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Editorial on the Research Topic

Involvement of dendritic cells in gastrointestinal cancer
Immunotherapy has revolutionized cancer treatment over the past decade with

remarkable results in terms of durable remission and extended survival in some patients.

However, the response rate to current immunotherapy in patients with gastrointestinal

(GI) cancer remains relatively low. For successful anti-cancer immune responses, the

cancer-immunity cycle needs to be initiated to activate neoantigen-specific T cells and

eliminate tumor cells. Dendritic cells (DCs) play a crucial role by processing neoantigens

and presenting them to T cells. Therefore, targeting DCs has a significant potential for

cancer immunotherapy. The current collection, “Involvement of Dendritic Cells in

Gastrointestinal Cancer,” covers recent studies on the involvement of DCs in GI cancer,

including topics such as the differentiation of thymic DCs, immunological tolerance

induced by DCs in tumors, the role of DCs in GI cancer, DC-based cancer

immunotherapy, and strategies for targeting DCs in immunotherapy.

Tumor progression blocks the transition of double negative (DN) early T-cell

progenitors in T cell maturation, instead leading to DN-T-cell differentiation into DCs

(Guha et al.). Mechanistically, thymically-expressed IL-10 promotes the interaction

between thymic stromal cells and Notch1(low) DN2-T cells, thus facilitating these DN2-

T cells to differentiate toward thymic DCs, which thus limits the protective adaptive

immune repertoire. The development of plasmacytoid DCs and their roles in a variety of

malignancies, including GI cancers, have been summarized by Zhou et al.

Inhibitory immune checkpoint molecules on DCs have been shown to be involved in

diminishing the efficacy of DC-mediated anti-tumor immune responses. Ghorbaninezhad

et al. showed that silencing CTLA-4 using siRNA induces DC maturation, which leads to

increased T cell proliferation and cytokine production. On the other hand, cancer-

associated fibroblasts (CAFs) actively participate in tumor development and affect

treatment responses. Berzaghi et al. showed that CAFs induce a tolerogenic phenotype

in DCs, promoting the downregulation of the DC signature, activation markers, and
frontiersin.org015

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1178075/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1178075/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1178075/full
https://www.frontiersin.org/research-topics/29089
https://doi.org/10.3389/fimmu.2020.00898
https://doi.org/10.3389/fimmu.2021.749190
https://doi.org/10.3389/fimmu.2022.931316
https://doi.org/10.3389/fimmu.2022.931316
https://doi.org/10.3389/fimmu.2021.662594
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1178075&domain=pdf&date_stamp=2023-03-17
mailto:lingni@tsinghua.edu.cn
https://doi.org/10.3389/fimmu.2023.1178075
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1178075
https://www.frontiersin.org/journals/immunology


Ni et al. 10.3389/fimmu.2023.1178075
functions. Furthermore, certain radiation regimens can reverse the

CAF-mediated immunosuppressive effects.

Subtil et al. established an organotypic 3-dimentions co-culture

system to recapitulate and untangle interactions between DCs and

patient-derived CRC organoids. They demonstrated high viability

and extensive interactions between DCs and tumor organoids,

which control the expression of activation markers on DCs and

their ability to activate T-cells. In another study, by analyzing the

data from a colon adenocarcinoma (COAD) cohort receiving

immunotherapy, Zhou et al. found that the IL-1 signaling

mutated-type group has higher infiltration levels of activated DCs,

M1 macrophages, neutrophils, activated natural killer cells,

activated CD4+ memory T cells, and CD8+ T cells than IL-1

signaling wild-type groups. These findings suggest that IL-1

mutation may be an independent biomarker for prognosis in

patients with COAD receiving immunotherapy.

Advances in DC-based immunotherapy and clinical trials that

indicate therapeutic efficacy and toxicity related to each vaccine

have been reviewed by Ni et al. At the single-cell level, Wang et al.

summarized the classification and development trajectory of DCs in

GI cancer with a focus on the interaction of DCs with T cells and

their effects on immunotherapy response. Newly identified tumor-

infiltrating DCs and their potential functions in anti-tumor

immunity have also been summarized. In order to offer more

detailed evidence and novel opinions to enhance the development

of a personalized neoantigen-based DC vaccines for pancereatic

cancers (PCs), Zhang et al. summarized the advance of the

neoantigen, neoantigen-based vaccines, and DC-based vaccine

with the emphasis of the combination of the neoantigen and DC-

based vaccine.

Rb9 is a cyclic VHCDR3-derived peptide from the RebMab200

antibody targeting a NaPi2B phosphate-transport protein. Rb9

showed anti-tumor activity in syngeneic mice, which was mainly
Frontiers in Immunology 026
due to increased CD8+ T infiltration and decreased intratumoral

Foxp3+ T cells (Machado et al.). Human DCs showed increased

expression of activation markers after exposure to Rb9.

Taken together, studies on DCs in GI cancer have achieved

encouraging results. Nonetheless, a better understanding of the

phenotypes and functions of DCs is required before we can properly

target DCs and improve the overall response rate in GI

cancer immunotherapy.
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Effects of Rb9 Cyclic-Peptide in a
Metastatic Melanoma Setting and the
Involvement of Dendritic Cells
Fabrício C. Machado 1,2†, Natália Girola 1,2†, Vera S. C. Maia 1,2†,

Patrícia C. Bergami-Santos 1,3†, Alice S. Morais 1, Ricardo A. Azevedo 2,

Carlos R. Figueiredo 2,4, José A. M. Barbuto 1,3 and Luiz R. Travassos 1,2*

1 Recepta Bio, São Paulo, Brazil, 2 Experimental Oncology Unit, Department of Microbiology, Immunology and Parasitology,

Federal University of São Paulo, São Paulo, Brazil, 3 Tumor Immunology Laboratory, Department of Immunology, Biomedical

Sciences Institute, University of São Paulo, São Paulo, Brazil, 4MediCity, University of Turku, Turku, Finland

The cyclic VHCDR3-derived peptide (Rb9) from RebMab200 antibody, directed to a

NaPi2B phosphate-transport protein, displayed anti-metastatic melanoma activity at

50–300 µg intraperitoneally injected in syngeneic mice. Immune deficient mice failed

to respond to the peptide protective effect. Rb9 induced increased CD8+ T and low

Foxp3+ T cell infiltration in lung metastases and high IFN-γ and low TGF-β in lymphoid

organs. The peptide co-localized with F-actin and a nuclear site in dendritic cells and

specifically bound to MIF and CD74 in a dot-blot setting. Murine bone-marrow dendritic

cells preincubated with Rb9 for 6 h were treated with MIF for short time periods. The

modulated responses showed stimulation of CD74 and inhibition of pPI3K, pERK,

and pNF-κB as compared to MIF alone. Rb9 in a melanoma-conditioned medium,

stimulated the M1 type conversion in bone marrow-macrophages. Functional aspects

of Rb9 in vivo were studied in therapeutic and prophylactic protocols using a melanoma

metastatic model. In both protocols Rb9 exhibited a marked anti-melanoma protection.

Human dendritic cells were also investigated showing increased expression of surface

markers in response to Rb9 incubation. Rb9 either stimulated or slightly inhibited moDCs

submitted to inhibitory (TGF-β and IL-10) or activating (LPS) conditions, respectively.

Lymphocyte proliferation was obtained with moDCs stimulated by Rb9 and tumor

cell lysate. In moDCs from cancer patients Rb9 exerted immunomodulatory activities

depending on their functional status. The peptide may inhibit over-stimulated cells,

stimulate poorly activated and suppressed cells, or cause instead, little phenotypic

and functional alterations. Recently, the interaction MIF-CD74 has been associated to

PD-L1 expression and IFN-γ, suggesting a target for melanoma treatment. The effects

described for Rb9 and the protection against metastatic melanoma may suggest the

possibility of a peptide reagent that could be relevant when associated to modern

immunotherapeutic procedures.

Keywords: metastatic melanoma, cyclic-peptide, cytokines, MIF-CD74, dendritic cells, macrophage

differentiation, lymphocyte proliferation
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INTRODUCTION

Cancer is a leading cause of human death with high incidence
in low, middle and high-income countries (1, 2). Malignant
neoplasms derive from normal tissue with abnormal and
excessive cellular growth, caused by genetic mutations and
epigenetic modifications, leading to tumor masses formation.
The progressive accumulation of cellular changes may give
to the transformed cells the ability to invade adjacent tissues
and spread to distant sites through the lymphatic and blood
circulatory systems, forming metastases. Immune suppression
can be induced at this stage and the untreated or treatment
resistant cancers can be fatal (3, 4).

Monoclonal antibodies (mAbs) immunotherapy and
chemotherapeutic agents may target tumor antigens and be
effective because of their specificity and efficacy with acceptable
side effects (5–7). The ability to modulate immune responses
has become an important strategy in antibody cancer therapies
(8–10). Recently, mAbs targeting immune checkpoints have been
used to treat various solid tumors and lymphomas, but the low
response rate and adverse events indicate the need for predictive
biomarkers to improve the applicability of anti-PD-1/PD-L1 and
anti-CTLA-4 agents (11).

Apart from mAbs specifically targeting tumor antigens,
receptors and co-signaling molecules of the immune system,
bioactive peptides from a number of sources have been studied
with various specificities and affinities for microorganisms and
eukaryotic cells (12, 13). Formore than a decade, peptides derived
from immunoglobulin (Ig) internal sequences have been shown
to display differential anti-infective and anti-tumor activities
in vitro and in vivo (14, 15). Different peptides can also be
immunomodulatory by activating signaling pathways, stimulate,
or regulate the expression of maturation markers on dendritic
cells, stimulate antigen presentation, cytokine production, and
lymphocyte interaction, phenotypes that will define the ultimate
immune response (16, 17). High rates of resistance and relapse in
anticancer treatment stimulate the search for additional agents,
able to modulate dendritic cells and effector or regulatory
T lymphocytes, memory T and B lymphocytes, which could
improve the anti-infective or anti-tumor effectiveness of the
immune response (18, 19).

In addition to the beneficial effects of delaying or arresting
growth of certain types of neoplasms, current anticancer drugs
may otherwise cause impairment of antibody synthesis, auto-
immunity, and several side effects that altogether stimulate the
research for new agents able to control the growth of neoplastic
cells (20, 21). The present work focus on the anti-tumor effect
of an immunologically bioactive synthetic peptide, Rb9, derived
from the complementarity determining region-3 (CDR3) of
VH from a humanized monoclonal antibody (RebmAb 200)
to NaPi2b transporter (22). The anti-tumor protective effects
of Rb9 against metastatic melanoma, which depends on a
healthy immune response and immune-modulatory activation
of murine or human dendritic cells, and the possible molecular
mechanism of this response were further investigated in the
present work as an important step to the development of new
anticancer drugs.

MATERIALS AND METHODS

Mice
Six- to eight-week-old male C57Bl/6, Balb/c, or NOD/Scid/IL-
2R-γnull mice were acquired from the Center for Development
of Experimental Models (CEDEME) at Federal University of São
Paulo (UNIFESP), Brazil. Mice were housed in ventilated racks
in specific pathogen free conditions (SPF) for at least 1 week with
ad libitum access to water and food in a light:dark cycle of 12 h
each, before experimentation.

Ethics Statement
Animal experiments were carried out in accordance with the
recommendations of the National Council for the Control
of Animal Experimentation (CONCEA, Brazil) and approved
by the Ethics Committee of Federal University of São Paulo,
registered with the number CEUA 3521121217. All methods
were performed in accordance with relevant guidelines and
regulations approved by UNIFESP. Standard clinical symptoms
that indicate deteriorating health conditions requiring euthanasia
before the end of the experiment were followed.

The study with human donor and patient cells was carried
out in accordance with the recommendations of Research Ethical
Committee (CEP, Brazil) from the Faculty of Medicine, São
Paulo University (FMUSP, Brazil). The protocol was approved
ref. number 457.616 on Nov 13, 2013.

Peptides
Peptide Rb9 sequence is derived from VH CDR3 of a humanized
monoclonal antibody (RebmAb 200), which reacts with an
epitope in the sodium-phosphate transporter NaPi2b (23–26).
Synthetic Rb9, however, displays bio-reactivity independent of
mAb specificity (22). The synthesis of Rb9 and other peptides
was carried out by Peptide 2.0 (Chantilly, VA). Modifications
included amidation at the C terminus (NH2) and cyclization (C-
C, disulfide bridge). A solution of Rb9 lyophilized material was
prepared diluting the peptide in milli-Q water at 10–15mM and
further dilution for use, in RPMI 1640 medium or PBS. Linear
sequences are shown below:

Peptide Sequence Modification

Rb9 CARGETARATFAYWGQGC C-term NH2, (C-C)

Scr-Rb9 TFAYWRAACACGQGRTEG C-term NH2

Rb10A1 AARGETARATFAYWGQG C-term NH2

Both scrambled (Scr-Rb9) and Rb10A1 peptides were derived
from the linear form Rb10, analogous to RB9, without C-
terminal QGC residues. Rb10A1 is a negative control for in vitro
experiments replacing Cys in the N-terminal by Ala.

Tumor Cell Lines and Cell Cultures
B16F10-Nex2 subline of murine melanoma B16F10 (27),
isolated and maintained at the Experimental Oncology Unit
(UNONEX) of Federal University of São Paulo (UNIFESP)
was deposited in the “Banco de Células do Rio de Janeiro”
(BCRJ), no. 0342. The original B16F10 cell line was obtained
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from the Ludwig Institute for Cancer Research (LICR),
São Paulo Branch. Additional syngeneic tumor cells were
kindly donated by Dr. G. Mazzolini from Gene therapy
Laboratory, School of Medicine, Austral University; Buenos
Aires, Argentina. The murine pancreatic carcinoma Panc02
cells, syngeneic in H-2b C57Bl/6 and the colon-rectal carcinoma
CT26 cells syngeneic in H-2d Balb/c mice were tested in
vivo via subcutaneous (s.c.) grafting (Supplementary Figure 1).
Tumor cell lines and primary isolated cells were cultivated
at 37◦C, under humid atmosphere and 5% CO2, in R10,
which consisted in RPMI-1640 medium supplemented with
10mM N-2-hydroxyethylpiperazine-N-2 ethane sulfonic acid
(HEPES), 24mM sodium bicarbonate, 40 mg/L gentamicin,
100 mg/L streptomycin, pH 7.2 and 10% fetal bovine serum
(FBS). For some experiments, D10 medium was used (DMEM
supplemented with 10% of FBS, 100mM sodium pyruvate, 1x
MEM-nonessential amino acids, 200mM glutamine, 1x MEM
vitamin solution, 0.05M β-mercaptoethanol, 10,000U penicillin
and 10 mg/mL streptomycin). The protocol to obtain fresh
isolated tissue cells is detailed below.

B16F10 melanoma cells were cultured in R10 until 70%
confluence when the medium was harvested and fresh medium
was added (v/v) to obtain a B16-conditioned medium (B16.CM).
After three subculturings in the conditioned medium, B16.CM
was collected, filtered, and used in functional assays.

Induced Melanoma Metastatic Model
In the lung metastatic-melanoma colonization model, 2–4 x 105

viable B16F10-Nex2 cells resuspended in 100 µL of serum-free
RPMI medium, were intravenously (i.v.) injected in C57BL/6
or NOD/SCID/IL-2Rγnull mice. Each inoculated mouse received
50–300 µg Rb9, Rb10A1 (a negative in vitro control), or Scr-
Rb9 (a scrambled control version of Rb9) peptide diluted in 100
µL PBS via intraperitoneal (i.p.) administration or subcutaneous,
in the interscapular area (s.c.). The peptide treatment occurred
for 5–6 alternate days, starting 1 or 2 days after tumor cells
injection. The control group (Veh) received a mock inoculation
of PBS with the same volume. Anti-PD-1 (BioCell, InVivoPlus,
clone J43) was used to treat mice at 6.25 mg/kg in 5 alternate
days. Fifteen to twenty-two days later, mice were euthanized
and their lungs were harvested. Macroscopic melanotic nodules
were counted and images from the entire lung were captured
with a stereomicroscope Nikon SMZ745T (magnification, 4x)
coupled with Nikon Digital Sight DS-Fi2 and DS-U3 (Nikon
Corporation, JA). The images were also used to measure the lung
area with melanotic nodules. This quantification was obtained
and measured by outlining the surface area covered by the black
metastatic nodules in relation to the total organ area using
Fiji/Image J version 1.52e software.

Pancreatic and Colorectal Subcutaneous
Solid Tumor Model
In the subcutaneous tumor model, 5× 105 syngeneic tumor cells
resuspended in 100 µL of PBS were injected s.c. in the right
flank of mice. C57Bl/6 mice were inoculated with Panc02 cells
and Balb/c mice were inoculated with CT26 cells. Anti-tumor
treatments with Rb9 or controls were performed as described

before. Tumor longitudinal diameter (D) and transverse diameter
(d) were measured by caliper rule every 2 days until the tumor
volume reached 3,000 mm3. Animals were euthanized when the
allowed volume was reached. The tumor volume was calculated
by the formula V= D.d.2× 0.52.

Lung Tissue Digestion and Flow Cytometry
Analysis
Lungs with metastatic nodules were excised from metastatic
B16F10-Nex2 melanoma-bearing mice and pooled for tissue
digestion, using 40 U/mL DNAse (Sigma Aldrich), 125 U/mL
Collagenase type IV (Sigma Aldrich), 100 U/mL Hyaluronidase
(Sigma Aldrich), and 0.025 mg/mL LiberaseTM (Sigma Aldrich)
in PBS supplemented with 0.5% BSA. Pooled lung samples from
each group were shaken for 2 h at 37◦C and the digestion was
interrupted by adding 1mM EDTA. The liquid from digested
samples was fully homogenized by softly pipetting and was then
filtered through a 40-µM cell strainer (BD Falcon). Digested
samples were kept at 4◦C during centrifugation at 1,000 g for
5min and incubated for 5min in ACK buffer (NH4Cl 150mM,
KHCO3 1mM, and Na2-EDTA 0.1mM) for red cell lysis before
another centrifugation for washing. Viable tissue cells from
digested lung were counted in a Neubauer chamber using Trypan
blue (GibcoTM) and 1 × 106 cells were collected to analyze the
following cell markers by flow cytometry.

The following antibodies were used in two combinations to
analyze the collected tissue cells: 1 anti-CD3 (MACS, Miltenyi
Biotec), anti-CD4 (MACS, Miltenyi Biotec), anti-CD8 (MACS,
Miltenyi Biotec) and 2) anti-CD4 (MACS, Miltenyi Biotec),
anti-CD25 (MACS, Miltenyi Biotec), anti-NKG2D (Invitrogen),
and anti-Foxp3 (MACS, Miltenyi Biotec). In general, cells were
stained in PBS, 0.5% BSA with 1mM EDTA for 30min using the
appropriate antibody-fluorophore conjugate. Cells were washed
in cold PBS with BSA and suspended in fixation buffer (PBS, BSA
with 2% paraformaldehyde) before flow cytometry. For Foxp3
staining, cells were fixed and permeabilized using solutions from
the MACS, Miltenyi Biotec kit before staining. Compensated
multiparameter analysis was performed on a BD FACSCanto II
analyzer (BD Biosciences, USA) with FlowJo X software (Tree
Star Inc., USA).

ELISA for Cytokine Secretion
Mice challenged with B16F10-Nex2 tumor cells, received 300
µg i.p. of Rb9 or Rb10A1 and were euthanized after 17 days
and their spleen and lymph nodes were collected, macerated,
filtered through a cell strainer and washed 1x in PBS 1x.
Splenocytes obtained after incubation in ACK hemolysis buffer
were plated at 106 cells per well in 6-well plates with R10
medium. On the same day, splenocytes were further incubated
for 72 h with or without tumor cell lysate obtained from
freezing and thawing B16F10-Nex2 cells, adding the equivalent
of 105 cells/well in triplicate. Lymph node cells were sorted
for CD11c+ before incubation for 24 h with or without tumor
cell lysate and supernatant collection. After incubation period,
the supernatants were collected from both tissue cell culture
and used to cytokine quantification by ELISA, following the
manufacturer recommendations (BD Biosciences, USA). Briefly,
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a 96-well opaque plate (Nunc, Roskilde, Denmark) was coated
overnight at 4◦C with IL-6, IL-10, IL-12, IFN-γ, TNF, and TGF-β
capture antibody, following the manufacturer recommendations
of respective kits. The plates were blocked for 2 h at room
temperature and washed with 0.05% Tween 20-PBS (T-PBS)
before incubation for 2 h with previously collected supernatants
and respective recombinant proteins. After incubation, the plate
was washed with T-PBS. Biotin-conjugated detection antibody
were incubated for 1 h, with streptavidin-peroxidase to signal
amplification. The evaluation of absorbance was performed by
OPD (Sigma Aldrich) in a multiplate reader (SpectraMax M2e,
Molecular Devices, USA) at 450 nm.

Immunohistochemistry
Tumor-bearing mice, received 200 µg i.p. of Rb9 or Scr-Rb9
and were euthanized after 15 days. Their lungs were surgically
excised and cryopreserved in Tissue-Tek compound (Sakura
Europe) at −80◦C. Standard 5µm sections were obtained from
paraffin embedded lungs cuts laid on cleaned glass slides to
immunohistochemistry preparation. Briefly, fixed sections were
deparaffinized, rehydrated with graded xylene-ethanol series
and endogenous peroxidases were inhibited by two washes
of 3% hydrogen peroxide in methanol. Non-specific antigen-
antibody reaction was blocked before staining with monoclonal
anti-CD4 (Spring Biosciences Corp.) and monoclonal anti-
granzyme B (Dako) antibodies. The immunohistochemical
analysis was carried out using the peroxidase-conjugated Avidin-
biotin complex and 3,3-diaminobenzidine (DAB) peroxidase
substrate following standard procedures. The antigen-antibody
reaction was visualized as a brown precipitate and stained
tissue was counterstained with hematoxylin for 3min. The slides
were then rehydrated and mounted for observation under light
microscopy. Photomicrographs were taken of each slide and
the signal intensity was measured on images of several lung
nodules using color deconvolution with Fiji/Image J version
1.52e software.

Bone Marrow Derived Dendritic Cells and
Macrophages
Bone marrow-derived dendritic cells (bmDCs) were obtained
from C57Bl/6 mice as previously described (28–30). Briefly, mice
femura and tibiae were stripped out of muscles and tendons
and bone ends were cut to flushed out the bone marrow using
a 26-gauge needle and syringe with R10 medium. Cell clusters
were dissociated by passing through a cell strainer and red cell
lysis were carried out using ACK buffer. The bone marrow
cells were cultured in 100-mm tissue culture dish with 10ml of
R10 medium supplemented with GM-CSF (50 ng/ml,) and IL-
4 (50 ng/ml). Fresh medium (3ml) with GM-CSF (100 ng/ml)
and IL-4 (100 ng/ml) was added every 3 days. On day 7, non-
adherent cells were collected and pooled with adherent cells,
which were harvested by PBS with 2mM EDTA. Bone marrow-
derived macrophages (bmM8s), were extracted from femura
and tibiae incubated with M-CSF-1 (10 ng/mL) in complete D10
medium for 6 days.

