Development of combinatorial therapies to target multiple

immune breaks in the microenvironment is a promising future
approach in cancer. Of the various pathways that conspire to
inhibit activation of cytotoxic T lymphocytes, loss of antigen
presentation in the proper stimulatory context is still a poorly
understood process. Here, we have undertaken an accurate anal-
ysis of the functional impairment experienced by DCs exposed to
lung cancer tumor-derived factors. We compared bona fide DCs
isolated from lung tissues implanted orthotopically with 3LL cells
and their equivalent isolated from healthy lungs. The isolated
population excludes CD11cþ alveolar macrophages and includes
the two subsets of conventional DCs CD103 and CD11b DCs,
specialized in antigen cross-presentation and cytokine produc-
tion, respectively (45). Our data show that these subset-specific
functions, analyzed in bulk, are both targeted when the lung is
infiltrated by a tumor. In parallel, we exposed DCs to medium
conditioned by a whole-tumor extract, that includes cancer cells
and their surrounding stroma. Using both approaches and mea-
suring independently cytokine production and T-cell priming, we
found that conditioning blocks the ability to secrete IL12 and
type-I interferon in response to agonist of TLR9, TLR3, and STING.
Inability to respond to LPS or IFNg/CD40 was previously shown
to depend on tumor derived PGE-2, IL10, or miRNA reprogram-
ming (3, 8, 46, 47). Our data extend the concept of innate
suppression showing that tumor-exposed DCs become refractory
to stimulation by agonist of TLR3 and STING and, importantly,
become unable to secrete IFNI. Type-I interferon in DCs is critical
for immunosurveillance of nascent tumors, cross-priming and
tumor rejection (7, 48, 49). In established tumors, however,
plasmacytoid DCs were shown to silence IFNI production, sug-
gesting the existence of an escape mechanism that targets the IFN
axis (50). Our data show that also conventional DCs lose
the ability to respond to exogenous nucleic acids, indicating
that crippling cytosolic sensing and the ensuing IFNI in cross-
presenting DCs may be a further mechanism to avoid T-cell
recognition.

Innate immunememory is emerging as a key feature ofmyeloid
cells that, depending on the type and concentration of ligand
encountered, respond with enhanced or decreased cytokine
production upon restimulation (51). Maturation and early cyto-
kine induction upon TCM exposure suggest triggering of innate
sensors by soluble factors, which in turn may induce tolerance to
further stimulation. A search for innate sensing pathways engaged
by soluble factors in the TCM excluded a role for MyD88, Asc.
A reasonable hypothesis is that multiple pathways act in concert
when DCs encounter complex signals such as those contained in
the TME, making analysis of individual component poorly infor-
mative. Our observation of a broad refractoriness to a variety
of different stimuli and the inability to produce both NF-kB and
IRF-dependent cytokines support the possibility of epigenetic
remodeling to explain cytokine loss.

A second interesting finding is that proteins involved in the
control of intracellular trafficking pathways are transcriptionally
down in tumor-exposed DCs. A similar strategy of immune
evasion is put in place during CMV infectionwhenmultiple genes
of the host secretory pathways are targeted by virus-induced
miRNA expression (35). Indeed, several miRNAs were implicated
in suppressing antigen-presenting functions in DCs exposed to
lung cancer factors (46, 47),whichmight interferewith expression

ofmembrane traffickingmodules. Our findings provide an exam-
ple of the impact of interfering with trafficking proteins as in the
case of VAMP3 that controls the dynamic fusion of recycling
endosomes to phagosomes and transport of H-ATPase, two
critical steps in cross-presentation (32, 52, 53).

Third, using a top-down approach, we identified lactic acid as
crucial soluble component of the TME that affects DCs function-
ing. Lactic acid recapitulates most of the suppressive effects
induced by the whole TCM and a minor reduction in its amount
is reflected into a corresponding functional rescue.On these bases,
we concluded that lactate is a key inhibitory smallmetabolite that
likely operates in combination with others soluble factors, whose
specific activities remain to be determined. Earlier reports had
indicated an effect of lactic acid on DCs (22, 26, 54). The strong
inhibition of type-I interferon in response to CpGB, polyI:C and
STING agonist, induced by lactate is not simply due to desensi-
tization, as lactic acid does not induceDCsmaturation.Metabolic
changes induced by a block in glycolysis in the presence of high
lactate concentration may underlie the incapacity to support
cytokine production. In addition, lactic acid exerts a selective
action onDCby accelerating antigens degradation that, according
to established models, impairs preservation of epitopes for MHC
class-I loading in phagosomes. As SNAREs were not modulated
by lactic acid (Supplementary Fig. S3E), the data indicate the
coexistence of multiple independent ways to avoid class-I pre-
sentation in the TME. Importantly, concomitant suppression
of innate and adaptive functions by lactate cooperates to ablate
T-cell priming and tumor rejection in vivo.

In conclusion, our study highlights multilevel overlapping
mechanisms that independently target cytokine responses and
antigen processingwhose combination cooperates to disableDCs
functions in the TME.
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