Immunofluorescence
Murine bmDCs were plated on glass slides (Tekdon Inc.) inside
24 well plates at a concentration of 2.5 × 104 cells in 60 µL
for 1 h. After adhesion, 300 µL R10 medium was added and the
cells were incubated overnight. On the next day, bmDCs were
incubated with 500µM of Rb9 conjugated with biotin for 1, 3, 8,
and 24 h. A negative control consisted of cells without peptide
added. The culture medium was removed and the slides were
washed 3x with PBS before fixation in PBS containing 3.7% of
formaldehyde for 20min. Cells were then washed 3x with PBS,
permeabilized with PBS containing 0.01% Triton X-100 for 5min
and then incubated with PBS containing 0.25% BSA for 1 h at
room temperature in order to block non-specific sites. Finally,
cells were stained for 1 h at room temperature in the dark using
the same blocking buffer supplement with phalloidin-rhodamine
for actin cytoskeleton, 10µg/mL 4’,6-diamidino-2-phenylindole
(DAPI) for nucleic acid and anti-biotin-FITC to localize the Rb9
peptide. Glass slides were washed 5x with PBS and prepared
as glass covers using Vectashield (VectorLabs) and sealed with
nail polish before visualization in TCS SP5 II Tandem Scanner
(Leica) confocal microscope with a 63 × NA 1.40 PlanApo oil
immersion objective.

Chemiluminescent Dot-Blotting
Rb9 and Rb10A1 peptides were diluted at 10 µg/10 µL
in milli-Q water and applied on nitrocellulose membranes.
Recombinant MIF and CD74 (Abcam, UK) were applied onto
the nitrocellulose membranes at 50 nM and incubated overnight
at 4◦C. After washing, membranes were incubated with anti-
MIF or anti-CD74 for 1 h at 37◦C followed by several washes
and anti-rabbit and anti-mouse IgG-HRP antibody incubation
for 1 h at 37◦C. Immunoreactivity was determined using the
LuminataTM Forte solution (Millipore, Billerica, MA) and images
were acquired by Uvitec Cambridge (Cambridge, UK). Some
other peptides were also evaluated with negative reactivity
(data not shown). This protocol was adapted from previous
studies (31, 32).

Immunoblotting
Cultured bmDCs were treated with 200µM Rb9 for 6 h and
then incubated with 1µg/mL recombinant MIF (rMIF) for 2,
5, 10, and 20min before cells were lysed, centrifuged at 1,000
g for 5min and washed 1x in TBS (50mM Tris-HCl pH 7.5,
150mM NaCl) before add Laemmli buffer (62.5mM Tris-HCl,
pH 6.8 at 25◦C, 2% w/v SDS, 10% glycerol, 50mM DTT,
0.01% w/v bromophenol blue) and heat denaturation at 95◦C
for 5min. Electrophoresis in polyacrylamide gels containing
SDS and transfer to PVDF Immobilon P membrane (Millipore,
Darmstadt, Germany) were carried out by standard procedures.
The membranes were stained with 0.5 % Ponceau S in 3%
acetic acid and eventually cut separating proteins with mass
above and below 50 kDa. All membranes were blocked with
TBS (10mM Tris-HCl, 150mM NaCl, pH 8) containing 0.05%
Tween 20 (TBS-T) and 5% BSA overnight. Membranes were
incubated for 3 h with anti-Akt, anti-pAKT (S473), anti-ERK1/2,
anti-pERK1/2, anti-NF-κB pr65, anti-pNF-κB pr65 (S536), anti-
PI3K pr85, anti-pPI3K pr85 (T458), anti-IkBα, anti-pIkBα (S32),
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anti-CD74, and anti-GAPDH, antibodies, purchased from Cell
Signaling Technology (Beverly, MA) except for anti-GAPDH,
acquired from Sigma-Aldrich (St. Louis, MO). The primary
antibody was washed 3x in TBS-T for 10min each and
incubated for 1 h with anti-rabbit or anti-mouse IgG peroxidase-
conjugated antibody (Thermo Fisher Scientific) diluted 1:20,000
in TBS. Membranes were washed 3x in TBS-T for 10min.
Immunoreactivity was determined using the LuminataTM Forte
solution (Millipore, Billerica, MA) and images were acquired
by Uvitec Cambridge (Cambridge, UK). Densitometry of bands
was obtained using ImageJ software. pProtein/Protein ratios as
in Figures 6B–E were normalized in relation to the ratios of
unstimulated control cells (plotted = 1). For instance, sample 3
of pAkt: 9171.50/11358.86 = 0.8074 and CTR 1895.08/11373.45
= 0.1666; 0.8074/0.1666 = 4.84; or pAkt/Akt = 4.83/0.999 with
CTR 1.00/1.00.

Adoptive Cell Transfer Treatment
Two different protocols of adoptive cell transfer (ACT) treatment
were performed. To the therapeutic protocol, murine bmDCs
obtained as described above were stimulated with 50µg/mL
of Rb9 or Rb10A1 for 24 h. Mice previously challenged with
B16F10-Nex2 were inoculated with 5 × 105 bmDCs via i.p. per
animal on the eighth day of tumor injection. The protective effect
induced by Rb9 was evaluated after 15 days of tumor challenge
by counting pulmonary melanotic nodules. In the prophylactic
protocol of ACT, bmDCs were stimulated by Rb9 or Rb10A1,
primed or not with tumor cell lysate (Lys, 1:10 v/v cell lysate from
5 × 104 tumor cells) for 24 h, before s.c. inoculation in naïve
mice. Each naïve mouse received two inoculations of primed
bmDCs, on the 2nd and 7th days before B16F10-Nex2 challenge.
The protective effect induced by Rb9 was also evaluated
after 15 days of tumor challenge by counting pulmonary
melanotic nodules.

Human PBMC-Derived Dendritic Cell
Obtention and Lymphocyte Proliferation
Blood samples from healthy donor and cancer patients (n =

22) were collected and peripheral blood mononuclear cells
(PBMCs) were isolated by centrifugation over Ficoll-Paque
Plus (GE Healthcare). After a 2 h-incubation in plastic 6-
well plates, non-adherent cells were removed from culture
and adherent cells (monocytes) were cultivated for 7 days
in RPMI-1640 culture medium supplemented with 10% FCS,
antibiotic-antimycotic agents (Gibco, Grand Island, NY, USA),
in the presence of GM-CSF (50 ng/ml—Peprotech, Mexico)
and IL-4 (50 ng/ml—Peprotech). At day 5 of culture TNF-α
(50 ng/ml; Peprotech, Mexico) was added for monocyte derived
DC maturation (mDCs). After maturation, mDCs received
treatment with Rb9 or tumor cell lysate (Lys) before co-culture
with allogeneic lymphocytes (DC:Ly = 1:30) to evaluate their
ability to induce lymphocyte proliferation. Phytohemagglutinin
(PHA) was also used as a control. The proliferation was
measured by carboxyfluorescein succinimidyl ester (CFSE—
Molecular Probes) dilution and activation was measured by
correlation between CD4/CD25 and Foxp3 expression.

Flow Cytometry Analysis of Dendritic and
Lymphocytic Cells
BmDCs from mice were stained for CD11c, CD11b, and CD74
after treatment with 50µg/mL Rb9 for 48 h and 200 ng/mL LPS
for 24 h, and bmM8s were stained for F4/80, MHC-II, CD86,
PD-L1, and CD206 in PBS, 0.5% BSA for 30min using the
different antibody-fluorophore conjugates from MACS, Miltenyi
Biotec. Cells were washed in cold PBS with BSA and suspended
in fixation buffer (PBS, BSA with 2% paraformaldehyde) before
flow cytometry. Compensated multiparameter analysis was
performed on a BD FACSCanto II analyzer (BD Biosciences,
USA) with FlowJo X software (Tree Star Inc., USA).

Human cells were analyzed similarly to mice cells, but the
staining was performed in BSA-PBS without EDTA. To flow
cytometry analysis was used antibodies against CD11c, CD14,
CD80, CD83, CD86, HLA-ABC, HLA-DR, CCR7, and PD-
L1, conjugated with different fluorochromes, besideslive/dead
labeling (Molecular Probes, Oregon, USA). Acquisition was
performed in a FACSCanto II analyzer (BD Biosciences),
analyzed with the FlowJo Software X.10.07r2 (Tree Star).
The frequency of FoxP3+ human cells was analyzed using
the e-Bioscience Foxp3/Transcription Factor Staining Buffer
Set (Affymetrix, e-Bioscience, USA) as described in the
manufacturer’s protocol. Before intracellular staining, the cells
were labeled with fluorescence labeled anti-CD4, anti-CD8, and
anti-CD25 (BD Biosciences).

Statistics Analysis
The software GraphPad Prism version 7.0 (San Diego, CA) was
used in all tests for significance analyses. Student, Welch, or
Mann–Whitney t-test compared statistical differences between
groups. One-Way ANOVA with Bonferroni correction; repeated
measures ANOVA with Dunnett’s correction, and two-way
ANOVA were also applied. A difference in survival time was
measured by Log-rank with Mantel-Cox test. P-values are
indicated as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 indicating
the significant difference. The X2 (chi-squared) test was used to
determine the statistical significance of different frequencies from
flow cytometer data.

RESULTS

Anti-metastatic and Anti-tumor Activity of
Rb9 Peptide
B16F10-Nex2 cells were intravenously inoculated in C57BL/6
mice to generate a syngeneic model of pulmonary metastatic
melanoma (33, 34). The anti-tumor activity of Rb9 was quantified
in tumor cell challenged mice treated with 300 µg of Rb9 peptide
per animal via i.p., starting 1 day after tumor cell inoculation
followed by 5 doses in alternate days (Figure 1A). The number of
pulmonary tumor nodules reduced whenmice were injected with
Rb9 in relation to control groups (Veh), which received only PBS,
indicating the protective role of the peptide against melanoma
lung colonization (metastasis). Similar results were obtained
using different numbers of melanoma cells and different peptide
concentrations, ranging from 50 to 200 µg of Rb9 per animal
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(Figure 1B). However, no protection was observed at 10 or 30
µg (not shown). Due to the variation of lung nodule size and
the merge of individual nodules, the area of melanotic nodules
over the lung surface was also measured (Figure 1C). In this
experiment, mice received 6 inoculations of PBS, as a negative
control group, or 200 µg of Rb9 per animal and equal amounts
of Scr-Rb9 peptide i.p. and s.c. The tumor melanotic metastatic
areas decreased significantly only after Rb9 treatment using both
i.p. and s.c. administration routes. The lowest decrease was
obtained with Rb9 s.c. treatment, as also observed in Figure 1D,
which shows representative lung images from this experiment.

Although i.p. Rb9 treatment was efficient in the control of
metastatic melanoma progression in immunocompetent mice,
this peptide failed to promote a protective activity in immune-
deficient mice (NOD/SCID/IL-2Rγnull), i.v. challenged with
B16F10-Nex2 cells (Figure 1E). In fact, the in vivo anti-tumor
activity of Rb9 seems to be tightly depended on healthy, non-
immune compromised syngeneic mice. To further verify an
immune response induced by Rb9 inoculation in tumor-bearing
mice, sera collected from mice that received Rb9 via i.p. or s.c
were applied into melanoma cells adhered onto plastic plates
blocked or not with BSA. Increased reactivity to plated B16F10-
Nex2 cells was observed for both sera. The serum from mice
inoculated s.c. with Rb9 was even more reactive with melanoma
cells than the serum from animals inoculated i.p. with the peptide
(not shown).

In addition to melanoma cells, Rb9 protective activity
was also tested against syngeneic CT26 colon and Panc02
pancreatic cancer cells grafted subcutaneously in C57Bl/6 mice
(Supplementary Figure 1). The peptide was administered in 3
µg/µL/animal, via i.p. for 6 times in alternate days, starting 1 day
after tumor cell grafting. In both cases the subcutaneous tumor
progression was delayed with full survival of Panc02 after 40 days
treatment (Supplementary Figure 1C) and none of colon cancer
challenged mice after 60 days (not shown).

Rb9 Modulates Cell Recruitment and
Immune Activity in the Lung and Lymphoid
Organs
As indicated above, the immune system is involved in the
protective effect of Rb9 against metastatic melanoma. To
further characterize this effect, the lung microenvironment
and immune response in peptide-treated tumor-bearing mice
were examined. The T lymphocyte population recruited in the
lung microenvironment showed cells expressing CD3+, CD4+,
CD8+, CD25+, and Foxp3+. We also evaluated NK cells by
the expression of NKG2D marker in CD3- cells (Figure 2).
After gating lymphocytes and measuring the cell population
expressing both T-CD3+ and T-CD8+ an expressive increase
of this population was observed in samples of s.c. Rb9-treated
mice compared to Veh or Scr-Rb9 control groups (Figure 2A).
Only a small increase of T-CD4+/T-CD3+ cells was observed in
the same Rb9-treated samples (Figure 2B). Since the protective
effect of Rb9 could be due to the modulation of lymphocyte
recruitment and activation, the ratio of CD8+ T cells to CD4+
T cells was compared in lungs collected from different groups

of treatment and it was increased only in the Rb9-treated
group (Figure 2C). Inversely to T-CD4+ and T-CD8+ increased
populations, the regulatory T lymphocytes expressing CD4+,
CD25+, and Foxp3+ T lymphocytes were less expressed in Rb9-
treated tissue samples (Figure 2D). Finally, NK cells defined
with a similar size and granularity as T cells but without CD3
expression were evaluated using the activation marker NKG2D
(Figure 2E) showing an increased recruitment of these cells
similarly to the pulmonary recruitment of CD3-NKG2D+ cell
after treatment with 6.25 mg/kg of murine anti-PD-1 therapy.

Immunohistochemistry of metastatic nodules in Rb9-treated
mice showed that T-CD8+ and NK cells could be responsible
for the secretion of granzyme B in the lung tumor tissue
microenvironment from Rb9-treated mice (Figures 3A,C). The
expression of T-CD4+ in metastatic nodules was only a little
increased in Rb9-treated mice (Figures 3B,D).

Splenocytes isolated from Rb9-treated melanoma-bearing
mice and thereafter stimulated with melanoma lysate were able
to produce increased levels of IFN-γ as compared to splenocytes
isolated from tumor-bearing mice treated with Veh or Rb10A1
control groups (Figure 2F). Axillary and cervical lymph node
cells secreted low TGF-β under similar conditions (Figure 2G).
Rb9 did not modify the melanoma lysate response in relation to
IL-12, TNF, and IL-10 secretion but significantly reduced IL-6
(Supplementary Figure 2).

Altogether, these results suggest an immunomodulatory
activity of Rb9 leading to anti-tumor response mediated by
cytotoxic T-CD8+, NK cells, and IFN-γ with low TGF-β and
Treg lymphocytes.

Rb9 Interacts With Murine Bone-Marrow
Dendritic Cells (bmDCs)
Since Rb9 peptide requires the immune system participation to
display anti-tumor response in a metastatic melanoma setting a
direct interaction of the peptide with dendritic cells was looked
for as a possible early step in this process. By using fluorescence
microscopy we showed that murine bmDCs interact directly
with biotinylated Rb9, as revealed with FITC-streptavidin (green
staining in Figure 4, panels 2, 4, 5, and 6). Confocal microscopy
showed colocalization points of FITC-complex-Rb9 signal and
perinuclear regions, DAPI signal, within bmDC (panel 5), and
also with actin cytoskeleton stained with red phalloidin (panels
3, 4, and 6). Presumably, after internalization Rb9 could be
carried to the nuclear site via actin filaments to participate in a
cell-signaling pathway.

Direct Binding of Rb9 Peptide to MIF and
CD74 Proteins
Themacrophagemigration inhibitory factor (MIF) is synthesized
by epithelial and endothelial cells, T lymphocytes, macrophages,
and by several tumors, particularly melanoma (35, 36). MIF
exerts its oncogenic effects through binding to CD74 receptor,
CXCR4 chemokine receptor, and CD44, involved in MIF cell-
signaling (37).

Rb9 peptide binds to MIF and CD74 as shown by dot
blotting with the respective recombinant proteins (Figure 5A).
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FIGURE 1 | Rb9 peptide inhibits in vivo development of melanoma metastasis in immunocompetent mice. (A) Rb9 intraperitoneal (i.p) administration of 300 µg per

animal for 5 alternate days reduce the number of B16F10-Nex2 lung metastatic nodules as compared to vehicle (Veh, PBS); (B) Different doses of i.p. Rb9

administration, 15 days of tumor challenge. *p < 0.05 and ***p < 0.001 calculated using Student’s or Welch’s t-test, respectively. Vehicle (≥103 counts); (C) Melanotic

area on the lung surface, after 15-days tumor cell-challenge. Subcutaneously (s.c.) or intraperitoneally (i.p.) Rb9-treated mice, scrambled peptide (Scr-Rb9). Median,

25 and 75% quartiles, ± max and min values. *p < 0.05 and **p < 0.01. One-Way ANOVA with Bonferroni correction; (D) Representative panel of lungs after i.p. or

s.c. Rb9 administration; (E) Immuno-compromised mice (NOD/Scid/IL-2Rγnull) are not capable to arrest melanoma metastasis development after treatment with 300

µg of Rb9.

A peptide derived from linear Rb10 replacing the N-terminal
cysteine by alanine, Rb10A1, Girola et al. (22) was unreactive
and also used as a control for in vitro experiments. Rb9 also
increased CD74 expression in immature dendritic cells (iDCs)
expressing CD11b and CD11c, also reversing the negative
effect in iDCs of treatment with 200 ng of LPS for 24 h as
observed by flow cytometry (Figure 5B). MIF is commonly
secreted by B16F10 in cultured melanoma cells, as detected
in the conditioned medium (38). Another, previously studied,
CDR peptide (C36L1) showed ability to bind to MIF’s receptor

CD74 and also interfere in the melanoma-secreted factor
that regulates macrophage function (38). Based on these
results, bone marrow-derived macrophages (bmM8s) were
evaluated in the presence of melanoma factors (B16F10
conditioned medium, B16.CM) with or without Rb9. M1
macrophages expressing CD86 and MHC II showed increased
expression upon treatment with Rb9 (B16.CM, Figure 5C).
In contrast, decreased expression of M2 macrophages
expressing PD-L1 and CD206 was observed in response to
Rb9 (Figure 5D).
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FIGURE 2 | Lung lymphocyte recruitment in Rb9-treated mice and specific cytokine expression in splenocytes and CD11+ lymph node cells. (A) Percent CD8+ T

cells inside lungs collected after 15 days from mice receiving 200 µg of s.c. Rb9 or Scr-Rb9 for 6 alternate days starting on day 2 after challenge with B16F10-Nex2

cells; (B) Percent CD4+ T cells inside lungs as in (A); (C) Ratio of CD8+ T and CD4+ T lung infiltrates significantly increased in s.c. Rb9-treated mice. Values are

means ± SEM of the previous experiments; (D) Percent CD4+, CD25+, Foxp3+ T cells inside lungs and (E) Percent CD3–NKG2D+ natural killer cells inside lungs as

in (A,B). Values are ± SEM of three experiments with 4–5 pooled lungs; **p < 0.01 and *p < 0.05 with repeated measures (RM)-ANOVA and Dunnett’s post-test

compared to Veh. (F) Splenocytes from 17-day melanoma cell challenged mice and Rb9 or Rb10A1 i.p. treatment, for 5 alternate days, after challenge on the 1st day.

The splenocytes cell culture supernatant was used to measure IFN-γ secretion after 72-h stimulus with B16F10-Nex2 lysate; (G) CD11c+ cells from cervical and

axillary lymph nodes were used to measure TGF-β reduced expression on cells after 24 h with tumor lysate stimulus. Graphs from (F) to (G) represent means ± SD of

triplicate experiments quantified by ELISA using standard controls. ***p < 0.001.

Rb9 Interferes With MIF Signaling
Pathways in Murine bmDCs
As Rb9 was shown to interact with bmDCs and, at molecular
level, with MIF and CD74 proteins, intracellular signaling
pathways were evaluated in DCs in response to rMIF
incubation and Rb9 modulatory effects (Figure 6 and
Supplementary Figure 4). In Figure 6A, signaling proteins
in bmDCs, previously incubated for 6 h with Rb9 at 200µM,
and then treated with 1µg/mL of rMIF for 2, 5, 10, and
20min are shown. Cellular extracts at each time-point of

rMIF treatment of Rb9-pretreated DCs, were collected and
the total and phosphorylated protein levels of Akt, ERK1/2,
NF-κB p65, and CD74 were quantified by immunoblotting
methods and band densitometry as shown in Figures 6B–E.
Overall, Rb9 treatment alone did not significantly change
intracellular signaling mediators in bmDC. Nevertheless,
when Rb9-preincubated bmDCs were treated with rMIF, Akt
phosphorylation at serine 473 (S473) was stimulated after 2min
and less so after 10min incubation (Figure 6B). In contrast,
phosphorylation of ERK1/2 (Figure 6C) in Rb9-bmDCs was

Frontiers in Immunology | www.frontiersin.org 8 January 2020 | Volume 10 | Article 312214

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Machado et al. Anti-tumor Effects of Rb9 Peptide

FIGURE 3 | Immunohistochemistry of increased granzyme B secretion around lung metastatic nodules in Rb9-treated mice. (A,B) Panels show lung tissue including

B16F10-Nex2 metastatic nodules in Rb9-treated mice. Immunohistochemistry staining with 3,3-diaminobenzidine for granzyme B (A) and CD4+ T cells (B).

Counterstaining: hematoxylin, in blue. Magnification: x400. (C,D) Graphs represent individual nodule areas, means and ± SEM of optical densities (OD) calculated

after color deconvolution on ImageJ software for at least 8 nodules on each experimental group. **p < 0.01 Mann–Whitney t-test as compared to Veh.

significantly reduced by rMIF after 2–10min incubation, as
compared to bmDCs without pretreatment with Rb9. A similar
reduction by rMIF in Rb9-bmDCs was observed after 5–10min
incubation, equally compared to bmDCs without Rb9 pre-

treatment. For PI3K and IkBα signaling, Rb9 reduced by half the

expression of pPI3k, without reversion by rMIF. As to pIkBα

little or no difference of rMIF stimulation in bmDCs treated or
not with Rb9 was seen (Supplementary Figures 3A–C). Finally,
the MIF receptor CD74, showed increased expression when
rMIF was added to Rb9-bmDCs for 2min (Figure 6E) compared
to the Rb9-untreated counterpart.

Therapeutic and Prophylactic Anti-tumor
Protection by Adoptive Cell Transfer of
Rb9-Stimulated Dendritic Cells
The immune system dependence of Rb9 anti-tumor protection
in vivo was further explored testing bmDCs treated ex vivo
with Rb9 and adoptively transferred into tumor-bearing mice
(Figure 7). When syngeneic C57Bl/6 mice are i.v. challenged
with B16F10-Nex2 cells, a predictable number of metastatic
lung nodules in each animal can be represented as a cluster
range after 7–8 days and then another after 12–15 days after
tumor challenge injection (Figure 7A). Using this standard
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FIGURE 4 | Rb9 interacts with and is internalized by bone marrow derived dendritic cells (BMDCs). Panels are representative confocal images of bmDCs stained with

DAPI (blue, panel 1) and phalloidin (red, panel 3) for nucleic acid and filamentous actin staining, respectively. Biotinyl-Rb9 is stained with FITC (green, panel 2). A

merge of 1, 2, and 3 can be seen on panel 4. FITC-biotinyl-Rb9 colocalizes with DAPI in a nuclear region (panel 5) and peripherally with phalloidin (panel 6) as shown

by white and yellow points/areas in the cellular cytosol on both colocalization panels. Bars = 10µm.

response, the protective effect of adoptive bmDCs stimulated
ex vivo with Rb9 or Rb10A1 (negative control) was shown
using a therapeutic protocol in which DCs were subcutaneously
transferred 8 days after tumor cell challenge (Figures 7B,C).

Rb9-DCs suppressed metastatic melanoma progression at 15

days after tumor injection, with the number of metastatic
nodules equivalent to that of untreated mice after 8 days
of B16F10-Nex2 inoculation (Figure 7A). In a prophylactic
protocol, bmDC were previously primed ex vivo with tumor
cell lysate (Lys) and stimulated with Rb9 or Rb10A1 peptides.
Primed cells were injected twice prior to a single B16F10-
Nex2 challenge inoculation (Figure 7D). Mice receiving Rb9-
stimulated DCs, with or without Lys-priming, were best

protected against metastatic melanoma after 15 days of
challenge (Figure 7E).

Rb9 Affects Human moDCs’ Surface
Phenotype and Enhances Their Ability to
Stimulate Allogeneic Lymphocyte
Proliferation
We evaluated the expression and activation of markers in human
dendritic cells under Rb9 interference. The capacity of these DCs
to stimulate allogeneic lymphocyte proliferation (Figure 8) was
investigated with a healthy donor’s dendritic cells differentiated
ex vivo from blood monocytes and incubated with Rb9 alone
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FIGURE 5 | Specific binding of Rb9 peptide to MIF or CD74 recombinant proteins. (A) Dot-blotting showing specific interaction of Rb9 peptide with rCD74 and rMIF

proteins. No reaction was seen with Rb10A1 peptide or the peptide vehicle (Veh); (B) Rb9 increases the expression of CD74 in CD11b+CD11c+ iDCs; (C) Increased

M1 M8 marker expression (CD86+ and MHC-II+) in bmM8s incubated with Rb9 in the presence of melanoma factors (B16F10 conditioned medium, B16.CM); (D)

Decreased M2 M8 marker expression (PD-L1+ and CD206+) in bmM8s incubated with Rb9 in the presence of melanoma factors (B16.CM).
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FIGURE 6 | Rb9 pre-incubation modifies the intracellular Akt, ERK, NF-κB signaling pathways and CD74 expression in MIF-stimulated murine bmDCs. (A) Western

blotting bands of Akt, pAkt (Ser473), ERK1/2, pERK1/2, NF-κB pr65, pNF-κB pr65 (Ser536), CD74, and GAPDH (loading control) from bmDCs pre-incubated for 6 h

with/without 200µM of Rb9 and treated with 1µg/mL of rMIF for 2, 5, 10, and 20min; (B) Rb9-pretreated cells showed increased signal intensity of pAkt S473 on

short incubation with rMIF; (C) pERK1/2 in relation to total ERK1/2 decreased in Rb9-pretreated cells in response to rMIF; (D) pNF-κB pr65 S536 showed a fast

decrease in Rb9-pretreated cells at 5–10min of rMIF incubation; (E) the expression of CD74 increased with Rb9 pre-incubation and combining Rb9 and rMIF.
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FIGURE 7 | Therapeutic and prophylactic adoptive cell transfer (ACT) using

Rb9-stimulated dendritic cells (DCs). (A) Syngeneic mice injected i.v. with

B16F10-Nex2 melanoma cells show increased number of lung metastatic

(Continued)

FIGURE 7 | nodules after 7 and 12 days of tumor cell challenge; (B) in a

therapeutic protocol Rb9-stimulated bmDCs are injected once after 8 days of

tumor cell i.v. challenge; (C) metastatic nodules have growth arrested even

after 15 days as compared to Rb10A1 control peptide; (D) in the prophylactic

protocol Rb9 alone or combined with tumor lysate, given ex-vivo to bmDCs,

are injected twice before tumor cell challenge (E) and arrest metastatic growth

of melanoma. For this protocol, bmDCs were stimulated with 50µg/mL of

Rb9, Rb10A1 with or without 5 x 104 B16F10-Nex2 cell lysate (Lys) for 24 h

previously to s.c. inoculation of mice at 7 and 2 days before melanoma tumor

cell challenge. Graphs (C,E) show individual values, with means ± SD. **p <

0.01; ***p < 0.001 calculated using One-Way ANOVA and Bonferroni

correction compared to bmDCs Ctrl groups.

(iDCs, Figure 8A) or incubated with Rb9 and TNFα (mDCs,
Figure 8B). As both figures show, regardless of TNF stimulation,
Rb9 treatment increased the expression of HLA-DR, CD11c,
CD40, CD80, CD86, and PD-L1 human monocyte-derived DCs
(hu-moDCs). Coherently, when hu-moDCs previously pulsed
with tumor lysate and treated with Rb9 were co-cultured with
allogeneic lymphocytes, the allostimulatory activity was higher
than with hu-moDCs alone or combined with tumor lysate-
pulsed condition, but without Rb9 treatment (Figure 8C).

Curiously, when hu-moDCs were submitted to stimuli that
either over-activated them (LPS) or induced a tolerogenic
phenotype (TGF-β + IL-10), Rb9 treatment had opposite
effects. After tolerogenic stimuli with TGF-β and IL-10, RB9
treatment overcame the down-regulation of activation markers,
increasing the expression of HLA-DR, CD80, CD83, and
CD86. In contrast, hu-moDCs earlier hyperstimulated with
the LPS treatment after receiving Rb9 showed a down-
regulation of activation markers. The significance of these
results was evaluated using a X2 statistics (Table 1) on the flow
cytometer data shown in Supplementary Figure 4. Interestingly,
Rb9 treatment increased the expression of the MIF-receptor
CD74 in LPS-activated cells, but not in tolerogenic hu-moDCs
(Figures 9A,B). CD44 was downregulated in TGF-β + IL-10-
treated hu-moDCs, with no alteration on CXCR4 expression
(Supplementary Figure 5).

Further, hu-moDCs isolated from 22 cancer patients were
treated with Rb9 before allostimulation with healthy donor
lymphocytes (Figures 9C,D). Since hu-moDCs from cancer
patients frequently show deficits in their allostimulatory ability
(39, 40), the response in this experiment was evaluated against
a positive control: the proliferative response induced by the
mitogen, phytohemagglutinin A (PHA). Hu-moDCS from some
patients, indeed, showed a “defective” activity (<35% of the
response induced by PHA), while others had a “non-defective”
activity (more than 35% of the response induced by PHA). Rb9
treatment in defective mDCs was able to slightly increase CD4
and CD8T cell proliferation (Figures 9C,D) and, in contrast,
decreased the response induced by “non-defective” cells.

Overall, these results suggest that Rb9 can modulate human
monocyte-derived dendritic cells activity, especially in cancer
patient cells, stimulating tolerogenic cells (biased either in vitro,
by TGF-β with IL-10, or in vivo by the presence of cancer)
and containing the activation of hyperstimulated cells (by LPS,
for example).
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FIGURE 8 | Rb9 affects the phenotype of human monocyte-derived dendritic cells. PBMC from healthy human donor were differentiated into monocyte-dendritic cells

and submitted to various treatments; (A) shows the increased expression of surface markers (HLA-DR, CD11c, CD80, CD86, CD83, CCR7, and PD-L1) after 48

h-treatment of immature DCs (iDCs) with Rb9 (50µg/mL); (B) a similar effect is shown in TNF-stimulated (mDCs) submitted to Rb9-stimulation; (C) PBMC cells from

healthy human donor were differentiated into mDCs, submitted to different treatments and used to stimulate CFSE-labeled allogeneic lymphocytes. Enhanced T cell

proliferation was observed when mDCs were pulsed with tumor lysate (Lys) and treated with Rb9.

DISCUSSION

Synthetic peptides derived from Complementary Determining
Regions (CDRs) of monoclonal antibodies frequently display
anti-infective properties and anti-tumor effects (14, 32, 41–43).

Peptide AC1001-H3, derived from VH CDR3 of anti-blood
group AmAb showed apoptotic and autophagic effects in murine
B16F10-Nex2 melanoma cells (44). The same peptide exerted
anti-metastatic activity in C57Bl/6 syngeneic model as well as an
immunomodulatory effect in macrophages (45). The PI3K-Akt
signaling pathway and the increased expression of TLR-4 induced
by TNF-α were characterized in this system.

Hypervariable complementarity determining regions (CDRs)
from both light and heavy chains of immunoglobulins are sources
of bioactive peptides, acting in many cases, such as VHCDR3, as
mini-antibodies (41). The immunoglobulin-superfamily (IgSF)
carries the greatest number of domains with peptide sequences
displaying biological activities including immunomodulatory
ones. IgSF proteins make up over 2% of human genes, the largest
family in the human genome (46).

As focused on in the present work, Rb9, derived from
VHCDR3 of RebmAb 200, has a configuration similar to that
studied byMorea et al. (47), adding C-terminal amino acids QGC
and a C-C disulfide bridge to make it cyclic. A stable structure
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TABLE 1 | Significant effects of Rb9 (χ2 statistics) on different populations of

human neutral (TNF), activated (LPS), or suppressed (IL-10 + TGF-β) dendritic

cells (DCs)a.

mDC markers Systems Rb9

and controls

Statistics of

Rb9 effects

Stimuli

CD11c LPS C

HLA-DR LPS + Rb9 X2 p < 0.05 *Neg

TNF C

TNF + Rb9 X2 NS 0

IL-10 + TGF-β C

IL-10/TGF-β +

Rb9

X2 p < 0.01 **Pos

CD83 LPS C

HLA-DR LPS + Rb9 X2 NS 0

TNF C

TNF + Rb9 X2 NS 0

IL-10 + TGF-β C

IL-10/TGF-β +

Rb9

X2 p < 0.01 **Pos

CD80 LPS C

CD86 LPS + Rb9 X2 NS 0

TNF C

TNF + Rb9 X2 NS 0

IL-10 + TGF-β C

IL-10/TGF-β +

Rb9

X2 p < 0.01 **Pos

aResults obtained in a flow cytometer (see Supplementary Figure 4). C, control system;

X2, Chi- squared statistics; *Neg, significant inhibitory effect; **Pos, significant activation;

NS, not significant effect.

with numerous H-bonds, internal α-helix, and the disulfide in a
hairpin were described in this peptide (22). In vitro, Rb9 interacts
with HSP90, an adhesion G protein, and surface peroxiredoxin
1, the result being inhibition of melanoma cells migration and
invasion (22). As presently shown, Rb9 is protective against
metastatic melanoma but the results in vivo depend instead
on an uncompromised immune system. In fact, dendritic cells
(DCs) appear to be involved in the immune response induced
by the peptide, since this protective activity of the latter could
be reproduced by adoptive transference of DCs, treated ex vivo
with the peptide, in melanoma-challenged susceptible animals.
Therapeutic and prophylactic protocols were effective. With the
prophylactic protocol, we observed that pre-treatment of DCs
with melanoma lysate did not increase the efficiency compared to
Rb9 alone, suggesting that the most important priming occurred
in vivo after challenge with B16F10 cells, possibly resulting in
extensive cell lysis due to NK activity, perforins, and IFN-γ
dependent and independent mechanisms (48). Subcutaneous
administration of Rb9 seems to be the preferred one, but it seems
clear that whatever is the route of inoculation in a tumor-bearing
experimental animal, the peptide reacts with local and recruited
DCs, modulating their activity in a way that leads to anti-tumor
effect and prolonged survival of the host. In the protocols used,
depending on the possibility of low supply of tumor antigens, a
melanoma cell lysate was used as a primer for cross-presentation

by DCs. It is clear, however, that the nature of Rb9 activity is an
immune modulatory one. Intraperitoneal administration of Rb9
was also effective in delaying s.c. growth of syngeneic pancreatic
and colon cancer cells rather than s.c. B16F10-Nex2 melanoma.

The interaction of biotinyl-Rb9 with DCs was explored
using confocal microscopy. Co-localization points were seen
with actin-reacting phalloidin and condensed nuclear material,
suggesting that the peptide could be carried to the nucleus
via F-actin, eventually to mediate a signaling pathway. The
discovery that Rb9 binds to rCD74 and rMIF, and the fact
that melanoma cells in vitro and metastatic tumors secrete MIF
(38), prompted us to functionally compare Rb9 with peptide
C36L1. This peptide was shown to restore M2 macrophages and
DC’s immunogenic functions so as to inhibit metastatic tumor
growth in lungs. M2 cells characterized by IL-12loIL-23loIL-
10hiTGF-βhi, mediate Th2 responses, immune regulation, and
tumor promotion (49). M1 macrophages, with IL-12hiIL-23hiIL-
10lo phenotype, are effector cells in Th1 responses and mediate
resistance against tumors. They efficiently produce ROS and NO
and inflammatory cytokines, IL-1β, TNF, IL- 6 (50).

Rb9 increased the expression of CD74 in CD11b+CD11c+
dendritic cells and this effect was less intense in iDCs activated
by LPS. It was found that a combination of poly(I:C) and
LPS with IFNα + γ downregulated the expression of CD74
(51). This effect could be reversed by the immunomodulatory
action of Rb9, raising the question of the complex protection
mechanism of the peptide against tumors. In fact, CD74 has
been shown to negatively regulate DC migration. On the other
hand, Rb9 increasedM1markers (CD86 andMHC II) in bmM8s
in the presence of B16F10 conditioned medium (B16.CM) and
decreased M2 CD206 marker and PD-L1 in IL-4 polarized M2
bmM8s also in B16.CM. rMIF signaling in bmDCs was modified
by Rb9 pretreatment, particularly increasing the expression of
CD74 and decreasing that of pERK and pNF-κB. All these
effects pointed to a protective effect of Rb9 in face of the
immune suppressive and tumor promoting activities ofMIF. This
cytokine, abundantly produced by melanoma cells, preferentially
stimulates M2-macrophage differentiation. The CD74 receptor is
also constitutively expressed on melanoma cells and the MIF-
CD74 pathway is correlated with increased PD-L1 expression
in cancerous cells (52). Interfering in the MIF-CD74 axis may
affect signaling inmacrophages and dendritic cells (DCs) that can
downregulate immunosuppressive factors and activate cytotoxic
T cells (38).

Granzyme B+ and T-CD4+ were examined by IHC in the
lung nodules of metastatic melanoma treated with Rb9. Both
cytotoxic T lymphocyte (CTLs) and NK cells use the serine
protease granzymes as their major death effectors (53, 54).
Staining of granzyme B reflected the significant presence of CTLs
and NK cells in the tumor nodules, in response to Rb9, and
represents the signature of immune effector cells infiltrating the
lung tissue (55, 56). In the NK cell population, PD-1 blockade
immunotherapy can activate those cells to infiltrate melanoma
and lung tumors to elicit anti-tumor responses (57, 58). In the
case of NKG2D, increased NKG2D ligand in the tumor cells
enhances NK cell cytotoxicity (59). The significant difference
in T-CD4+ cells was detected only by flow cytometry in the
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FIGURE 9 | Rb9 treatment of mDCs, from healthy donor and from 22 cancer patients. Ability to stimulate allogeneic lymphocytes’ proliferation. Healthy donor’ iDCs

were stimulated to mDCs with TNF. They were also (A) simultaneously treated with TGF-β (10 ng/ml) and IL-10 (1 ng/ml) and further stimulated with Rb9 showing no

change in CD74, the MIF receptor; (B) treatment with LPS and stimulation with Rb9, caused increased expression of CD74. Allogeneic CD4+ T cell (C) and CD8+ T

cell (D) proliferative responses, were induced by Rb9-treatment of mDC differentiated from 22 cancer patients’ PBMC. This depended on the ability of non-treated

cancer patients’ mDCs to stimulate T cells to proliferate: some had a poor allo-stimulatory activity (<35% the proliferation induced by phytohaemagglutinin, PHA),

while others had not this same defective functional phenotype, for both CD4+ and CD8+ T cells. Rb9 treatment increased the lympho-stimulatory proliferation of

“defective” mDCs, but decreased the same ability in non-defective mDCs.

lung nodules. As to humanmonocyte-derived dendritic cells (hu-
moDC), Rb9 generally increased the expression of maturation
markers and other surface molecules, with or without TNF
activation of DCs. Rb9 stimulated lymphocyte proliferation
associated to mDCs, further confirmed an immune modulatory
activity of the peptide.

Hu-moDC represent an effective alternative for naturally
occurring DCs, which due to their scarceness are not suitable

for use in clinical protocols, but can be replaced by hu-moDC,
that can be generated in vitro from easily obtainable precursors
(60, 61). Dendritic cell-based vaccines still fail to reach the
theoretical potential attributed to them (62), probably because
DCs within tumors (39) and from circulating precursors in
cancer patients (40) are functionally biased and frequently unable
to induce effective anti-tumor T lymphocytes. The correction of
this bias is an attractive way to develop cancer immunotherapy.
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Presently, the Rb9 effects were analyzed in mDCs from 22
cancer patients’ monocytes. These mDCs can be functionally
biased; therefore, two groups were set apart, according to their
ability to induce allogeneic T cell proliferation. Patients’ mDCs,
which induced <35% the response to phytohemagglutinin A
(PHA) were considered as “defective” and those that induced
a response higher than 35% that of PHA, as “normal.” Rb9
clearly affected the phenotype of the cells from the “defective”
mDC group, but had little effect upon “normal” mDCs. Such
variation in Rb9 effects was more significant when the ability
to induce allogeneic T cell proliferation was focused on. In this
sense, Rb9 showed contrasting effects: it enhanced the ability
of “defective” mDC to induce T cell proliferation, whereas it
inhibited the lymphostimulatory activity of “normal” mDC. Rb9
was not a simple activator of DCs but, actually, a molecule
that induced restoration of function in these cells on both
directions. To test this hypothesis, hu-moDCs were generated
in conditions that lead to the generation of immune response-
inducing DCs or to the generation of tolerance-inducing DCs.
For the response-inducing DCs, two different stimuli were used,
TNF and LPS. TNF is a stimulus that induces a “mild” activation
of the cells, thus resembling a close-to-homeostasis condition,
while LPS is a stronger stimulus, signaling a more disturbed
environment. For the tolerance-inducing DCs, TGF-beta and
IL-10 were used (63). When Rb9 was added to these three
different hu-moDCs, all in the presence of GM-CSF and IL-4
both at 50 ng/mL, the immune modulatory effects were evident.
While Rb9 little affected the phenotype of TNF-stimulated hu-
moDCs, it induced a decreased expression of maturationmarkers
in LPS-stimulated hu-moDCs and an increase in the same
markers on [TGF-β+IL-10]-stimulated hu-moDCs. A similar
contrasting effect of Rb9 was noticed when the frequency of
mature, HLA-DR+CD83+cells was determined, and when cells
double positive for the co-stimulatory molecules, CD80 and
CD86 were evaluated.

The effects of Rb9 peptide in nature and particularly those that
play a role in the defense against tumors are complex, involving
a great number of interacting molecules, strictly dependent on
the experimental system set up for their investigation. Starting
from the peptide protective activity against metastatic melanoma
in susceptible mice, we evolved to immunological responses that
have a counterpart in human immune mechanisms including
cells from human cancers. Some interactions were found relevant
to suggest predominant mechanisms of action in vivo, quite
different from those previously described in vitro for the same
melanoma cell line, acting directly on the cultured tumor cells
without participation of the immune system (22). The anti-tumor
protective effect in vivo by Rb9 involved mainly dendritic cells,
T cell effector lymphocytes, cytokines, and several regulatory
mechanisms of which the MIF-CD74 interaction appears to
be most relevant. In fact, Rb9 binds to CD74 and to MIF,
increases the expression of CD74, modify both the macrophage
phenotype, increasing type M1, and bmDC signaling, decreasing
pERK, pNF-kB, and pPI3K (alone or with MIF). Rb9 in the
murine system also increases IFN-γ, which upregulates CD74,
and decreases IL-6 (64) and TGF-β. In human moDCs Rb9
increases CD74 when activated by LPS but not when treated

with TGF-β + IL-10. In the latter condition Rb9 decreased
the expression of CD44 but not on LPS-activated mo-DCs
(Supplementary Figure 5). Recently, MIF-CD74 interaction was
identified as a regulator of PD-L1 expression, being therefore
a target for melanoma treatment (52). In our laboratory,
the subcutaneous immunization with shRNA-SOCS1-transduced
viable B16F10-Nex2 tumor cells, which inhibited the expression
of PD-L1 rendered significant protection against melanoma in
the syngeneic model used (65). Whereas, the most aggressive
WT B16F10 strain highly expressed PD-L1, the SOCS1 silenced
variant, which lacked PD-L1, significantly lost its virulence
suggesting a possible cross-interaction. The effects described for
Rb9 and the protection against metastatic melanomamay suggest
a potential for this peptide to be associated to modern cancer
immunotherapeutic procedures.
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Supplementary Figure 1 | Rb9 decreased both colorectal and pancreatic

syngeneic s.c. grafted tumors in mice. (A) Tumor volume of CT26 cell syngeneic

colorectal cancer was measured in i.p. Rb9-treated mice with 300 µg/dose for

five alternate days, starting on the first day after tumor cell challenge. The values

are means ± SEM and ∗∗∗p < 0.001 calculated using a ratio paired Student’s

t-test compared to Vehicle (Veh) treatment; (B) Tumor volume of Panc02 cell

syngeneic pancreatic cancer was measured in i.p. Rb9-treated mice with 300

µg/dose for 5 alternate days, starting on the first day after tumor cell challenge.

Graph represent means ± SD and ∗∗∗p < 0.001 calculated using a ratio paired

Student’s t-test compared to Veh treatment. (C) Survival curve of mice from

previous experiment (B), Panc02 SC tumor model. ∗p < 0.01 calculated using

Log-rank (Mantel-Cox) test.

Supplementary Figure 2 | IL-12, TNF, IL-10, and IL-6 secretion in splenocytes

from Rb9-treated mice. (A) Splenocytes were collected from 17-day tumor-cell

challenged mice, treated with i.p Rb9 or Rb10A1 for five alternate days after

melanoma cells inoculation. The splenocyte cell culture supernatants were used to

measure cytokine secretion after 72 h stimulus with B16F10-Nex2 lysate (A–D). All

panels represent means ± SD of triplicate experiments quantified in ELISA assays

using cytokine controls.

Supplementary Figure 3 | Effects of Rb9 and MIF treatment on PI3K and IkBα

signaling pathways in bmDCs. (A) Panels showing Western blotting bands of PI3K

p85, pPI3K pr85 (Tyr458), and IkBα, pIkBα (Ser32) from bmDCs, after

preincubation or not with 200µM Rb9 for 6 h, and treated with 1µg/mL of rMIF

for 2, 5, 10, and 20min; (B) Signal intensity of pPI3K p85 T458 showed half

decrease in all samples treated with Rb9 or rMIF; (C) Signal intensity of pIkBα

showed a slight decrease in Rb9-pretreated bmDCs in response to rMIF.

Supplementary Figure 4 | Rb9 treatment of different mDC populations. iDCs

obtained from human donor PBMC were stimulated to mDCs with TNF. They were

also treated either with TGF-β (10 ng/ml) and IL-10 (1 ng/ml) to raise suppressed

DCs or with LPS for activated DCs. Control populations examined in a cytometer

expressed DCs gated for: (A) CD11c/HLA-DR; (B) CD83/HLA-DR; and (C)

CD80/CD86. These three DC populations were further stimulated with Rb9 and

the differential response compared to controls treated with TNF; (TNF) +

TGF-β/IL-10 or (TNF) + LPS for significance using X2 statistics, as shown

in Table 1.

Supplementary Figure 5 | CD44 and CXCR4 expression in human mDCs

induced by different treatments. PBMC from healthy human donors were

differentiated into monocyte-derived dendritic cells, maturated with LPS did not

respond to Rb9 (A); with TNF and TGF-β and IL-10 stimulation, Rb9 treatment

reduced CD44 but not CXCR4 expression (B).
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Tumor progression in the host leads to severe impairment of intrathymic T-cell

differentiation/maturation, leading to the paralysis of cellular anti-tumor immunity. Such

suppression manifests the erosion of CD4+CD8+ double-positive (DP) immature

thymocytes and a gradual increase in CD4−CD8− double negative (DN) early

T-cell progenitors. The impact of such changes on the T-cell progenitor pool in

the context of cancer remains poorly investigated. Here, we show that tumor

progression blocks the transition of Lin−Thy1.2+CD25+CD44+c-KitlowDN2b to

Lin−Thy1.2+CD25+CD44−c-Kit−DN3 in T-cell maturation, instead leading to DN2-T-cell

differentiation into dendritic cells (DC). We observed that thymic IL-10 expression

is upregulated, particularly at cortico-medullary junctions (CMJ), under conditions of

progressive disease, resulting in the termination of IL-10Rhigh DN2-T-cell maturation

due to dysregulated expression of Notch1 and its target, CCR7 (thus restricting these

cells to the CMJ). Intrathymic differentiation of T-cell precursors in IL-10−/− mice and in

vitro fetal thymic organ cultures revealed that IL-10 promotes the interaction between

thymic stromal cells and Notch1low DN2-T cells, thus facilitating these DN2-T cells to

differentiate toward CD45+CD11c+MHC-II+ thymic DCs as a consequence of activating

the Ikaros/IRF8 signaling axis. We conclude that a novel function of thymically-expressed

IL-10 in the tumor-bearing host diverts T-cell differentiation toward a DC pathway, thus

limiting the protective adaptive immune repertoire.
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INTRODUCTION

Immune system decline, dysfunction, and senescence are
commonly observed in the setting of cancer progression, with
a pronounced restriction amongst CD8+ T effector cells, which
are known for their capacity to mediate tumor regression (1). T-
cell development occurs primarily in the thymus, even in adults,
despite the convention for thymic atrophy post-adolescence
(2). Interestingly, several recent reports, including a study by
Martinez et al., suggest themaintenance of essential thymopoiesis
and T-cell neogenesis in adults, which supports the rejuvenation
of the peripheral naïve T-cell pool under pro-inflammatory
conditions (3, 4). Moreover, adult thymopoiesis has also been
reported to increase after growth hormone therapy (4) and
pharmacologic androgenic blockade (5). Furthermore, in HIV-
infected patients, thymus-derived CD4+ T cells are known to
increase in frequency after antiretroviral therapy (6). In stark
contrast, in tumor-bearing hosts, the thymus may contribute
principally to the development of regulatory T cells at the expense
of effector T cells (7) and/or to the interruption of CD4+CD8+

DP immature thymocyte programming (8, 9).
The process of T-cell development starts with the migration

of CD4 and CD8 negative—the double negative (DN)-
lymphoid progenitor cells—from bone marrow to thymus.
During progressive differentiation of DN cells, these cells move
from the cortico-medullary junction (CMJ) to the sub-capsular
region under the direction of chemokine gradients, where
they interact with distinct populations of cortical stromal cells
(10). Defined by their differential surface expression of CD25,
CD44, and c-Kit, DN cells mature through four stages: DN1
(CD25−CD44+), DN2 (CD25+CD44+), DN3 (CD25+CD44−),
and DN4 (CD25−CD44−). During their migration within the
thymic cortex, DN4 cells are converted into CD4+CD8+ double-
positive (DP) thymocytes, which are subsequently positively
selected for self-MHC restriction. Finally, after negative selection,
mature CD4+ or CD8+ T cells in medulla [i.e., single-
positive (SP) cells], exit the thymus and enter the peripheral
circulation (11, 12). This entire T-cell developmental process
occurring within the thymus is strictly regulated by thymic
cytokines, chemokines, and a coordinated crosstalk between
several transcription factors, including Notch1, TCF, Ikaros, and
Pu.1, among others (13–19).

Progressive tumor manifests several immune dysfunctions,
including thymic atrophy and cessation of effector T-cell
functions. Particularly, CD8+ T cells in tumor hosts show
a broad spectrum of dysfunctional states, shaped by various
systemic and intra-tumoral suppressive mechanisms. Among
these mechanisms, upregulation of PD1, CTLA4, etc. (20, 21)
on the T-cell surface and conversion of T cells to Tregs has
emerged as an important contributor, which is reflected in
decreased effector T cells in response to tumor antigens, thus

Abbreviations: DN, Double negative; DP, Double positive; SP, Single positive;

DC, Dendritic cell; S180, Sarcoma 180; FTOC, Fetal thymic organ culture;

IRF8, Interferon Regulatory Factor 8; Lin−, Lineage negative; CMJ, Cortico

medullary junction; dGuo-2′, deoxyguanosine; BrdU, 5′-Bromo-2′-deoxyuridine;

TEC, Thymic epithelial cell.

causing failure of therapy and tumor progression. Moreover,
the elicited insults to T-cell function have been found to be
both quantitative and qualitative. In GBM patients, a significant
deficiency in the production of mature T cells is observed
along with thymic involution (22). Recent studies on lymphoma
patients also revealed the existence of T-cell dysfunction, with
reduced output of thymic emigrants from atrophied thymus (23,
24) suggesting that tumor cell-secreted factors might contribute
to blocking intra-thymic T-cell development. In transplantable
T-cell lymphoma, murine hosts show tumor growth-dependent
immunosuppression, which is correlated well with a block in
early T-cell development in atrophied thymus (25). However,
a detailed understanding of the role of tumor burden on early
T-cell development and the fate of these targeted pre-T cells
is lacking.

Herein, we show that progressive growth of tumors in mice
leads to a blockade in the transition from the CD25+CD44+c-
Kit+ DN2 stage to the CD25+CD44−c-Kit− DN3 stage
of the T-cell maturation program. The decision-making
genes like notch1 (essential for T-cell lineage commitment)
become downregulated, and ikaros/irf8/pu.1 (essential for DC
commitment) become upregulated in DN2a, which instruct
the conversion to DC instead of T-cell lineage commitment.
This process is driven by increased thymic production of
IL-10 under tumor condition, which acts on IL-10Rhigh

DN2 cells by promoting DC lineage commitment (with
assistance from CD45−keratin5high thymic stromal cells). This
process differentially regulates notch1 and ikaros/irf8 gene
transcription in DN2a cells. Tumor-induced IL-10 promotes
STAT3 phosphorylation, its subsequent nuclear translocation
and binding to notch1 promoter to silence notch1 gene
transcription. Furthermore, we show that physical contact of
IL-10-educated stromal cells with T cells is essential for early
T-cell differentiative arrest and the co-option of these precursor
cells for differentiation into DC.

MATERIALS AND METHODS

Antibodies and Reagents
RPMI-1640, RF10 (RPMI-1640 + 20mM HEPES), DMEM
high-glucose, and fetal bovine serum (FBS) were purchased
from Hi-Media (Mumbai, India). Anti-mouse biotin-conjugated
antibodies (lineage cocktail–biotin, and Thy1.2-biotin), anti-
mouse fluorescence conjugated antibodies (CD4-FITC, CD8-
PE, CD44-FITC, CD25-PE, c-Kit- PE/cy5.5 MHCII-FITC,
and CD11c-PE), purified anti-mouse antibodies (CD4, CD8,
CD45, Ki67, STAT3, IKAROS, IRF8, IL-10, and IL-10R),
and CytoFix/CytoPerm solutions were procured from BD-
Pharmingen or Biolegend (San Diego, CA, USA). Anti-pSTAT3
antibody and rmIL-10 were purchased from BD Biosciences (San
Jose, CA). Aminoethylcarbazole (AEC) chromogen solution,
and aqueous mounting media were procured from VECTOR
Laboratories Inc. (Burlingame, CA).

Mice and Tumor
Wild-type (Wt) female C57BL/6 and Swiss mice (age: 4–6 weeks,
body weight: 20–25 g on average) were obtained from Animal
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Facilities of the National Institute of Nutrition (Hyderabad,
India). IL-10−/− mice were procured from Jackson Laboratories
(Bar Harber, ME) and subsequently bred at the National Center
for Cell Science (Pune, India). The care of animals was carried
out according to the guidelines established by the Institutional
Animal Care and Ethics Committee (IAEC Approval No. IAEC-
1774/RB-4/2015/6 and IAEC-1774/RB-19/2017/15). Autoclaved
dry pellets and water were provided ad libitum.

Tumor Growth and Development
Tumor-bearing mice were euthanized by overdose of Ketamine
HCl (160 mg/kg) + Xylazine (20 mg/Kg) by intraperitoneal
injection. They were euthanized if tumor size reached 20mm
in either direction, if the animal looked sick, or if any necrosis
of tumor was observed. The overall health of animals was
monitored twice a day and once in holidays. Animal death
and abnormal symptoms, if any, were recorded thoroughly.
Mice were monitored and cared for according to the guidelines
established by the Institutional Animal Care and Ethics
committee, CNCI, Kolkata.

Tumor Growth Measurement
Swiss and C57BL/6 mice (n = 10 in each group; two groups;
normal and tumor) were inoculated s.c. with syngenic sarcoma
180 (1× 106 cells/mice), B16F10 melanoma (2× 105 cells/mice),
or Lewis lung carcinoma (LLC) (2 × 105 cells/mice) cells in
the lower right flank to establish solid tumors. Tumor growth
was then monitored bi-weekly using calipers. Tumor size was
recorded in mm2 (as the product of length × width), and mice
were sacrificed after euthanasia when tumor had reached a size of
20mm in any direction.

Fetal Thymic Organ Culture (FTOC)
Mice fetal thymic pieces (Gestation period E14.5) were dissected
and cultured as previously described for a total of 7 days
[(26), Supplementary Figure 4]. Dissected thymic lobes were
placed on 0.8µm membrane on an anti-wrap sponge at the
liquid/air interface in six-well plates containing 2ml of medium
(DMEM high-glucose supplemented with 10% FBS, glutamine,
and penicillin/streptomycin). Twenty-four hours later, GSI 953
(CPD11, 50µM final concentration, delivered in DMSO) or the
solvent DMSO alone was added at 12-h intervals over the next
3 days (27). After 3 days in culture, 10 ng/ml of rmIL-10 (BD
Biosciences, San Diego, USA) was added to the FTOC medium
to simulate tumor-induced thymic alterations. Three days later,
single cells were prepared by collagenase (1 mg/ml) treatment for
phenotypic analysis.

DN Thymocytes and Thymic Stromal Cell
Co-culture
CD4−CD8− DN T cells were isolated (>95% pure) from mouse
thymus by negative selection using BD IMag Anti-Mouse CD4
and CD8 Particles-DM (BD Biosciences, San Diego, CA). DN-T
cells were cultured in complete RPMI-1640 medium (Invitrogen,
Camarillo, CA). Fetal thymic organs (FTOs) from wild-type
and IL-10−/− were cultured in DMEM high-glucose with 2′-
deoxyguanosine (dGuo, Sigma Aldrich, St. Louis, USA) to a final

concentration of 1.35mM for 5 days. After 5 days, fetal thymic
lobes were treated with collagenase (1 mg/ml) for single-cell
preparation to isolate stromal cells. DN-T cells and stromal cells
(28) were pretreated with mrIL-10 (10 ng/ml) for 24 h before
their subsequent co-culture for an additional 24 h.

RT-PCR and Quantitative Real-Time PCR
Cellular RNA was isolated using Trizol (Invitrogen, Camarillo,
CA), and random hexamers were used to generate corresponding
cDNA (First Strand cDNA Synthesis Kit; Fermentas, Hanover,
MD). RT-PCR amplification was performed using 2X Go Taq
Green Mix (Promega, Madison, USA), and quantitative real-
time PCR was performed by SYBR green (Roche, Germany).
PCR was done with the following program: 94◦C for 5min; 35
cycles of 94◦C for 30 s, 54–57◦C for 30 s, and 72◦C for 1min;
72◦C for 5min. PCR products were identified by image analysis
software for gel documentation (Versadoc; BioRad Laboratories,
Hercules, CA) after electrophoresis on 1.5% agarose gels and
stained with ethidium bromide (Sigma-Aldrich, St Louis, USA).
RT-PCR primers were designed and purchased from MWG-
Biotech (Bangalore, India). In quantitative PCR, after calculating
the Ct value, expression fold change was analyzed.

Flow-Cytometric Staining
Thymocytes were isolated from normal and tumor-bearing hosts.
The lineage negative Thy1.2 positive population was obtained
by removal of mature lineage positive cells using cocktails of
biotinylated lineage antibodies: anti-B220, anti-TER119, anti-
CD11b (Mac-1), anti-Gr-1, and anti-CD3ε (Biolegend, San
Diego, CA), followed by negative selection using BD IMag
streptavidin particles-DM (BD Biosciences, San Diego, CA);
Thy1.2 positive cells were isolated by positive selection using BD
IMag anti-mouse Thy1.2 (CD 90.2) biotin streptavidin particles-
DM (Biolegend, San Diego, CA), then those cells were sorted
based on CD44 and CD25 expression using a FACSAria cell
sorter (Becton Dickinson, Mountainview, CA). Flow cytometry
was used to determine cell-surface phenotypes after first staining
cells (1 × 106) with fluorescently labeled antibodies (specific
and isotype-matched controls). After incubation for 30min at
4◦C in the dark, labeled cells were washed twice with FACS
buffer (0.1% BSA in PBS) before flow-cytometric analysis.
Similarly, intracellular molecules (i.e., Notch1, Ikaros, and IRF8)
were stained with anti-mouse fluorescence-labeled antibodies
using Cytofix/Cytoperm reagents per themanufacturer’s protocol
(BD Biosciences, San Diego, CA). For Ki67 staining, 70–80%
chilled ethanol was added to fix the pelleted cells (1.5 × 107

cells) with vortexing, followed by incubation at −20◦C for 2 h.
Fixed cells were then washed twice with staining buffer and
centrifuged (10min, 200 × g), then diluted to a concentration
of 1 × 107 cells/ml for staining and corollary flow-cytometry
analyses. Cells were then fixed with 1% paraformaldehyde in
PBS; acquisition was performed using a FACS Calibur (Becton
Dickinson, Mountainview, CA) along with suitable negative
isotype controls. For assessment of cellular apoptosis, fixed
cells were stained with AnnexinV and PI by FITC-AnnexinV
apoptosis detection kit I (BD, Biosciences, San Jose, CA). The
percentage of positively stained populations was determined
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using quadrant statistics established using Cell Quest (Becton
Dickinson, Mountainview, CA) and FlowJo software (Tree Star,
Ashland, OR).

Immunohistochemistry of Thymus Section
Thymus tissue samples were prepared (paraffin-embedded and
frozen sample), and 5-µm sections were stained, as previously
reported (29), with anti-mouse IL-10 antibody (Biolegend,
San Diego, USA). Imaging was done by ZEISS Primo Star
microscope, Zeiss (Zena, Germany), and laser capture micro-
dissection was done by ZIESS PALM/APOSTOME (Zena,
Germany) laser capture microscope.

Fluorescence Imaging of Thymus Sections
Tumor tissue samples were prepared from frozen sections
by cryostat sectioning, and 5-µm sections were stained as
previously reported (30). FITC-conjugated anti-mouse CD44
and PE-conjugated anti-mouse CD25 or matching isotype
controls (all from BD Biosciences, San Jose, CA) were used.
Imaging was performed using a ZEISS LSM-710 confocal
microscope (Zena, Germany). Images were analyzed by ImageJ
software, https://imagej.net>Fiji. The co-localization index was
expressed by Mander’s coefficient. A value close to 1 indicates
reliable co-localization.

BrdU Labeling-Based Proliferation Assay
For detection of the thymic T-cell proliferation in the presence
of tumor conditioning, a BrdU Labeling and Detection Kit I
(Roche Diagnostics, Mannheim, Germany) was used per the
manufacturer’s instructions. Mice were injected intravenously
with the BrdU labeling reagent (concentration 10µM, dose
300 µl/25 gm body weight; two doses with a 4-h interval),
with animals euthanized 1 h after the final injection and organs
harvested for further studies. BrdU was detected with primary
monoclonal anti-BrdU and secondary anti-mouse Ig FITC
antibodies. T-cell proliferation was analyzed by flow cytometry.

siRNA-Mediated STAT3 and Ikaros
Silencing
STAT3 siRNA (Santacruz Biotechnology, Dallas, TX) was
procured, and Ikaros siRNA was prepared with a Silencer R©

siRNA construction kit (Life Technologies, USA). For Ikaros
siRNA preparation, first sense 5′AATGGGGAAGAATGTGCA
GAGCCTGTCTC-3′ and antisense 5′-CTCTGCACATTTCTT
CCCCATTCCTGTCTC-3′ primer were taken, and siRNA was
prepared as per manufacturer protocol. Both the siRNAs were
added in FTOC to a final concentration of 100 nM (50 µM/25
µl). In different experimental setups, siRNA and lipofectamine-
2000 reagent (Invitrogen, USA) (6 µl) were added to two Opti-
MEM aliquots (250 µl each) and incubated for 5min at RT (31).
The siRNA/Opti-MEM and the Lipofectamine/Opti-MEM (500
µl total volume) were mixed and allowed to incubate for 20min
at RT. siRNA-containing medium was then added to the FTO
culture. IL-10 (10 ng/ml) was added to the FTOC medium to
mimic the tumor-induced thymic alteration. Finally, STAT3 and
Ikaros expression were checked both in untreated and siRNA-
transfected FTOCs by FACS staining. In siRNA-treated cells,

STAT3 expression was confirmed to be reduced to 30% and
Ikaros expression to be reduced to 50% of the control siRNA-
treated cells.

CD49d-Mediated Inhibition of
Extra-Thymic DC Homing
CD49d (Integrin-4α) neutralizing antibody (Invitrogen,
California, USA) was used to inhibit extra-thymic DC homing in
tumor host. Tumor-bearingmice were injected intra-peritoneally
with the CD49d neutralizing antibody (concentration 1 mg/ml,
dose 62.5 µg/25 gm body weight; 4 doses with 48 h interval over
a period of 8 days), with animals euthanized the day after the
final injection and organs harvested for further studies.

Statistical Analysis
All reported results represent the mean ± SE of data obtained
in either 4–6 (for in vivo analysis) or 3–6 (in vitro assays)
independent experiments. Statistical significance was determined
using an unpaired t-test and one-way ANOVA followed by
Tukey’s multiple comparison in INSTAT3 Software (Graphpad,
CA, USA). Differences between groups attaining a p < 0.05 are
considered significant.

RESULTS

Tumor-Induced Thymic Atrophy Is
Associated With the Early Arrest of T-Cell
Differentiation
Immune suppression in the cancer-bearing host has previously
been associated with involution or atrophy of the thymus, the
primary site of T-cell development and education (32, 33). We
confirmed thymic atrophy in the face of tumor progression
in three mouse tumor models, including lung carcinoma
(Lewis lung), sarcoma (S180), and melanoma (B16F10)
(Figures 1A1, A2). Because T-cell development begins with
CD4−CD8−DN pro-T cells that subsequently pass through
four well-defined maturation stages, we next analyzed
Lin−Thy1.2+DN subpopulations based on their differential
expression of CD25 (IL-2Rβ), CD44 (pg1), and CD117 (c-
Kit). Flow-cytometric analyses revealed significant alterations
in the Lin-Thy1.2+ DN2, DN3, and DN4 subpopulations
(CD25−CD44+c-Kit− DN1, CD25+CD44+c-Kit+ DN2,
CD25+CD44−c-Kit− DN3, and CD25−CD44−c-Kit− DN4)
isolated from the thymi of tumor-bearing mice vs. control
tumor-free mice (Figures 1B,C). As shown in Figures 1B–D,
the proportions of early T-cell progenitors (DN1 to DN3 and
particularly DN2) were markedly increased in tumor-bearing
mice, while late-stage T-cell progenitors (DN4) were decreased,
implying a blockade in T-cell precursor transition through
normal differentiation programming. These alterations became
more pronounced on day 25 of tumor growth (mean tumor
size, 250–270 mm2) when compared to day-11 tumors (mean
tumor size, 70–80 mm2) (Figures 1C,D). In order to identify
the exact stage of the blockade in DN-T-cell transition, we
next examined the status of the DN2a (CD25+CD44+c-Kithigh)
and DN2b (CD25+CD44+c-Kitlow) subpopulations within the
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FIGURE 1 | Tumor-induced thymic atrophy is associated with arrest of DN pro-T cell maturation. (A1) Representative figures of thymi normal and tumor (carcinoma,

melanoma, and sarcoma)-bearing mice on days 11 and 25 after tumor inoculation, along with line diagrams of tumor area (mm2 ) vs. thymic weight (gm); n = 12 in

each case. (A2) Bar diagram representing total thymocyte number from normal and tumor-bearing mice; n = 12 in each case. (B) Thymic T cells sorted based on

Lin− Thy1.2+ phenotype and flow-cytometric analysis of CD25 and CD44 represent DN1 to DN4T cells of normal and tumor-bearing mice. (C1) Bar diagrammatic

representations of mean ± SE of positive percentage of Lin−Thy1.2+ DN1 (CD25−CD44+), DN2 (CD25+CD44+), DN3 (CD25+CD44−), and DN4 (CD25−CD44−) T

cells, respectively, from normal and tumor-bearing mice; n = 4 in each case, ***p < 0.001. (C2) Bar diagrammatic representation of the fold change of the DN1 to

DN4 population of tumor:normal, n = 4. (D) Line diagram of percentage positive T cells (DN1+DN2 vs. DN3+DN4) and tumor area (mm2 ) of tumor-bearing mice on

different days after tumor inoculation. (E1) Flow-cytometric representations of Lin−Thy1.2+-sorted T cells with CD25, CD44, and c-Kit staining, indicating the

percentage of DN2a and DN2b cells. Bar diagrammatic representation of positive percentage of DN2a (CD25+CD44+c-Kithigh ) and DN2b (CD25+CD44+c-Kitlow ) cells

from normal and tumor hosts; mean ± SE; n = 4 in each case, ***p < 0.01. (E2) Bar diagrammatic representation of the fold change of DN2a:DN2b expression from

normal and tumor-bearing mice, n = 4.

tumor-conditioned thymi. We observed that, in tumor-bearing
mice, the DN2-to-DN3 transition was arrested (Figures 1E1,E2).
These results suggest that progressive tumor growth restricts
the early stages of T-cell differentiation in the thymus at the
DN2b-to-DN3 transition stage.

Accumulation of Early DN2 Pro-T Cells in
Tumor-Bearing Mice Is Not Associated
With Enhanced Proliferation of DN2 Cells
or Enhanced Apoptosis of DN3 Cells
As numbers of CD25+CD44+c-kit+ DN2 cells increase in
tumor-bearing mice, we evaluated whether tumor progression
led to enhanced DN2-cell proliferation. Control and tumor-
bearing mice were injected twice with BrdU (300 µl/25 gm body
weight at 4-h intervals), and thymi were harvested 1 h after
the final injection. CD25+CD44+ DN2 cells stained with an

anti-BrdU detection antibody indicated that there was a modest
decrease in total BrdU+ thymic cells in tumor progressors;
however, proliferation amongst BrdU+ DN2 cells remained
unchanged in control vs. tumor-bearing mice (Figure 2A). As
a confirmatory analysis, expression of the nuclear proliferation
antigen Ki67 was used as an endpoint index in flow cytometry
assay, which also revealed comparable DN2-cell proliferation in
control vs. tumor-bearing mice (Figure 2B).

Since numbers of DN3 cells waned in tumor-bearing mice,
we next examined whether the reduction in DN3 cells in tumor-
conditioned mice was due to enhanced rates of apoptosis. We
observed insignificant changes in Annexin-V+ DN3 populations
in the tumor-bearing mice when compared to tumor-free control
mice (Figure 2C). These observations ruled out the possibility
that heightened proliferation or enhanced apoptosis accounts for
the observed increase in DN2 cells or the reduced count of DN3
cells, respectively, in the thymus of tumor-bearing mice.
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FIGURE 2 | Accumulation of DN2b T cells associated with neither proliferation nor apoptosis: Flow cytometric analysis as presented by histograms and bar diagrams

of total BrdU (A1), Ki67+ (B1), and AnnexinV+ (C1) cells from thymi of normal and tumor-bearing mice. Dotted line represents isotype control. Similar analysis of

CD25+CD44+BrdU+ (A2), CD25+CD44+Ki67+ (B2), and CD25+CD44+AnnexinV+ (C2) cells from normal and tumor-bearing mice, where dotted line represents

FMO; mean ± SE are shown in bar diagrams (n = 3 in each case); **p < 0.01, ***p < 0.001.

CCR7 Downregulation Is Associated With
Impaired DN2-to-DN3 Transition in
Tumor-Bearing Mice
Migration of T-cell progenitors through a distinct stromal
microenvironment is required for sequential interactions with
cortical and medullary stromal cells that educate T cells during
their development in the thymus (34). Given our findings for
DN2→DN3 arrest in tumor-bearing mice, we next evaluated
the expression of chemokines and their corresponding receptors
associated with the trafficking of pro-T cells within the thymic
microenvironment. Expressions of various CC, CXC chemokines
and respective receptors like CCR4, CCR9, and CCR7, etc., were
studied using RT-PCR or flow cytometry. Analysis of the total
thymic cell population suggests insignificant changes in CCL17
(ligand for CCR4) and a modest decrease in CCL19 (ligands
for CCR7) at day 25 but a drastic reduction in expression of
CCL21 (ligands for CCR7) when comparing thymi harvested
from tumor-bearing vs. control mice (Figure 3A). Expression
of chemokine receptors also varied greatly among the different
subpopulations of DN cells isolated from the thymus of tumor-
bearing vs. control animals. Notably, the expression of CCR7
was strongly reduced in association with tumor progression in
DN2 cells at both the transcript and protein levels (Figures 3B,C)
while remaining unchanged in the DN1 and DN4 subsets (data
not shown). Under normal conditions, ccr7 expression was
highest in the DN2 and DN3 subsets and lowest in the DN1
and DN4 subsets. Remarkably, immunofluorescence analyses

revealed a more pronounced localization of CD25+CD44+

DN2T cells at cortico-medullary junctions of thymus in tumor-
bearing vs. tumor-free mice (Figure 3D). These data suggest
significant alterations in CCR7 expression at the DN2 stage and
expression of CCR7 ligands (CCL19 and CCL21) in the thymus
that may be associated with arrest in T-cell maturation in the
tumor-bearing host.

DN2b Cells Are Diverted to DC
Programming Based on Suppressed
Expression of Notch1 and Increased
Expression of Ikaros in DN2a Cells
CCR7 expression is regulated by Notch1, a known controller
of thymic pro-T-cell development (35, 36). Given our finding
of reduced expression of ccr7 in the tumor-conditioned DN2
subpopulation and the arrest of these cells for further T-cell
lineage commitment and maturation, we next examined notch1
expression amongst the various DN subpopulations. RT-PCR
analysis of sorted DN2 cells revealed a significant loss of notch1
gene expression in thymus on days 11 and 25 in tumor-bearing
mice vs. control mice (Figure 4A). These DN2 cells also
expressed significantly higher levels of ikaros, irf8, and Pu.1
(Figure 4A). Given the increased expressions of ikaros, irf8, and
pu.1 along with decreased expression of notch1 in the thymic
DN2 population of the tumor host, we further analyzed these
genes within the flow-sorted-DN2a and DN2b population by
quantitative real-time PCR. Expressions of ikaros and pu.1
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FIGURE 3 | Altered chemokine and chemokine ligand expressions are associated with tumor induced-arrest of DN2-to-DN3 transition: (A) Total thymic cells from

normal and tumor hosts on days 11 and 25 (n = 4 in each group) were isolated to purify mRNA, and expressions of different chemokine ligands (ccl17, ccl19, and

ccl21) were assessed by RT-PCR, keeping β-actin as a loading control. Bar diagrams show the mean ± SE of expression of ccl17, ccl19, and ccl21 from normal and

tumor host on days 11 and 25, respectively (n = 3); **p < 0.01, ***p < 0.001. (B) Total thymic sorted DN2 (CD25+CD44+) cells were used to isolate mRNAs and

analyzed by RT-PCR for different chemokine genes, e.g., ccr9, ccr7, and ccr4, from normal and tumor hosts on days 11 and 25 (n = 4 in each group), keeping β-actin

as a loading control. Representative gene expression pattern is shown in panels. Bar diagrams show the mean ± SE of expression of ccr9, ccr7, and ccr4 from

normal and tumor host on days 11 and 25 (n = 4); **p < 0.01, ***p < 0.001. (C) Flow-cytometric analysis of CD25+CD44+CCR7+ thymic cells from normal and

tumor-bearing mice. Representative histograms for CCR7 on CD25+CD44+(DN2) gated cells, and bar diagrammatic representation shows the mean ± SE of

percentage positive CD25+CD44+CCR7+ cells, where positive percentages of cells are shown in red, and bar diagram represents the mean ± SE of MFI of

CD25+CD44+CCR7+ cells; n = 4 in each group; ***p < 0.001. (D) Immunofluorescence staining was performed with CD25-PE and CD44-FITC on thymuses from

normal and tumor hosts. Representative DAPI, CD44-FITC, CD25-PE, and merged figures of stained tissues show single staining and the co-localization of CD25 and

CD44 in tissues from normal and tumor hosts. Dotted regions indicate the CD44+CD25+-localized CMJ regions in both cohorts. Representative 2D intensity

histogram represents co-localization of CD25 and CD44; Manders’ co-efficient represents the intensity and index of co-localization. Value close to 1 indicates reliable

co-localization.
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FIGURE 4 | Tumor microenvironment induces DC lineage commitment of DN2 pro-T cells. (A) Thymic T cells from normal and tumor hosts were sorted for

CD25+CD44+ and CD25+CD44− cells as DN2 and DN3 by flow cytometry on days 11 and 25 after tumor inoculation. Different gene expressions for different

transcription factors were checked by RT-PCR using mRNA from thymic T cells, keeping β-actin as a loading control. notch1 and tcf1 were checked for T cells, pax5

for B cells, pu1.1 for macrophages, and ikaros, irf8, irf4, pu.1, and relb for myeloid lineage commitment. Representative expression patterns of genes are presented in

the left panel along with bar diagrams showing mean ± SE of expression of mentioned transcription factors from normal and tumor hosts on days 11 and 25,

respectively (n = 4); **p < 0.01, ***p < 0.001. (B) Thymic T cells from normal and tumor hosts were sorted for CD25+CD44+c-Kithigh and CD25+CD44+c-Kitlow cells

as DN2a and DN2b by flow-cytometry on day 25 after tumor inoculation. From the mRNA, different gene expressions were checked by quantitative real-time PCR,

keeping β-actin as a housekeeping gene. Ct values were calculated, and fold change of Ct value against experimental control was represented by mean ± SE in a bar

diagram (n = 3). The right panel shows the gene expression pattern of cd3ε from CD11c+-sorted thymic cells from normal and tumor hosts using β-actin as a loading

control. (C1,C2) The total percentages of dendritic cells of normal and tumor-bearing mice were checked by flow cytometry. Thymic cells were stained with CD45,

Annexin V, CD11c, MHCII, CD11b, and CD8α. Gating strategies of staining are shown, and flow-cytometric representations of CD45+CD11c+MHCII+,

CD45+CD11b−CD11c+ (lymphoid DC), CD45+CD11b+CD11c+ (myeloid DC), CD11c+MHCIIhighCD8α+ (lymphoid DC), and CD11c+MHCIIlowCD8α+ (Plasmocytoid

DC) cells reveal the number of total dendritic cells. (D1) Further validation of Notch1 and Ikaros expression was performed by flow cytometry along with DN2 (CD25,

c-Kit) markers from thymic T cells. In histograms, positive percentages of cells are in red. Bar diagrams represent mean ± SE of percentage of DN2+Notch1+and

DN2+ Ikaros+ (n = 4) cells, respectively; **p < 0.01, ***p < 0.001. (D2) Increased population of thymus from tumor host was checked after CD49d treatment (4 doses

with 48 h interval over a period of 8 days). CD45+CD11c+ dendritic-cell population of thymus from B16 tumor host with or without CD49d treatment was checked by

flow cytometry. Bar diagrams represent mean ± SE of percentage positive CD45+CD11c+ dendritic-cell population (left panel) and absolute cell numbers (right panel)

of CD45+CD11c+ thymic cells from tumor host.

were significantly elevated and that of notch1 was decreased in
the DN2a population isolated from tumor host compared to
the same from normal host, while expression of cd11c became
upregulated in the DN2b population isolated from tumor host
(Figure 4B). Since pu.1 serves a critical role in intrathymic DC
development, and both Ikaros and IRF8 are critically associated
with extra-thymic lineage commitment of DC, we next surveyed
for the composition of lymphoid, myeloid, and plasmacytoid
DC subsets within thymus. Flow-cytometric analysis suggested
that tumor progression (from days 11 to 25) results in increased
frequencies of CD45+CD11chighCD11b−MHCIIhigh lymphoid-
DC, with the majority of DCs exhibiting a CD8α+ phenotype
and expressed a significant amount of cd3ε (Figures 4B,C1,C2).
Likewise, flow-cytometric analysis also suggested an increased
percentage of CD4−CD8−CD25+CD44+Ikaros+ cells and
a downregulation in CD4−CD8−CD25+CD44+Notch1+

cells within the thymus of tumor-bearing vs. control mice
(Figure 4D1). We also checked for expression of other crucial
transcription factors required for B-cell, macrophage, and T-cell

lineage commitment in the various DN subpopulations. We
observed no significant alterations in expression of pax5 (B
cells) and pu1.1 (macrophages) in the tumor-bearing vs. control
cohorts (Figure 4A). Furthermore, there were no significant
alterations in the percentages of B cells and macrophages within
the thymus, regardless of tumor status in the animals (data not
shown). However, as shown in Figure 4A, expression of the
T-cell lineage commitment marker tcf1 was decreased in DN2
and DN3 cells sorted from the thymus of day-25 tumor-bearing
mice compared to normal control mice. To check the possible
contribution of extra-thymic/circulating DC in the enhanced DC
pool in the thymus of tumor host, we next treated tumor-bearing
mice with a neutralizing antibody for CD49d (37) for 8 days
(4 times over a period of 8 days). Although such treatment
increases the thymus volume, it failed to affect the number of
CD11c+ cells within the CD45 gated population (Figure 4D2),
thereby excluding the possibility of homing of extrathymic DC.
These aggregate data suggest that the reciprocal regulation of
Notch1 and Ikaros in DN2 subpopulations in the thymus of
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tumor-bearing mice instigates early arrest of T-cell development
at the DN2a stage and its diversion toward the DC lineage.

Reciprocal Notch1 and Ikaros Regulation
by IL-10 Impacts DN2b T-Cell Arrest
As the cytokine microenvironment within the thymus critically
regulates T-cell development (38) and is perturbed by tumor
conditioning (39), we assessed cytokines for their role(s) in
reciprocally regulating Notch1 and Ikaros/IRF8 expression in
arrested T cells. Cytokines relevant to thymic regulation such
as il-2, il-4, il-6, il-7, il-10, il-15, and tgfβ were monitored
amongst total thymic cell populations using RT-PCR. Our results
suggest that tumor-induced arrest of DN2T cells in the thymus is
correlated with a significant increase in il-10 transcription and a
coordinated reduction in il-7 and il-15 transcription (Figure 5A).

To critically understand the role of upregulated IL-10,
we next studied thymic early T-cell development in IL-
10−/− mice. Although the thymus was atrophied in all IL-
10−/− mice (regardless of tumor status), percentages of DN2
were reduced, and DN3 and DN4 subpopulations increased,
in IL-10−/− vs. control tumor-bearing animals (Figure 5B1).
Flow-cytometric analysis supported increased Notch1 protein
expression but decreased Ikaros and IRF8 protein expression by
DN2a and DN2b cells isolated from tumor-bearing IL-10−/−

mice (Figures 5B2,B3, Supplementary Figure 1), suggesting a
pivotal role of IL-10 in the reciprocal regulation of Notch1
and Ikaros signaling, leading to the arrest of T-cell maturation
at the DN2 stage. Notch1 expression was also increased and
Ikaros/IRF8 expression decreased in the DN2 population isolated
from tumor-bearing IL-10−/− mice as compared to wild-type
tumor-bearing mice (Figure 5C).

Increased Dendritic-Cell Population and
Lineage Commitment Regulated by the
IL-10-Dependent Notch1/Ikaros Signaling
Pathway
To further understand the regulatory network formed between
Notch1, Ikaros, and IL-10, we turned to analyses of in vitro
fetal thymus organ cultures (FTOC). Fetal thymus lobes from
pregnant mice (E 14.5) were cultured for 3 days (22) and treated
with rIL-10 to mimic in vivo tumor-conditioning (Figure 6A1).
In the total thymocyte population, we first checked the Annexin
V expression to exclude dead cells (Figure 6A2). Corollary
analyses of CD45+CD11c+MHCII+ cells revealed an increase
in DC frequencies in IL-10-treated cultures (Figure 6A3).
DN subpopulations were then analyzed based on differential
expression of CD25, CD44, and c-kit. Flow-cytometric analyses
revealed higher percentages of the DN2 subpopulation in
IL-10-treated FTOC than in control cultures (Figure 6A4).
These analyses also suggested an increased percentage of
CD4−CD8−CD25+ c-kit+Ikaros+ cells in IL-10-treated groups,
with a significant decrease in Notch1 expression by DN2 cells
(Figure 6A4). Since Notch1 expression was reduced in IL-10-
conditioned early arrest of T cells in FTOC, we next evaluated
the impact of adding gamma secretase inhibitor-953 (Cpd11) to
FTOC to block Notch1 downstream signaling (Figure 6A4) (40).

Consistent with our evolving operational paradigm, inhibition
of Notch1 signaling resulted in arrest in DN2 populations while
increasing Ikaros expression and promoting the accumulation
of CD45+CD11c+MHCII+ DCs in FTOC (Figure 6A5). Next,
to validate the association between upregulated expression of
Ikaros and termination in T-cell lineage commitment and its
differentiation to DC, we performed knockdown of ikaros by
ikaros-specific siRNA. A significant absence of ikaros (by 50%)
results in a decrease in the DC population with a simultaneous
release in the arrest of the DN2 population, which normalizes
lineage commitment (Figure 6A5, Supplementary Figure 2).

Since STAT3 is essential in IL-10 signaling, we further decided
to assess the impact of silencing STAT3 using specific siRNA in
FTOC (Figures 6B1,B2). Silencing of STAT3 was determined to
significantly ameliorate the regulatory effects of IL-10, leading to
the rescue of (normal) DN2→DN3 transition in concert with
normalized Notch1 and Ikaros expression (Figure 6B3).

As IL-10 failed to induce DN2→DN3 arrest in the absence
of STAT3 (in concert with upregulated Notch1 expression),
we next investigated the nucleotide sequence of the mouse
notch1 gene for the presence of putative STAT3 binding sites.
In the nucleus, activated and tyrosine-phosphorylated STAT3
binds to the DNA-response elements (i.e., interferon-γ-activated
sequence; GAS) found in the promoter regions of target
genes (41). GAS is a nine-base-pair palindrome, having the
consensus sequence TTCCGGGAA. Interestingly, we found four
sites within introns just after the promoter region having the
sequence 5′-TTCACAGAA-3′ from 991 to 999 bp (first site),
5′-TTCCCAGAA-3′ from 3,179 to 3,187 bp (second site), 5′-
TTCCATGAA-3′ from 5,773 to 5,781 bp (third site), and 5′-
TTCTAAGAA-3′ from 10,583 to 10,591 bp (fourth site) that
were highly similar to the consensus GAS sequence (Figure 6B4).
Accordingly, we performed ChIP assays to examine the binding
of pSTAT3 to the notch1 gene. Unstimulated control DN2T
cells show virtually no binding of pSTAT3 to the notch1 gene
at any site, while IL-10 pretreatment significantly augmented
binding of pSTAT3 to the notch1 gene at the second site, i.e.,
from 3,179 to 3,187 bp (Figure 6B4). These data suggest that
IL-10-conditioning promotes direct binding of pSTAT3 to the
GAS motif of the notch1 gene, leading to reduced notch1 gene
expression and the differentiative arrest of DN2 T cells.

IL-10-Treated Stromal Cells Reprogram
IL-10RHigh DN2 Cells Toward DC
Differentiation in the Tumor-Bearing Host
Since IL-10 controlled early arrest of DN2T cells, we profiled
IL-10 receptor expression on DN1-DN4 cells. Flow-cytometric
analysis revealed an increase in the expression of IL-10R
(CD210) in Lin-thy1.2+CD25+CD44+ DN2 T-cells isolated
from the thymus of tumor-bearing vs. control, tumor-free
mice (Figure 7A). An immunohistochemical analysis of the
IL-10 protein expression pattern in thymus suggested focused
expression in cortico-medullary junctions (Figure 7B), where
accumulation of early T cells is commonly observed. Laser
capture micro-dissection of the IL-10high region followed by
mRNA analysis suggested keratin5+ thymic cortical epithelial
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FIGURE 5 | IL-10 promotes tumor-induced early arrest of DN2 pro-T cells by reciprocal regulation of Notch1 and Ikaros signaling. (A) mRNA was isolated from thymi

of normal and tumor hosts, and cytokine (il-2, il-4, il-6, il-7, il-10, il-15, and tgfβ) profiles were assessed by RT-PCR, keeping β-actin as a loading control.

Representative figures of gene expression profile are shown in the left panel and bar diagrammatic representations of mean ± SE of relative expression of

above-mentioned cytokines from normal and tumor hosts on days 11 and 25 following tumor inoculation, respectively, are shown in the right panel, n = 3; **p < 0.01,

***p < 0.001. (B1) Thymic T cells were isolated from non-tumor (wild-type and IL-10−/−) and tumor (wild-type and IL-10−/−) mice. DN2, DN3, and DN4 cells were

stained with CD45, CD4, CD8, CD25, CD44, and c-Kit. Gating strategies are shown in Supplementary Figure 1. Bar diagrams represent the mean ± SE

percentage of DN2 and DN3+DN4 positive cells from the above-mentioned mice, respectively. (B2) Representative figures of flow cytometric analysis performed with

CD45, CD4, CD8, CD44, CD25, c-Kit, Ikaros, IRF8, and Notch1 in thymic T cells from wild-type and IL-10−/− tumor-bearing mice. Histograms show MFI and positive

percentages of cells of DN2a+Notch1+, DN2a+ Ikaros+, DN2a+ IRF8+ DN2b+Notch1+, DN2b+ Ikaros+, and DN2b+ IRF8+. (B3) Bar diagrams showing mean ± SE of

MFI values of Notch1+, Ikaros+, and IRF8+ within DN2a and DN2b cells, respectively, from the mice mentioned in B2. (C) Cytokine and transcription factor profiles

were assessed in sorted DN2 cells from non-tumor (wild-type and IL-10−/−) and tumor (wild-type and IL-10−/−) mice by analyzing il-10, notch1, ikaros, irf8, and il-7

gene expressions by RT-PCR, keeping gapdh as a loading control. Representative figures along with bar diagram show mean ± SE of different gene expressions from

the above-mentioned mice. n = 4 in each group; p-values are mentioned in figure.

cells as a major source of IL-10, along with CD11c+ thymic DCs
(Figure 7B).

In order to examine whether thymic epithelial cell (TEC)-
secreted IL-10 was sufficient to induce both blockade and
lineage-switching in early T-cell developmental programming,
we established in vitro co-culture trans-well assays using purified
populations of DN2 cells and stromal cells in the presence and
absence of rmIL-10 (Figure 7C1, Supplementary Figure 3). We

observed that while rmIL-10 alone was moderately effective in
promoting the arrest of DN2 cells (Figure 7C2), it failed to
promote the T-DC differentiative switching. Maximum DN2
arrest and coordinate T-DC differentiation were observed only
when IL-10 was used to pretreat stromal cells that were then co-
cultured with IL-10-pretreated DN T cells. Physical separation
of DN T cells from stromal cells had no effect on T-cell
maturation or in early T-cell arrest (Figure 7C2). Therefore,
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FIGURE 6 | IL-10 promotes DN2-to-dendritic cell lineage differentiation by Notch1/Ikaros signaling. (A1) Workflow diagram of the experimental design of fetal thymic

organ culture (FTOC) using the fetuses of E14.5 pregnant mice. (A2) Total lymphocyte populations of FTOC were analyzed by Annexin V. Histograms of Annexin V+

flow-cytometry results. Dotted line represents the isotype control. (A3) Total dendritic-cell population was checked in FTOC ± IL-10 treatment cohort. Representations

of flow-cytometry results of CD11c+MHCII+ cells, gated on CD45+ cells, and a bar diagram showing mean ± SE of percentage positive CD45+CD11c+MHCII+ cells

from either untreated or IL-10-treated FTOC. n = 3; ***p<0.001. (A4) Bar diagram to represent DN2+Notch1+ and DN2+ Ikaros+ cells from ± IL-10-treated FTOC, n

= 3; *p < 0.05, **p < 0.01 (A5) Bar diagrammatic representations of the mean ± SE of DN2+, DN2+ Ikaros+, and DN2+Notch1+ cells and DC population from

untreated and GSI-treated cohorts in left panel along with mean ± SE of DN2+, DN2+ Ikaros+ cells, and CD45+CD11c+MHCII+ DC population from untreated,

control siRNA-treated, and Ikaros siRNA-treated cohorts in right panel, n = 3; ***p < 0.001, **p < 0.01, *p < 0.05. (B1) Workflow representing STAT3 and Ikaros

silencing experiments with FTOC. (B2) Bar diagrammatic representation of mean ± SE of percentage of DN2+STAT3+ and DN2+STAT1+ cells in ± IL-10-treated

cohort, n = 3; ***p<0.001 (B3) Flow-cytometric analysis was performed; bar diagram showing mean ± SE of percentage of DN2+, DN2+ Ikaros+, DN2+Notch1+, and

CD45+CD11c+MHCII+ DC population from untreated, control siRNA-treated and STAT3 siRNA-treated cohorts, n = 3; ***p < 0.001, **p<0.01. (B4) ChIP assay for

pSTAT3 recruitment to the putative binding site downstream of the Notch1 promoter. Gene expression patterns of different binding sites show that upon IL-10

treatment, a specific binding site (binding sequence 2) of the downstream region of Notch1 promoter sequenced 5′ TTCCCAGAA 3′ becomes bound by pSTAT3 and

Notch1 becomes downregulated.

physical interaction between IL-10-conditioned stromal cells and
DN T cells is required for DN2→DN3 arrest and the redirection
of DN2→DC differentiation programming.

DISCUSSION

Progressively growing tumors in both human and mice are
associated with host thymic atrophy, leading to alterations in T-
cell proliferation, apoptosis, and/or differentiation programming,
yielding paralysis in adaptive anti-tumor immunity (8, 42).
Although the thymus undergoes age-related senescence after
puberty, recent data suggest that extraneous stimuli, including
inflammation, can reinvigorate thymopoiesis (6). One caveat
in such thymic reactivation is that resultant T cells may be
predominantly regulatory (Treg) vs. effector (Teff) in nature,
a detriment to effective host protection against cancer. In the
present study, our major findings include the following. (i)
Tumor progression is associated with an early arrest in transition

between the DN2 to DN3 stages of T-cell maturation in the
thymus. (ii) Tumor-induced IL-10 interferes with the interaction
between thymic stromal cells and IL-10Rhigh DN2T cells to arrest
their development. (iii) IL-10 counter-regulates Notch1 and
Ikaros/IRF8 signaling while suppressing the expression of Notch1
target gene ccr7 on DN2T cells. (iv) This process instead shunts
DN2b T-cell commitment toward DC differentiation (Figure 8).

T-cell maturation in the thymus is initiated from
Lin−CD4−CD8−CD25−CD44+c-Kit+DN1 precursor cells,
which subsequently pass through an ordered series of
developmental stages, namely DN1-DN2-DN3-DN4-DP-
SP, to maintain the supply of mature T cells circulating in
the periphery of the host. Thymic T-cell output is drastically
reduced in the vast majority of malignant diseases (43). In
line with this observation, we noted an accumulation of
CD4−CD8−(DN) thymocytes in tumor-bearing host in total
thymocytes and in the lineage negative and thy1.2 positive
population (Supplementary Figure 5). Consistent with previous
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FIGURE 7 | Physical interaction between IL-10Rhigh T cells and stromal cells is required in tumor-induced early arrest and switching of DN2 pro-T cells toward DCs:

(A) IL-10 receptors in thymic DN2T cells are represented by flow-cytometric histograms (positive percentages are written in black, and MFI values are written in red).

Bar diagram represents mean of positive percentages ± SE; n = 3, ***p < 0.001. (B) IL-10-rich zone in thymi of normal and tumor hosts was identified

immunohistochemically. IL-10-rich regions, i.e., cortico-medullary region of thymus, are shown in 20× and 40× magnification, and these zones were isolated using a

laser capture microscope to analyze the gene expression using mRNA by RT-PCR, keeping β-actin as a loading control. Genes include il-10, cd11c, cd11b, c-kit,

ly51, aire, and keratin5 in samples from normal and tumor cohorts (n = 3 in each case). (C1) Pictorial diagram of experimental set up of T-cell and stromal-cell

interaction. DN T cells were isolated by BD Imag, and stromal cells were isolated by 2-deoxyguanosine treatment in FTOC culture for 3 days. DN-T cells and stromal

cells were then co-cultured in transwell with or without trans-membrane and IL-10 treatment. Different conditions are: (a) DN T cells were co-cultured with stromal

cells, (b) DN T cells were pre-treated with mrIL-10 overnight and co-cultured with stromal cells, (c) stromal cells were pre-treated with mrIL-10 overnight and

co-cultured with DN T cells, (d) stromal cells and DN T cells were pre-treated with mrIL-10 overnight and then co-cultured, (e) stromal cells and DN T cells pre-treated

with mrIL-10 overnight, and then DN T cells co-cultured with stromal cells were separated with 0.8-µm trans-membrane in trans-well. (C2) Flow cytometric

representations of thymic cells for (a) CD25+CD44+, (b) CD45+CD11c+MHCII+, (c) CD25+c-Kit+ Ikaros+ (d) CD25+c-Kit+Notch1+ from (a–e) culture conditions as

mentioned. In histograms, MFI values are represented in red, and positive percentages of cells are presented in black. Bar diagrams in each figure show the mean ±

SE of 3 individual observations; ***p < 0.001.
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FIGURE 8 | Schematic diagram and probable mechanism of arrest of DN2 pro-T cell-to-DN3 transition and promotion of its conversion to thymic dendritic cells by

reciprocal regulation of Ikaros/Notch1 signaling: (A) During maturation, the T lymphocytes progress through the DN1, DN2a, DN2b, DN3a, DN3b, and DN4 to DP

stages within the thymic cortex. These DP cells pass the cortico-medullary junction (CMJ) to enter the medulla as they further mature to SP (DN, Double negative; DP,

Double positive; SP, Single positive). (B) Under the influence of tumor, thymus becomes atrophied, and Keratin-5 expressing IL-10-rich stromal cells tend to

accumulate at the CMJ. (C) IL-10 molecules secreted from these cells interact with DN2b T cells via IL-10 receptors (IL-10R). (D) However, following IL-10–IL-10R

interaction(s), STAT3-mediated intracellular signaling events occur within the DN2T cells, which ultimately bring down Notch1 expression. As a consequence, the T

cells are arrested at the DN2b stage. (E) Other than Notch1, downregulation of CCR7 and upregulation of Ikaros and IRF8 has also been observed due to these

signaling events. A few of these arrested DN2b T cells somehow interact physically with the Keratin 5+ thymic stromal cells at the CMJ (C.a) and differentiate into

dendritic cells (C.b, F) instead of staying at DN2b or progressing to DN3. The precise mode of the physical interaction(s) between the DN2b T cells and the Keratin-5+

stromal cells (C.a) is yet to be elucidated.

reports (27), we observed severe thymic atrophy across a range
of murine tumor models. Indeed, Adkins et al. (44) previously
reported thymic T-cell arrest at an early stage (CD25+CD44+

DN2) in breast carcinoma-bearing mice. Here, we refined
such analyses by the inclusion of an additional marker, c-Kit,
providing evidence for prominent arrest occurring between
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the DN2b and DN3 stages of pro-T-cell development, resulting
in the accumulation of CD25+CD44+c-Kitlow DN2b cells
within the cortico-medullary junction and depletion of more
mature DN3 and DN4T cells. During tumor progression, the
thymic T-cell differentiation process appears to be negatively
impacted by the silencing of Notch1 signaling (45) and corollary
expression of Notch1-downstream target ccr7 (19, 46), along
with its two ligands CCL19 and CCL21 within thymus. In this
light, previous reports have suggested an indispensable role
of CCR7 in facilitating the migration of the CD25+CD44+

DN2 population to the outer thymic cortex (47), with CCR7
deficiency restricting these cells within the cortico-medullary
junction (CMJ) and hampering their development beyond
the DN2 stage (28, 48). In FTOC cultures, under conditions
permissive for Notch1 signaling (i.e., with TNFα stimulation),
DN2-to-DN3 transition was promoted. However, when Notch1
signaling was blocked by a gamma-secretase inhibitor, early
T-cell differentiation was prevented.

In extended studies, we determined that another important
contributor to tumor-induced T-cell developmental arrest is IL-
10, whose expression was upregulated in the thymus, particularly
that of the tumor-bearing host, particularly at the thymic CMJ
where DN2T cells tend to accumulate. Although previous
reports suggest that tumor-associated IL-10 activity disrupts
normal T-cell maturation (49), even in some SCID patients,
overexpression of IL-10 appears to specifically interrupt T-cell
maturation at an early stage (50). However, these studies failed to
explain how tumor initiation and/or progression promoted intra-
thymic IL-10 activity. Clearly, one cannot ignore the additional
contributions of one or several tumor-induced systemic factor(s)
including hormones (secreted from tumor-involved organs),
neurotransmitters, galectins, and PGE2 in intra-thymic cytokine
(including IL-10)-production by TEC. In our model, keratin5+

medullary TEC seemed to be primarily responsible for IL-10
production in the tumor-bearing host, followed by CD11c+

DCs. Not surprisingly, IL-10R expression was determined to
be higher in the DN2 T-cell subset, likely making IL-10Rhigh

DN2T cells more susceptible to IL-10-mediated lineage arrest.
IL-10 was also likely responsible for suppressing the Notch1
expression in DN2a T cells, since notch 1 expression in DN2T
cells and transition from DN2 to DN3 was normalized in
tumor-bearing IL-10−/− mice. To support the notion that
IL-10-mediated arrest at the DN2-to-DN3 transition involves
STAT3, we showed that knockdown of STAT3 (using STAT3
specific siRNA) ameliorates IL-10-induced arrest at the DN2
stages in concert with normalization in notch1 expression.
In contrast to our observations, Garner et al. (51), reported
that constitutively activated STAT3 along with activated NF-
κB promotes Notch expression in glioblastoma cancer stem
cells. In our hands, however, we failed to see any activation
in NFκB-associated molecules, which may simply be related
to the different cell systems being evaluated in each case.
Therefore, to better understand the regulatory effects of IL-10 on
notch1 more precisely, we designed four primers based on the
putative pSTAT3 binding site downstream of notch1 promoter.
ChIP assays performed on sorted DN2T cells supported the
direct binding of pSTAT3 at a 5′-XXX-TTCCAGAA-XX-3′ site

downstream of the notch1 promoter (among the four putative
stat3 binding regions) of notch1 gene after IL-10 stimulation.
Interestingly, unlike Notch1, Ikaros and IRF8 expressions were
found to be significantly elevated in the “stunted” DN2-T cells
isolated from the thymi of tumor-bearing mice. Moreover, FTOC
experiments suggested that the reciprocal regulation of Notch1
and Ikaros/IRF8 is IL-10 dependent. In the normal thymus,
Ikaros expression was restricted primarily to DN3 and DN4T
cells, where it is believed to play a critical role as a checkpoint
regulator during DN3 to DN4 transition and again during
subsequent DN4 to DP transition. Furthermore, loss of Ikaros in
the face of intact Notch1 signaling allows for T-cell maturation
programming to occur between the DN-DP andDP-SP transition
stages without appropriate pre-TCR and TCR signaling (52). In
contrast, in a tumor-conditioning model, enhanced Ikaros in
the absence of notch1 along with tcf1 and bcl11b (18, 53, 54),
leads to aborted T-cell maturation beyond DN2a. Accordingly,
knockdown of Ikaros promotes pro-T-cell maturation beyond
the DN2 stage and a reduction of the DC population, like in a
tumor-free host.

Strikingly, we observed a significant rise in lymphoid
DC frequencies in thymus of tumor-bearing mice without
discernable alterations in other immune cell subpopulations.
Thymic pro-T cells, through many generations, retain the
differentiative potential for alternate cell lineages, such as
monocytes or DC (39), Such latent myeloid differentiative
potential in committed T cells is also promoted by ectopic anti-
inflammatory cytokine production (55) and by the dysregulation
of transcription factors such as Notch1 (39, 56, 57). Therefore,
loss of Notch1 induced by IL-10, yields a conditional state
conducive for DN2T cell→lymphoid DC differentiation [i.e.,
coordinated expression of Pu.1 (58), Cebpalpha (59), Ikaros,
and IRF8 along with CD3ε] within the thymus of the cancer-
bearing host. This inter-lineage conversion of DN2T cells is
consistent with a report from Feyerabend et al.; however,
unlike their observation, notch1 reduction in a tumor-induced
model only resulted in the generation of lymphoid DCs but
not B cells, and the involvement of Ikaros and IRF8 was not
demonstrated. Notably, the role of Ikaros and IRF8 in promoting
DC commitment in the extra-thymic environment has been
reported previously (60–62). DC lineage potential is clearly
present in ETPs andDN2a cells (63–65), and when we specifically
checked the DN2a and DN2b populations, we found that ikaros
and pu.1 expression became elevated in the DN2a stage, which
may serve as a preparatory phase for initiation of arrest in T cell-
lineage commitment and switching to DC, which drives DN2b to
DC commitment in tumor host. Moreover, we also checked the
contribution of homing of circulating DC via CD49d; however,
neutralization of CD49d ruled out such a possibility.

Additionally, in this trans-differentiation process, direct
cell-to-cell interactions between DN2 thymocytes and IL-10-
pretreated thymic epithelial cells are required (66), as IL-
10 treatment of DN-T cells only partially restricts DN T-
cell maturation at the DN2 stage, and it failed in DN2→DC
differentiation. This observation again strongly supports the
influence of lymphoid-stromal cell interactions as a major
determinant for lineage commitment (67); which stromal
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cells are responsible for this effect will be determined in
future studies.

In conclusion, we have identified a novel mechanism
through which (tumor-induced) IL-10 paralyzes host anti-
tumor immunity by blocking thymic DN2a cells along a T-
cell fate pathway and altering the T-cell fate pathway by
promoting the commitment of pro-T (DN2) toward DC
lineage. This mechanism of lineage re-registry is unique to the
cancer setting and distinct from age-induced thymic involution.
Finally, the role(s) of thymic DC evolved from DN2 T-cell
progenitors in the evolving anti-tumor T-cell repertoire and
tumor progression remain unknown, providing a major area of
focus for future studies designed to advance our understanding
of tumor-associated immune deviation and the development
of target therapeutics for improved treatment outcomes in the
cancer setting.
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Supplementary Figure 1 | Overall gating strategy of CD45, CD4, CD8, CD25,

CD44, c-Kit, Notch1, Ikaros, and IRF8 stained thymic T cells from non-tumor

(wild-type and IL-10−/−) and tumor (wild-type and IL-10−/−) hosts. Dot plot

representations for (A) lymphocytes, (B) doublet discrimination, (C) CD45 gating,

with CD45+ population selected on lymphocytes, (D) CD4/CD8 gating, (E) DN

(CD4−CD8−) population was selected for DN1, DN2, DN3, and DN4 analysis

based on CD25 CD44-staining. (F) DN2 population was sub-gated into DN2a and

DN2b based on c-Kit, CD25 expression. (G) Histograms represent FMO of

Ikaros+, IRF8+, and Notch1+ cells within DN2a and DN2b cell populations,

respectively, n = 3.

Supplementary Figure 2 | (A) Flow-cytometric analysis of Ikaros was performed

in untreated and Ikaros siRNA-treated cohorts. Ikaros was analyzed on DN2

(CD25+CD44+) positive cells. Histograms represent percentage of positive cells of

FMO, untreated, and Ikaros siRNA-treated cohorts, respectively, on DN2+ cells.

Supplementary Figure 3 | (A) Workflow diagram on experimental design of

2-deoxy guanosine treatment on fetal thymic organ culture (FTOC) using E14.5

fetus from IL-10−/− pregnant mice and co-cultured with wild-type fetal

thymocytes. (B) Bar diagram shows the percentage of DN2, DC, DN2+ Ikaros and

DN2+Notch1 positive cells of untreated and IL-10-treated cohorts; n = 3,
∗∗∗p < 0.001.

Supplementary Figure 4 | (A) Flow-cytometric dot plot representations of thymic

cells with CD4 and CD8 staining from Days 0, 1, 3–7 of FTOC culture. (B) Bar

diagrams represent percentages of DN, DP, CD4SP, and CD8SP cells in total

FTOC population at Days 4–6; n = 4, p < 0.001.

Supplementary Figure 5 | (A) Bar diagram represents the pre- and post-sorting

percentages of DN, DP, CD4SP, and CD8SP thymocyte positive cells. (B) Bar

diagram represents the pre- and post-sorting absolute cell numbers of DN, DP,

CD4SP, and CD8SP thymocytes. In the case of pre-sorting, absolute numbers of

thymocytes were counted from total cell population, and in the case of

post-lin−Thy1.2+-sorting, absolute numbers were calculated from total sorted

population for DN, DP, CD4SP, and CD8SP thymocytes; n = 4, p < 0.001.
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2 Department of Radiation Oncology, University Hospital of Northern Norway, Tromsø, Norway

Cancer-associated fibroblasts (CAFs) participate actively in tumor development and affect
treatment responses, by among other mechanisms, promoting an immunosuppressive
tumor microenvironment. In contrast to normal fibroblasts, reactive CAFs secrete a myriad
of immunomodulatory soluble factors at high levels, i.e. growth factors, cytokines, and
chemokines, which directly influence tumor immunity and inflammation. CAFs have been
identified as important players in tumor radioresistance. However, knowledge on the
immunomodulatory functions of CAFs during/after radiotherapy is still lacking. In this
study, we investigated the effects of ionizing radiation on CAF-mediated regulation of
dendritic cells (DCs). CAFs were obtained from freshly operated lung cancer tissues, while
DCs were procured from peripheral blood of healthy donors. Experimental settings
comprised both co-cultures and incubations with conditioned medium from control and
irradiated CAFs. Functional assays to study DC differentiation/activation consisted on
cytokine release, expression of cell-surface markers, antigen uptake, migration rates, T
cell priming, and DC-signaling analysis. We demonstrate that CAFs induce a tolerogenic
phenotype in DCs by promoting down-regulation of: i) signature DC markers (CD14,
CD1a, CD209); ii) activation markers (CD80, CD86, CD40, and HLA-DR) and iii) functional
properties (migration, antigen uptake, and CD4+ T cell priming). Notably, some of these
effects were lost in conditioned medium from CAFs irradiated at fractionated medium-
dose regimens (3x6 Gy). However, the expression of relevant CAF-derived regulatory
agents like thymic stromal lymphopoietin (TSLP) or tryptophan 2,3-dioxygenase (TDO2)
was unchanged upon irradiation. This study demonstrates that CAFs interfere with DC
immune functions and unveil that certain radiation regimens may reverse CAF-mediated
immunosuppressive effects.

Keywords: cancer-associated fibroblasts (CAFs), monocyte-derived DC, immunosuppression, ionizing radiation,
radiotherapy, non-small cell lung cancer, tumor microenvironment
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INTRODUCTION

Recent studies in both pre-clinical and clinical settings have
demonstrated that radiotherapy (RT) has the power to trigger
immunological responses that can influence disease outcomes
(1–3). By induction of immunogenic cell death (ICD) and
the release of tumor-associated antigens and immune
adjuvants, RT can trigger pro-inflammatory reactions,
promote immune cells recruitment, and break the balance of
tumor immune tolerance (4). Conversely, RT can also trigger
immunosuppressive signals, which can lead to tumor
radioresistance (5). Treatment outcomes will ultimately
depend on the net effect of pro-immunogenic and anti-
immunogenic signals. Understanding the effects of radiation
on the multifactorial elements of the tumor microenvironment
(TME) is becoming a subject of great interest (6–8). Recent
studies have shown a correlation between cancer-associated
fibroblasts (CAFs), a major component of the tumor stroma (9–
11), and increased radiotherapy resistance in colorectal cancer
(12) and non-small cell lung cancer (NSCLC) (13). Other
studies have suggested a loss of pro-tumorigenic functions in
CAFs after radiation (14). Besides, it is well established that
CAFs play an important role in suppressing anti-tumor
immune responses in the TME, with ability to negatively
affect activation, trafficking, and state of differentiation of a
vast population of immune cells (15–17). However, little is
known about how RT is affecting the crosstalk between CAFs
and immune cells.

In the context of immune responses triggered by RT,
antigen-presenting cells, in particular, dendritic cells (DCs)
(18), and the induction of immunogenic cell death (ICD) are
key components for effective anti-tumor response (4, 19). DCs
are professional antigen-presenting cells bridging innate and
adaptive immunity and are broadly divided into two major
phenotypes, immature and mature DCs (20). Immature DCs
are defined by a high capacity for antigen uptake and
processing, with MHC-II molecules sequestered in lysosomes
and low levels of antigen presentation and T cell stimulation. In
contrast, mature DCs have poor endocytic capacity, with
peptide-MHC complexes localized at the cell surface, securing
excellent T cell priming capacity (21). Exposure of tumor
lesions to ionizing radiation (IR) provokes DNA damages and
Abbreviations: a-SMA, smooth muscle a-actin; CAFs, Cancer-associated
fibroblasts; CAF-CM, Cancer-associated fibroblast-conditioned medium;
DAMPs, Damage-associated molecular patterns; DCs, Dendritic cells; FAP-1,
Fibroblast activation protein 1; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase; GM-CSF, Granulocyte-macrophage colony-stimulating factor;
Gy, Gray; HMGB1, High motility group box 1; iDCs, Immature dendritic cells;
ICD, Immunogenic cell death; IR, Ionizing radiation; mDCs, Mature dendritic
cells; NFkB, Nuclear factor kappa-light-chain-enhancer of activated B cells;
NSCLC, Non-small cell lung cancer; PBMC, Peripheral blood mononuclear
cells; PGE2, Prostaglandin E2; PI, Propidium iodide; RT, Radiotherapy; STAT3,
Signal transducer and activator of transcription 3; TDO2, tryptophan 2,3-
dioxygenase; TGF-b, Transforming growth factor-beta; TME, Tumor
microenvironment; TNF-a, Tumor necrosis factor-alpha; TSLP, Thymic
stromal lymphopoietin; UNN, University Hospital of Northern Norway; VEGF,
Vascular endothelial growth factor.
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may trigger ICD. ICD is characterized by the generation of
damage‐associated molecular patterns (DAMPs) including
extracellular exposure of calreticulin, and release of alarmins,
such as high mobility group box 1 (HMGB1) and ATP (22–24).
The presence of DAMPs engages receptors and ligands on
dendritic cells, accelerates the engulfment of tumor-derived
antigens, promotes the processing of phagocytic cargo, and
activates immature DCs transition to a mature phenotype.
Consequently, via antigen presentation, DCs stimulate
specific T cell responses resulting in a robust adaptive anti-
tumor immune response (20, 25). In the TME, both tumor and
stromal cells can modulate infiltration, maturation, and
function of DCs (18). In particular, some studies have
indicated that CAFs may induce a tolerogenic phenotype on
DCs. In a transplantable model of lung carcinoma, for instance,
CAF-secreted tryptophan 2,3-dioxygenase (TDO2) was shown
to inhibit DC differentiation and function, whereas inhibition
of TDO2 improved DC function and T cell responses with
decreased experimental metastasis (26). In hepatocellular
carcinoma, IL-6 produced by CAFs induced a tolerogenic
phenotype on DCs with decreased expression of co-
stimulatory molecules and antigen-presenting receptors
(CD1a, HLA-DR, CD80, CD86), and increased expression of
immunosuppressive cytokines such as IL-10 and TGF-b. These
CAF-educated DCs promoted tumor infi l trat ion of
immunosuppressive Tregs (CD4+CD25+Foxp3+) cells and
decreased production of IFN-g from CD8+ T cells (27).
Interplay between CAFs and DCs has also been shown to
affect the ability of DCs to induce the differentiation of T
cells into a Th2 phenotype in pancreatic cancer, via CAF
secretion of thymic stromal lymphopoietin (TSLP) (28).

In the RT context, CAFs are known to be highly
radioresistant and may survive even ablative doses of ionizing
radiation (1x18 Gy), largely reflecting their restricted tendency
to proliferate, their capacity to mount solid cytoprotective
responses to radiation and their high apoptotic threshold
(29). In culture conditions, exposure to medium or high
doses of IR does not trigger ICD in CAFs (30). However,
single-high radiation doses provoke permanent DNA damage
responses and the induction of premature senescence
accompanied by functional changes including decreased
proliferation, migration, and invasion rates (29). Radiation-
induced changes have also been observed on CAF-mediated
paracrine signaling. Conditioned medium (CM) from
irradiated CAFs reduces the migratory capacity of endothelial
cells and inhibits angiogenesis (29, 31). CAF-CM also inhibits
pro-inflammatory features in M1-macrophages, and these
effects are unchanged after exposing CAFs to single-high dose
or fractionated-medium dose irradiation (32). In this context,
levels of key CAF-secreted immunosuppressive factors such as
interleukin (IL)-6, prostaglandin E2 (PGE2), IL-10, and
transforming growth factor-beta (TGF-b), remained
unchanged after radiation exposure (30–32). To better
understand and exploit the immunoregulatory power of RT,
it is essential to unveil how radiation modifies CAF-mediated
immunoregulatory proprieties towards immune cells. In this
June 2021 | Volume 12 | Article 662594
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study, we explore if CAF-mediated immunoregulatory effects
on monocyte-derived DCs are changed after exposure to
different radiation schemes.
MATERIALS AND METHODS

Human Material, CAF Isolation,
and Cultures
Human lung CAFs were prepared from freshly resected NSCLC
tumor tissue from patients undergoing surgery at the University
Hospital of Northern Norway (UNN), Tromsø, as previously
described (29). Lung tumor specimens from four different
patients (Table 1) and blood (i.e. buffy-coats) from ten
unrelated healthy donors, all collected under patient written
informed consent, were included in this study. All methods
involving human material were performed following proper
ethical guidelines and regulations under the approval of the
Regional Ethical Committee of Northern Norway (REK Nord
2014/401; 2016/714; 2016/2307). NSCLC-derived CAFs were
isolated by enzymatic digestion of tissues and the outgrowth
method and phenotypically characterized by the presence of
specific markers smooth muscle a-actin (a-SMA) and fibroblast
activation protein 1 (FAP1), as described previously (29).
Isolated CAFs were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS) (Biochrom,
Berlin, Germany) and used for experimentation after the third
and fourth passage (3-4 week-old cultures). Human lung cancer
cell line A549 (human lung adenocarcinoma) were purchased
from LGC Standards AB (Borås, Sweden). Cells were cultivated
in RPMI-1640 supplemented with 10% FBS and penicillin (1%)
and streptomycin (1%) in a humidified incubator at 37°C,
containing 5% CO2 and 20% O2.

Irradiation of Cells
Adherent CAFs cultured in DMEM (with 10% FBS) or A549
cultured in RPMI (with 10% FBS) and grown in T-175 flasks or
24 well culture plates were irradiated when 70–90% confluent
with high-energy photons producing by a clinical Varian linear
accelerator and delivered in two different radiation regimens, as
single-high dose (1×18 Gy) or in fractionated schemes (3×6 Gy
for CAFs and 3x8 Gy for A549 cells) at 24h intervals, as
previously described (29). Standard parameters for dose
delivery were depth 30 mm, beam quality 15 MV, dose-rate of
6 Gy/min, and field sizes of 20×20 cm.
Frontiers in Immunology | www.frontiersin.org 346
Preparation of Conditioned Media
CAFs at early passages and A549 were seeded (separately) at a
density of 4×105 cells in T-75 tissue culture flask and incubated
for 24h in DMEM and RPMI (with 10% FBS), respectively. After
cell attachment and spreading, cultures were gently washed with
PBS (37°C) and 6 mL of new incubation medium was added,
followed by irradiation of dishes, as previously described (29).
Media from CAFs and A549 cells exposed to IR (3×6 Gy and 3×8
Gy, respectively) were conditioned for 48h, after the last
radiation dose. For the group exposed to 1×18 Gy, CM was
conditioned between day 3 and day 5 after irradiation.
Supernatants were spun down by centrifugation (2000×g, 4°C,
10 min) and then filtrated (Ø = 0.45 µm) for elimination of
potential cell debris. The resulting samples were either used
immediately or frozen at −80°C for later use.

Isolation of Peripheral Blood Mononuclear
Cells and Generation of Monocyte-Derived
Dendritic Cells
Peripheral blood mononuclear cells (PBMCs) were isolated from
human blood (i.e., buffy-coats) using Lymphoprep-TM
(StemCell Technologies, Vancouver, BC, Canada) gradient
centrifugation. CD14+ monocytes were isolated from the
PBMCs pool using magnetic CD14+ Microbeads (Cat. no. 130-
050-201; Miltenyi Biotec, Bergisch Gladbach, Germany).
Monocytes (CD14+) purity and recovery were determined by
CD14 antibody labeling (Cat. no. 130-113-708; Miltenyi Biotec),
and cell viability by propidium iodide (PI) staining. Cells were
analyzed by flow cytometry on a BD FACSAria III (BD
Biosciences, San Jose, CA, USA). For the generation of
immature DCs (iDCs), CD14+ monocytes were cultured in
R10 medium (RPMI 1640 with 10% FBS, 1% streptomycin/
penicillin, and 100 mM Sodium Pyruvate) supplemented with
IL-4 (100 ng/mL; cat. no. 300-25; PrepoTech, Rocky Hill, NJ,
USA) and GM-CSF (100 ng/mL; cat. no. 300-03; Prepotech) and
kept in a humidified atmosphere (5% CO2, 37°C), for 5 days. The
incubation medium was replaced after three days with new (pre-
warmed) R10 medium supplemented with GM-CSF and IL-4.
For maturation of DCs, iDCs were transferred to 6-well tissue
culture plate and incubated (37°C, 48h.) in 5% CO2 humified
atmosphere in the presence of the following cytokines
(PrepoTech): IL-6 (15 ng/mL), IL-1b (10 ng/mL) TNF-a (50
ng/mL), and PGE2 (1 µg/mL). Absolute cell count of mature-
DCs (mDCs) was determined by flow cytometry via light scatter
signals and PI fluorescence.

Co-Cultures and Dendritic Cell Stimulation
With CAF-Conditioned Medium
In co-culture experiments, control and irradiated CAFs were
established in 24-well plates (2×105 cells per well). Monocytes or
iDCs were thereafter added at a density of 4×105 live cells per
well (ratio; 2:1). Cultures with mixed cell types were further
incubated for 48h at 37°C in R10 medium. Parallel procedures
were implemented for experiments with CAF-CMs, but instead
of cells, CAFs culture supernatants were collected, diluted (1:1)
with fresh pre-warmed R10 medium, and added to the DC
TABLE 1 | Clinical and patient records corresponding to CAF donors used in
this study.

Donors Sex Tumor type T-size (mm) Stage

1 Male Squamous cell carcinoma 35 pT2aN0Mx
2 Male Squamous cell carcinoma 22 pT1cN0Mx
3 Female Adenocarcinoma 25 pT1cN0Mx
4 Male Squamous cell carcinoma 30 pT2bN2Mx
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cultures. For differentiation studies, monocytes were exposed to
GM-CSF and IL-4 immediately after initiation of co-cultures or
incubations with CAF-CM. For maturation studies, iDCs were
exposed to cytokine-maturation cocktail immediately after
initiation of co-cultures or incubations with CAF-CM.
Following treatments, DCs and supernatants were collected
and used for further analysis.

Quantitative Cell Surface Markers
Expression by Flow Cytometry
DCs surface markers were analyzed by flow cytometry on BD
FACSAria III using the FlowJo software, Ver.7.2.4 (Tree Star,
Ashland, OR, USA). Briefly, DC preparations (3×105 cells/
condition) were labeled with panels of specific antibodies for
each phenotype (Miltenyi Biotec). Maturation markers consisted
of CD40, CD80, CD86, and HLA-DR (Cat. no. 130-099-385,
130-110-371, 130-113-571, and 130-111-943, respectively)
whereas differentiation markers were identified by CD209
(DC-SIGN), CD1a, and CD14 (Cat. No. 130-101-239, 130-097-
905, and, 130-113-708, respectively). Isotype controls consisted
of REA control and IgG2a (Cat. no. 130-113-450 and 130-104-
612, respectively). Data were obtained by flow cytometry using
the following gating strategy: a) Differentiation markers: cells
gated according to their scatter properties (FSC-A vs SSC-A),
doublets exclusion (SSC-H vs SSC-W), and analyzed by the
percentage of total cells expressing CD14, CD1a, and CD209;
and b) Maturation markers: after cells were gated by scattering
properties (described above), CD14+cells were excluded by the
inverted gate and then plotted for CD1a versus CD209
expression. Mean fluorescence intensity (MFI) of activation
markers (CD40, CD80, CD86, and HLA-DR) were analyzed in
the population gated for CD1amed/hi/CD209med/hi cells.

Dendritic Cell Antigen Uptake
To assess DCs endocytic capacity, iDCs or mDCs (1×10⁵),
previously co-cultured with irradiated or non-irradiated CAFs
or CAF-CM (as described above), were incubated with FITC-
labeled dextran (1 mg/mL, Cat. no. FD40S; Sigma-Aldrich) in
R10 medium prepared with RPMI without phenol red
(ThermoFisher Scientific, Waltham, MA, USA) for 60 min at
37°C. Non-specific binding of FITC-dextran to the cell surface
was checked by keeping a control sample on ice for 60 min.
Then, all samples were washed twice (centrifugation at 300×g,
5 min, 4°C) with ice-cold PBS supplemented with 0.5% of BSA
and ultimately resuspended in the same ice-cold buffer. The
uptake of FITC-dextran was determined by measuring MFI of
the probe in cells by flow cytometry. Dead cells were excluded
from the analysis by PI fluorescence. For analyses, the specific
uptake of FITC-dextran was calculated by subtracting MFI of the
control sample (incubated on ice) from MFI of samples
incubated at 37°C.

Dendritic Cell Migration
CCR7-dependent chemotactic responses of mDCs towards
CCL19 was measured by a Boyden chamber assay. Briefly,
iDCs or mDCs, previously exposed to control or irradiated
CAFs/CAF-CMs (as described above), were resuspended in
Frontiers in Immunology | www.frontiersin.org 447
200 mL of RPMI 1640 with 10% FBS at a density of 5×10⁵
cells/mL and placed in the upper compartment of a 24-well
Transwell Plates (Corning; pore size 5 mm). Bottom chambers
were filled with fresh pre-warmed standard fibroblast growth
medium in the presence or absence of the chemoattractant
CCL19 (50 ng/mL) (Cat. # 130-105-744, Miltenyi Biotec). In
experiments with CAF-CM, bottom chambers were filled with
CM from irradiated and control CAF cultures diluted (1:1) with
fresh pre-warmed growth medium. After incubation in a
humidified atmosphere (5% CO2, 37°C, 3h), cells that had
migrated into the lower compartment were harvested and
counted in a hemocytometer under light microscopy.

Assessment of T Cell Priming Capacity
of mDCs
Purified allogeneic naive CD4+ T cells were isolated from
PBMCs-pool using magnetic Naive CD4+ T Cell Isolation Kit
II (Cat. no. 130-094-131; Miltenyi Biotec) and labeled with
carboxyfluorescein succinimidyl ester (CFSE) (Cayman
Chemical, Ann Arbor, MI, USA) for 15 min at 37°C (1:400
dilution in PBS). The purity of isolated enriched naïve CD4+ T
cells was determined by CD4, CD45RO, and CD45RA antibody
labeling (cat. no. 130-113-776, 130-109-507, and 130-098-187;
Miltenyi Biotec). CSFE-stained CD4+ T cells (5×10⁵ cells/mL)
were co-cultured with iDCs or mDCs (1×10⁶ cells/mL, ratio 1:2),
previously incubated with irradiated or control CAFs/CAF-CM
for 48h (as described above), in MLR medium (RPMI 1640, 2
mM L-glutamine, non-essential amino acids, 0.1 mM sodium
pyruvate, 5% AB serum) for 7 days at 37°C, 5% CO₂.
Proliferation of CD4+ T cells was determined by measuring
CFSE fluorescence intensity by flow cytometry. Cell debris and
dead cells were excluded from the analysis by scatter signals and
PI fluorescence.

Quantitative Cytokine Release by ELISA
Quantitative determinations of IL-10 and IL-12 in supernatants
(diluted 1:10) from co-cultures (DCs/CAFs) or DCs cultures
stimulated with CAF-CM were determined using ELISA kits
(R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. For TSLP quantification, CAFs
were cultured at T-75 tissue culture flasks in DMEM (with
10% FBS) and exposed to fractionated medium-dose of IR
(3×6 Gy) or stimulated with 10 ng/mL of TNF-a (PrepoTech)
to induce TSLP secretion by CAFs (28). After 48h, CM were
collected, spun down by centrifugation (2000x g, 4°C, 10 min),
filtrated (Ø = 0.45 µm) and stored at -80 °C. Samples (diluted 1:2)
were analyzed using Human TSLP ELISA Kit (Abcam,
Cambridge, UK). Absorbance at 450 nm for each sample was
analyzed by SpectraMax Plus 384 Microplate Reader (Molecular
Devices, CA, USA).

Immunoblotting
Whole-cell extracts from DCs or CAFs were prepared in RIPA
buffer (Cell Signaling, Boston, MA, USA) plus Complete
Protease and Phosphatase Inhibitor Cocktail (ThermoFisher,
cat.no. 78440). Total cell-associated proteins were separated on
10% SDS-polyacrylamide gel electrophoresis (PAGE) and
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transferred onto a PVDF membrane. The membrane was
blocked with 1% BSA in tris buffered saline, 0.1% Tween 20
(TBS-T) for 2h at room temperature, and then incubated
(overnight, 4°C) with primary antibodies (anti-GAPGH, cat.
no. 5174; anti-STAT3, cat. no. 4904; anti-p-STAT3 (S727),
cat.no. 34911; anti-p-STAT3 (Y705), cat-no. 9145; anti-NF-kB/
p65, cat.no. 8242; anti-p-NF-kB/p65, cat.no 3033; Cell Signaling;
anti-TDO2, cat.no. ab76859) diluted 1:1000 (in TBS-T with 1%
BSA). Subsequently, the membrane was washed 5x in TBS-T and
then incubated with an anti-rabbit or anti-mouse HRP-
conjugated secondary antibody (diluted 1:2000; Cell Signaling)
for 1h at room temperature. Finally, proteins transferred to the
membrane were visualized with Enhanced Chemiluminescence
at ImageQuant LAS 4000 CCD (GE Healthcare Bio-Sciences, PA,
USA). Relative intensity was assessed using ImageJ software.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
(GraphPad Software, Inc, La Jolla, CA). Comparison of data
between experimental groups was analyzed using the Brown-
Forsythe and Welch ANOVA test, and significance values were
adjusted by Dunnett’s T3 correction for multiple comparisons.
Outcomes of Western blot experiments were analyzed using the
2way ANOVA test, and significance values were adjusted by
Dunnett correction for multiple comparisons. The level of
significance was set at p < 0.05. Results were presented in
graphs, where each donor was plotted as an individual dot in
the dataset. In ELISAs, only readings above the detection limit of
the assay are shown.
RESULTS

CAF-Mediated Effects on DC Phenotypic
Differentiation and Maturation
To investigate the effects of IR on CAF-mediated regulation of
monocyte-to-DC trans-differentiation, peripheral blood
monocytes from health donors (CD14+ cells – 89% purity)
were cultured in medium containing DC differentiation
cytokines (IL-4 and GM-CSF) in the absence or presence of
conditioned medium from irradiated or non-irradiated CAFs
(CAF-CM) or alternatively in (CAF-DC) co-cultures (CAF-CC).
DCs were not differentiated from peripheral blood monocytes of
cancer patients mainly because of an individual constitutional
characteristic of the patients that reflects on phenotypic and
functional alterations in mo-DC (33–35). Following incubation
for 6 days, non-adherent cells were harvested and phenotyped by
flow cytometry. Considering the potentially different effects
triggered by different radiation schemes, we compared the
effects of fractionated and single-high dose radiation. Figure 1
shows the percentage of cells expressing signature DC surface
marker molecules CD1a and CD209 (DC-SIGN), and the
lipopolysaccharide co-receptor CD14, as determined by flow
cytometry. Transformed monocytes presented the typical
phenotypic profile of immature DCs (iDCs) defined by
CD1ahigh, CD209high, and CD14medium/low (Figure 1A). As
shown in Figure 1B, the presence of CAFs clearly interferes
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with monocyte-DC differentiation, especially in co-culture
conditions. DCs in co-culture with CAFs expressed
significantly lower levels of CD1a (p ≤ 0.001) and CD209 (p ≤
0.01) and increased expression of CD14 (p ≤ 0.01). In
experiments with CAF-CM, only the expression of CD1a was
slightly decreased when compared to iDCs controls. Of note, no
statistically significant differences were observed in the
expression of any of the receptors when comparing irradiated
with non-irradiated CAF conditions, both in CC- or
CM-conditions.

To induce DC maturation, iDCs were exposed for 2 days to a
maturation-cocktail of cytokines comprising IL-6, IL-1b, TNF-a,
and PGE2. Matured DCs (mDCs) cultured in the absence or
presence of CM from irradiated or non-irradiated CAFs revealed
differences in their morphology (Figure 2). Whereas
conventional mDC presented abundant cellular protrusions
and membrane ruffling, DCs maturated in the presence of
CAF-CM appeared with a typical iDC morphology; large
rounded cells with eccentrical nucleus location and few cellular
protrusions. However, this effect was to some extent abolished in
cells cultured in the presence of irradiated CAF-CM.

Next, we determined whether CAFs could affect DC
maturation. Surface expression of antigen-presenting receptor
HLA-DR and the co-stimulatory receptors CD40, CD80, and
CD86 were analyzed following the gating strategy described in
Figure 3A. As expected, stimulation of iDC with the cytokine
maturation cocktail enhanced the expression of CD40, CD80,
CD86, and HLA-DR as shown in Figure 3B. However, cells
incubated with CAF-CM showed decreased expression of CD80
(p = 0.4256), CD86 (p ≤ 0.05), and HLA-DR (p = 0.8375), with
same tendency also for CD40. Similarly, in co-culture conditions,
CAFs were exerting inhibitory effects on surface expression of
CD40 (p ≤ 0.01) and HLA-DR (p ≤ 0.01), compared to mDCs
controls. No statistical differences were observed when
comparing DC phenotype cultured with both irradiated and
non-irradiated CAF-CM or CAF-CC. Nevertheless, CAFs
irradiated with fractionated medium-doses showed a tendency
to reverse the paracrine effect on the expression of DC surface
receptors exerted by control CAFs (Figure 3C).

Effects of CAFs on DC Cytokine Release
To explore further the immunoregulatory properties exerted by
CAFs on DCs, we quantified protein levels of IL-10 and IL-12 in
culture supernatants from DCs exposed to CAF-CM or in co-
cultures under the stimulus of maturation cocktail. Of note, CAF
exposed to DCs maturation cocktail did not secrete significant
levels of IL-10 and IL-12 as shown in Supplementary Figure 3.
Results from corresponding analyses of IL-10 and IL-12 are
presented in Figure 4. The amount of IL-10 was very low in
supernatants of iDCs and nearly undetectable in mDCs, treated
or not with CAF-CM. However, levels of IL-10 were considerably
increased (p ≤ 0.05) in CAF-CC experiments, including both
irradiated and non-irradiated CAFs. On the other hand, levels of
IL-12 were undetectable in iDCs cultures but considerably
increased in mDCs supernatants. Interestingly, a significant
increase in secreted levels of IL-12 was observed in mDCs
cultures in the presence of CM from the two irradiated-CAF
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groups (3x6 Gy, p ≤ 0.05; 1x18 Gy, p ≤ 0.0001). Moreover,
increased IL-12 secretion was also observed when mDCs were
co-cultured with CAFs irradiated at 3x6 Gy (p ≤ 0.05), whereas
minor differences were seen between mDC alone or co-cultured
with non-irradiated or 1x18 Gy irradiated CAFs (Figure 4).

CAF-Mediated Effects on DC Functions
We sought to explore the capacity of CAFs to modulate key
functional properties on DCs. First, we analyzed changes in the
endocytic capacity of DCs by exposing DC cultures for 1h to soluble
FITC-dextran by flow cytometry. iDCs had the highest antigen
uptake capacity, reflected in an increased MFI, as compared to
mDCs (Figure 5A). Of note, immature DCs exposed to CM from
non-irradiated (p ≤ 0.01) and high-dose irradiated (p ≤ 0.05) CAFs
presented a significant decrease in uptake capacity, as compared to
untreated iDCs. Notably, DC uptake of FITC-Dextran in the (3x6
Gy) irradiated CAF-CM group was comparable to (high-uptake)
iDCs controls. However, in CAF-CC, no significant differences were
observed between iDCs control and CAF-treated groups
(Figure 5B and Supplementary Figure 4).

Second, we assessed the capacity of CAFs to modulate the
migratory capacity of mDCs. DC migration depends on the
surface expression of C-C Motif Chemokine Receptor 7 (CCR7)
(36). CCR7 expression increase during DC maturation, acting as
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a receptor for the constitutively expressed chemo-attractants
CCL21 and CCL19 (37). As illustrated in Figure 5C, mDCs
display much higher migration rates as compared to iDCs.
Matured DCs exposed to any of the three different CAF-CMs
resulted in decreased migratory capacity with significant values
from both control CAF-CM (p ≤ 0.01) and irradiated CAF-CM
(3x6 Gy, p ≤ 0.05; 1x18 Gy, p ≤ 0.01), although DCs exposed to
(3x6 Gy) irradiated CAF-CM displayed a significantly increased
migration rates compared to other CAF-CM groups. In CAF-CC
conditions, no significant differences in migration were observed
between mDCs control and CAF-treated groups (Figure 5C).

Third, we tested how CAFs may influence the mDC capacity
to induce T cell proliferation in a mixed lymphocyte reaction
(MLR). To this end, we isolated and labeled allogeneic naive
CD45RA+/CD4+ T cells (purity of 91%, Figure 5D) from whole
blood with CFSE. The resulting fluorescent T cells were
incubated with mDCs (2:1 ratio) that were previously
conditioned with CAF-CM or CAF-CC for 48h. T cell
proliferation rates were measured by CFSE dilution assay and
analyzed by flow cytometry (Figure 5D). mDCs were able to
stimulate T cells proliferation much more efficiently than iDCs.
However, a significant decrease in T cell proliferation was
observed when mDCs were pre-exposed to irradiated or non-
irradiated CAF-CM (p ≤ 0.05), or with CAF-CC (p ≤ 0.05)
A B

FIGURE 1 | Effects of CAFs on DC differentiation markers. Monocytes stimulated with GM-CSF and IL-4 were incubated for 6 days with conditioned medium from
irradiated or non-irradiated CAFs (CAF-CM, left panels) or in co-cultures (CAF-CC, right panels). Resulting expression of iDC cell surface markers CD14, CD1a, and
CD209 were evaluated by flow cytometry. (A) Representative dot plots of the percentage of expression of CD14, CD209, and CD1a in monocytes, iDCs, and
monocytes stimulated with GM-CSF and IL-4 in co-culture with CAFs. (B) Bar graphs represent mean ( ± SD) values from flow cytometry analysis of 4 different CAF
donors, measured independently. Pattern columns indicate surface levels in control monocytes and iDC cultures. Results are expressed as percentage of total cells.
Brown-Forsythe and Welch ANOVA test and p-values were determined between iDCs and non-irradiated CAFs, iDCs, and the two irradiated CAF-groups separately.
**p ≤ 0.01
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(Figure 5E). In both conditions, ionizing radiation, applied in
single or fractionated doses, did not change the CAF-mediated
suppressive effects on DC-mediated T cell proliferation.

Alterations on STAT3 Signaling and NF-
kB/p65 Activation in CAF-Exposed DCs
To investigate CAF-mediated DC alterations in NF-kB/p65 and
STAT3 signaling pathways, DCs were exposed to irradiated and
non-irradiated CAF-CM (from 3 different donors) during DC
maturation, and expression of total and phosphorylated NF-kB/
p65 and STAT3 were analyzed by immunoblotting (Figure 6A).
STAT3 signaling analysis showed that phosphorylation of
STAT3 at Y705 was enhanced in DCs incubated with CAF-
CM, and significantly increased in cells exposed to CM from
irradiated groups as compared to non-irradiated (3x6 Gy, p ≤
0.05), but even more pronounced when compared to the group
irradiated with a single high-dose (p ≤ 0.001). No significant
differences between irradiated and non-irradiated groups were
observed on STAT3 phosphorylation at S727, although
irradiated-CAF-CM showed a tendency to increase the
phosphorylation at S727 (Figure 6B). Similar patterns were
observed in the activation of NF-kB/p65; expression of total
NF-kB/p65 were increased in DCs exposed to irradiated-CAF
CM. However, phosphorylation at S536 was lower in DCs
exposed to CM from CAFs irradiated with high-single dose
(p ≤ 0.001). Of note, CM from non-irradiated CAFs attenuated
both total and phosphorylated NF-kB/p65 in DCs (Figure 6B).
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In summary, these data indicate that: 1) secreted factors from
CAFs can interfere with cytokine-induced NF-kB/p65 and
STAT3 signaling on DCs, and 2) ionizing radiation abrogates
to some degree the CAF-mediated effects.

Effect of Radiation on CAFs Secretory
Profile and Paracrine Signaling
Earlier studies on the crosstalk between CAFs and DCs in
different cancer models suggest that CAF-mediated
immunoregulation on DCs is achieved via release of the
cytokine thymic stromal lymphopoietin (TSLP) or expression
of the catalytic enzyme tryptophan 2,3 dioxygenase (TDO2). To
investigate the possible effects of fractionated medium-dose
radiation on the expression of TDO2 and TSLP, both CAFs
and A549 lung tumor cells were irradiated (3x6 Gy and 3x8 Gy,
respectively) and the expression of TDO2 was analyzed in cell
lysates by immunoblotting (Figure 7A), whereas TSLP release
was analyzed in supernatants by ELISA (Figure 7C). Lung tumor
cells (A549) showed significantly higher expression of TDO2
than CAFs (p ≤ 0.01) (Figure 7B). However, no significant
differences were observed between irradiated and non-
irradiated CAFs or A549 groups on TDO2 expression
(Figures 7A, B). Positive controls, represented by A549 cells
stimulated with poly (I:C) and CAFs stimulated with IFN-g,
showed a slight increase in TDO2 expression compared to
untreated cells. Analysis by ELISA showed no differences in
the secretion of TSLP between irradiated and non-irradiated
CAFs whereas CAFs treated with TNF-a (positive controls)
secreted significantly higher levels of TSLP as compared to the
control group (p ≤ 0.001) (Figure 7C). In summary, these data
indicate that the depriving effects mediated by fractionated
medium-dose radiation on CAF-induced DCs tolerogenic
phenotype are not dependent on the regulation of TDO2 or
TSLP expression.

Further, we characterized the effect of IR on IFN-b secretion
by CAFs. Analysis by ELISA showed that IFN-b levels were not
detectable in the CM from non-irradiated and irradiated CAFs
(3x6 Gy and 1x18 Gy) after 48, 96, and 144h of IR exposure
(Figure 7D). On the other hand, A549 tumor cells exposed to
3x8 Gy secreted increased levels of IFN-b (p ≤ 0.01) 144h post-IR
exposure, as compared to non-irradiated cells (Figure 7E). Next,
we determined whether CM from fractionated irradiated CAFs
(3x6 Gy) could induce DC maturation through the analysis of
co-stimulatory receptors CD40 and CD86, and the induction of
T cell proliferation in MLR. As shown in Figure 7F, no
differences in the expression levels of CD40 and CD86 were
observed in DC stimulated with CM from irradiated or non-
irradiated CAFs (3x6 Gy) and A549 tumor cells (3x8 Gy). CAFs
stimulated with IFN-g (positive control) showed a slight increase
in CD86 expression on DCs compared to cells cultured with CM
from untreated CAFs (Figure 7F). Similar patterns were
observed in the ability of DCs to stimulate T cell proliferation.
We show that iDCs incubated with CM from non-irradiated and
irradiated CAFs or A549 tumor cells were not able to induce
CD4+ T cell proliferation to the extent of mature DC
controls (Figure 7G).
FIGURE 2 | Effects of CAF-CM on DC phenotype. Gross morphology of DC
cultures by phase-contrast microscopy. Immature DCs show a classical
round morphology whereas mature DCs present characteristic dendrites.
Incubations with CAF-CM partially revert the phenotype of mDCs into iDCs
(top-right panel), whereas this effect is lost in the conditioned medium from
CAFs exposed to 3x6 Gy. Cells presenting dendrites in control mDCs and
fractionated radiation (3x6 Gy) CAF-CM groups are shown by arrowheads.
Scale Bars = 10 mm.
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DISCUSSION

In the present study, we have investigated how CAFs from lung
tumors influence monocyte-derived DC differentiation, maturation,
and functions in vitro; and whether ionizing radiation is able to
modify the CAF-mediated immunoregulatory features on DCs. We
have observed that: (i) CAFs hamper monocytes differentiation into
DCs; (ii) CAFs induce a tolerogenic phenotype on mature DCs, as
evidenced by decreased expression of activation markers (CD80,
CD86, CD40, and HLA-DR) and reduced functional properties
(migration, antigen uptake, and CD4+ T cell priming); (iii) IR
applied in fractionated medium-doses (3x6 Gy) reverts some of the
CAF-mediated effects on DCs; (iv) IR induces changes in CAF
Frontiers in Immunology | www.frontiersin.org 851
paracrine factors that modulate the activation of NF-kB/p65 and
STAT3 signaling pathways on DCs; (v) neither TSLP nor TDO2
expression in CAFs is altered by radiation exposure.

Early on, we showed that cytokine-induced monocyte
differentiation into DCs is hampered in the presence of CAFs.
DCs exposed to both irradiated and non-irradiated CAFs showed
increased levels of the monocyte marker CD14 and decreased
expression of DC signature molecules CD1a and CD209 (DC-
SIGN). Some authors consider residual CD209+ cells as
macrophages based on their morphology and co-expression of
CD14 (38). However, we did not confirm whether CAF-educated
monocytes were macrophages or not. The failure of those cells to
downregulate CD14 could be attributed, in part, to the secretion
A

B

C

FIGURE 3 | Effects of CAFs on DC activation markers. Immature DC (iDCs) stimulated with a maturation cytokine cocktail were incubated for 48h with conditioned
medium from irradiated or non-irradiated CAFs (CAF-CM, left panels) or in co-cultures (CAF-CC, right panels). Resulting expression of mDC cell surface markers
CD40, CD80, CD86, and HLA-DR was evaluated by flow cytometry. (A) Gating strategy used to analyze the expression of activation markers in DCs.
(B) Representative histograms of expression by mean fluorescence intensity (MFI) of CD40, CD80, CD86, and HLA-DR in DCs stimulated with maturation cocktail in
culture with conditioned medium from non-irradiated and irradiated CAFs (1 donor). (C) Bar graphs represent mean ( ± SD) values from flow cytometry analysis of
four-4 different CAF donors, measured independently. Pattern columns indicate protein surface levels in control iDC and mDC cultures. Results are expressed as
percentage of total cells. Data represent mean ( ± SD) values from 4 different CAF donors measured independently. Brown-Forsythe and Welch ANOVA test and
p-values were determined between control and non-irradiated CAFs, mDCs, and the two irradiated CAF-groups individually. *p ≤ 0.05, **p ≤ 0.01.
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of IL-6 by CAFs. Fibroblast-derived IL-6 has previously been
shown to affect differentiation of monocytes into macrophages
rather than DCs, by inducing expression of functional M-CSF on
monocytes (39). In a different study, Spary et al. (40)
demonstrated that the high expression of IL-6 produced by
stromal cells (a-SMA+ cells), in prostate cancer tissue, is
correlated with an induction of tolerogenic DCs phenotype,
characterized by cells expressing high surface levels of CD14
and PD-L1. We have previously shown that lung CAFs represent
an important source of IL-6 into the TME, however, exposure to
IR does not seem to modify substantially IL-6 release from CAFs
in cultures (31, 32). Likewise, Kalinski et al. (41) suggested that
monocyte differentiation into DCs could be regulated by PGE2,
with subsequent activation of cyclic nucleotide signaling
pathways on DCs, blocking both down-regulation of CD14
and up-regulation of immature DC marker CD1a. In
agreement with our observations, CAFs in cultures have been
shown to produce PGE2, but its expression remains stable upon
irradiation (30). Additionally, TGF-b and IFNs have been
identified as negative regulators of CD209 expression and,
consequently, inhibit CD209-dependent binding of HIV-1 to
differentiated DCs (42). In the radiation context, we have
previously shown that CAF-secreted TGF-b is not changed
after exposure to single high-dose or fractionated medium-
dose IR (30, 32) and in this study, we show that IFN-type I is
undetectable in supernatants from irradiated or control CAFs
(Figure 7). Collectively, knowledge generated on the irradiated
CAF secretory profile, showing unchanged levels of relevant
Frontiers in Immunology | www.frontiersin.org 952
immunosuppressive signals, may explain to some extent the
observation that CAF-induced effects on monocyte-to-DC
differentiation is not changed after IR.

Moreover, we show that iDCs in the presence of CAF-CM
display reduced antigen uptake capacity, which can be
correlated with the down-regulation of CD209 expression in
the target cells (43). Importantly, we showed that fractionated
medium-dose radiation abrogates the CAF-mediated paracrine
effect on DCs antigen uptake. However, we see no differences in
the expression of CD209 in DCs exposed to irradiated or non-
irradiated CAF-CM, suggesting that CAFs could regulate
expression of different receptors involved in the uptake of
dextran, e.g. mannose receptor (CD206), langerin receptor
(CD207) or scavenger receptors (44, 45). Furthermore, iDCs
were maturated with a cocktail of cytokines, including TNF-a,
IL-1b, IL-6, and PGE2. The rationale for the use of this cocktail
is to enhance the pro-inflammatory effects and to attempt
mimic ry o f the RT- induced inflammatory tumor
microenvironment. We found that both CAF paracrine
factors and cell-contact mediated mechanisms were involved
in the induction of a tolerogenic phenotype in DCs,
characterized by lower expression of co-stimulatory markers,
enhanced IL-10 release, along with reduced antigen capture,
lower migratory capacity, and T cell priming capacity.
Differences in DCs phenotype and function were observed
between experiments conducted with CAF conditioned
medium and in co-culture conditions. We hypothesize that
the presence of concentrated soluble factors on CAF
conditioned medium can significantly modulate the functions
of DCs compared to those in DCs co-cultured with CAFs. On
the other side, in co-culture conditions, we must consider
effects coming from both soluble signals and cell-cell
contacts, and effects exerted in two directions, whereas in CM
conditions we only observe effects exerted by CAFs on DCs
mediated by soluble factors. Previous studies demonstrated that
both cell-cell interaction (fibroblasts/DCs) and soluble factors
secreted from fibroblasts could act as potent regulators of DC
differentiation and function (46–48). Collectively, our data are
in line with previous studies that have demonstrated a direct
connection between tumor-associated fibroblasts and induction
of tolerogenic DCs in hepatocellular carcinoma (27), lung (26),
and pancreatic (28) cancers. Some CAF-released suppressive
soluble mediators, like TGF-b, IL-6, or PGE2, as well as VEGF,
TDO, and TSLP, have been shown to impair DC maturation,
co-stimulatory molecule expression, and antigen-presenting
function (17, 26, 28, 42). We have shown in previous in vitro
studies that protein levels of IL-6, TGF-b, VEGF, or PGE2,
secreted by CAFs, are not significantly modified after direct
radiation exposure (31, 32). In this study, we additionally show
that CAF-derived TSLP and TDO2 levels are unchanged after
exposing CAFs to fractionated medium-dose IR. The results
suggest that the loss of CAF-mediated effects over DC following
IR is not dependent on the modulation of previously
highlighted soluble mediators.

Furthermore, we observed that IR applied as fractionated
medium-doses, but not as single high-doses, promotes the loss of
FIGURE 4 | CAF-induced cytokine secretion by DCs. Monocyte-derived
dendritic cells in non-stimulated or stimulated conditions were incubated for
48h with irradiated or non-irradiated CAF conditioned medium (CAF-CM, left
panels) or in co-cultures (CAF-CC, right panels). Resulting levels of IL-10 (top
panels) and IL-12 (lower panels) found in supernatants were quantified by
ELISA assays. Data represent the mean ( ± SD) values from 4 different CAF
donors measured in duplicates. Brown-Forsythe and Welch ANOVA test and-
values were determined between mDCs and non-irradiated CAF-CM, mDCs
vs irradiated CAFs. *p ≤ 0.05, ****p ≤ 0.0001.
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CAF-mediated immunosuppressive effects on DCs via paracrine
signaling. In an earlier preclinical study by Dewan et al., it was
demonstrated that interferon type-I responses and abscopal
effects in combination with immune checkpoint inhibitors are
only accomplished when radiation is given in fractionated
medium-high doses (3x8Gy) (49). Later on, the same group
Frontiers in Immunology | www.frontiersin.org 1053
has shown that repeated medium-high doses, below a threshold
of 10-12 Gy, do not induce DNA exonuclease Trex1, and thus
elevates interferon-b production in tumor cells, which promotes
recruitment and activation of Batf3-dependent DCs (50).
Importantly, on the opposite of what it is normally observed
with tumor cells, we do not see type-I IFN responses induced by
A
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FIGURE 5 | CAF-mediated effects on DC functions. Antigen uptake capacity by DCs was analyzed by flow cytometry. After initial treatments, DCs were cultured for
60 min in the presence of FITC-dextran. Relative FITC-dextran uptake was calculated by subtracting MFI of cells incubated for 60 min on ice from MFI of cells
allowed to internalize antigen during 60 min at 37°C. (A) Representative histograms indicating MFI of FITC-dextran uptake by mDCs. (B) Bar graphs represent mean
( ± SD) values from flow cytometry analysis of four-4 different CAF donors measured independently. (C) DC migration rates were measured by the Boyden chamber
assay. The total number of cells that migrated towards a CCL19 gradient during 3h was determined for each experimental group. (D, E) DCs T cell priming capacity
was analyzed by CFSE-dilution assay. Naive CD4+ T cells were co-cultured with mDCs (ratio 2:1) in the presence of CAFs or CAF-CM for 7 days and the percentage
of proliferating T cells was determined by flow cytometry. (D) Representative dot plots indicating the percentage of purity of CD4RA naive T cells and the percentage
of the proliferation of CD4 cells co-cultured with mDCs. (E) The bar graphs represent mean ( ± SD) values from flow cytometry analysis of 4 different CAF donors
measured independently. Dead cells were excluded from the analysis by PI fluorescence. Brown-Forsythe and Welch ANOVA test and p-values were determined
between controls and non-irradiated CAFs, mDCs, and the two irradiated CAF-groups individually. *p ≤ 0.05, **p ≤ 0.01.
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radiation in CAFs (Figure 7D). Accordingly, we do not observe
activation of iDC by irradiated CAF supernatants. These
outcomes are consistent with the highly radioresistant nature
and the remarkable cytoprotective responses displayed by CAFs
in stressful scenarios and suggest that CAFs do not contribute to
the release of ICD signals and immune adjuvants following
radiotherapy. Altogether, these observations indicate that
radiotherapy, applied in hypofractionated medium-dose
schemes to tumors, has the potential to achieve both induction
Frontiers in Immunology | www.frontiersin.org 1154
of immune activation (from tumor cells) and reduction of
immunosuppression (from CAFs) concomitantly.

To explore possible mechanisms behind the effects of
irradiated CAF-CM on DCs, we investigated the activation of
NF-kB and STAT3 signaling pathways on DCs. Activation of the
NF-kB pathway is a central component of DC activation (51–53)
and has also been implicated in the cellular response to radiation
(54). During DC maturation, through pro-inflammatory
stimulus (e.g., TNF-a, IL-1, IL-6, PGE2, between others), the
A

B

FIGURE 6 | Alterations on STAT3 signaling and NF-kB activation in DCs exposed to CAF-CM. (A) Western blot analysis, using anti-STAT3, p-STAT3 (S727),
p-STAT3 (Y705), NF-kB/p65, and p-NF-kB/p65 (S536) on whole DC cell lysates stimulated with irradiated and non-irradiated CAF-CM. Results were normalized
against GAPDH expression and the results of phosphorylated proteins were normalized against the respective total proteins. In (B), the relative intensity of the bands
corresponding to (A), determined by densitometry, is shown as a bar graph. Data represent mean (± SD) values from 3 different CAF donors. Two-way ANOVA test
and p-values were determined between non-irradiated CAFs, mDCs, and the two irradiated CAF-groups individually. *p ≤ 0.05, **p ≤ 0.01.
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canonical NF-kB signaling is activated (55). This signaling
cascade involves phosphorylation and degradation of the
inhibitory complex IkB, with release of NF-kB heterodimer
p65/p50, followed by nuclear translocation and upregulated
transcription of NF-kB (51, 52). On the other hand, induction
of STAT3 signaling in immature myeloid cells may prevent DCs
from differentiating into mature DCs (56). Several tumor-
associated factors that are known to suppress DC maturation,
including IL-6, IL-10, and VEGF, are activators of STAT3 (57).
In this study, we observed that CM from irradiated and non-
Frontiers in Immunology | www.frontiersin.org 1255
irradiated CAFs keeps NF-kB activation at lower levels during
DC differentiation. However, CM from single high-dose
irradiated CAFs (1x18 Gy) promoted a decreased activation of
the canonical NF-kB signaling pathway. Li et al. (58)
demonstrated that DCs stimulated with sera from patients with
NSCLC had systematic functional deficiencies correlated with
simultaneous repression of NF-kB and STAT3 signaling
pathways. In our study, a slight decrease of phosphorylated p-
STAT3 (S727) was observed in cells stimulated with CAF-CM.
However, CM from both irradiated CAF-groups increased
A

B
D

E F G

C

FIGURE 7 | Effect of radiation on expression of CAF immunomodulators and DC immunoregulation by irradiated CAFs supernatants. Cultures were irradiated with
fractionated doses of 6 Gy (CAFs) and 8 Gy (A549) during three consecutive days. (A) Protein expression of TDO2 was determined by Western blotting and results
were normalized against GAPDH expression. For positive controls, A549 cells were stimulated with 0.1 µg/mL of poly (I:C) and CAFs were stimulated with 10 ng/mL
of IFN-g. In (B), relative intensity of the bands corresponding to panel A, determined by densitometry, is shown as a bar graph. Data represent mean (± SD) values
from two different CAF donors. In (C), the resulting levels of TSLP were quantified by ELISA. For positive controls, CAFs were stimulated with 10 ng/mL of TNF-a.
Data represent mean ( ± SD) values from two different CAF donors measured in duplicates. The effect of radiation on the secretion of IFN-b by CAFs (D) and by
A549 cells (E) was analyzed by ELISA assay. IFN-g secretion in supernatants was determined 48, 96, and 144h post-irradiation. In (F), the resulting expression of
co-stimulatory markers CD40 and CD86 on DCs treated with CM from non-irradiated and irradiated CAFs (3x6 Gy) and A549 tumor cells (3x8 Gy) were evaluated by
flow cytometry. In (G), naive CD4+ T cells were co-cultured for 7 days with DCs (ratio 2:1) stimulated with CM from non-irradiated and irradiated CAFs (3x6 Gy) and
A549 tumor cells (3x8 Gy), and percentage of proliferating T cells was determined by flow cytometry. Dead cells were excluded from the analysis by based on PI
fluorescence. Data represent the mean ( ± SD) values from triplicates. Two-way ANOVA test and p-values were determined between non-irradiated vs irradiated
cells. Brown-Forsythe and Welch ANOVA test and p-values were determined between control and TNF-a stimulated CAF-CM and control vs irradiated CAFs.
***p ≤ 0.001, ***p ≤ 0.001. ND, not detected.
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expression levels of p-STAT3 (Y705) on DCs. Based on those
shreds of evidence, we hypothesize that IR could modulate a pro-
inflammatory CAF-secretome that regulates various downstream
target genes, including cytokines, chemokines, receptors, and
transcription factors that are relevant for DC functions.

Our study adds new knowledge to the important crosstalk
between CAFs and dendritic cells in the irradiated tumor
microenvironment. The results show that lung CAFs lower the
expression of antigen-presenting molecules and co-stimulatory
receptors in monocyte-derived DCs, thus inhibiting to some
extent their antigen presentation capacity and their capability to
activate cytotoxic T cell responses. Importantly, we have
demonstrated that radiation, given as fractionated medium-
dose regimens, can curtail some of the CAF-mediated
inhibiting effects on DC functions. However, the radiation-
induced effects were not observed when CAFs were irradiated
with a single high-dose. These outcomes suggest that only certain
radiation regimens may be able to modify favorably the inherent
immunosuppressive functions of CAFs on DCs. The rationale
behind these observations is still unknown, and the results
presented in this study should also be confirmed in more
complex in vivo models. Understanding the impact of IR on
the multifactorial components in the TME will bring us closer to
the ultimate goal of using radiotherapy effectively as an
immunological adjuvant in the clinics.
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Immune checkpoint inhibitors (ICIs) have made breakthrough progress in the treatment of
various malignant tumors. However, only some patients receiving ICIs obtain long-lasting
clinical effects, and some patients still do not achieve remission. Improving the treatment
benefits of this part of the population has become a concern of clinicians. IL-1 signaling
plays an important role in the tumor microenvironment (TME). However, the relationship
between the IL-1 signaling mutation status and the prognosis of colon adenocarcinoma
(COAD) patients receiving ICIs has not been reported. We downloaded the data of a
COAD cohort receiving ICIs, including prognostic data and mutation data. Additionally, we
downloaded the data of a COAD cohort from The Cancer Genome Atlas (TCGA)
database, including clinical data, expression data and mutation data. Gene set
enrichment analysis (GSEA) was used to assess differences in the activity of some key
physiological pathways between the IL-1 signaling mutated-type (IL-1-MT) and IL-1
signaling wild-type (IL-1-WT) groups. The CIBERSORT algorithm was used to evaluate
the contents of immune cells in the TME of COAD patients. The multivariate Cox
regression model results suggested that IL-1-MT can be used as an independent
predictor of a better prognosis in COAD patients receiving ICIs (P = 0.03, HR = 0.269,
95%CI: 0.082-0.883). Additionally, IL-1-MT COAD patients had significantly longer overall
survival (OS) (log-rank P = 0.015). CIBERSORT analysis showed that the IL-1-MT group
had high infiltration levels of activated dendritic cells (DCs), M1 macrophages, neutrophils,
activated natural killer (NK) cells, activated CD4+ memory T cells and CD8+ T cells.
Similarly, the IL-1-MT group had significantly upregulated immunogenicity, including in
terms of the tumor mutation burden (TMB), neoantigen load (NAL) and number of
mutations in DNA damage repair (DDR) signaling. GSEA showed that the IL-1-MT
group was highly enriched in the immune response and proinflammatory mediators.
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Additionally, the expression levels of immune-related genes, immune checkpoint
molecules and immune-related signatures were significantly higher in the IL-1-MT group
than in the IL-1-WT group. IL-1-MT may be an independent predictor of a good prognosis
in COAD patients receiving ICIs, with significantly longer OS in IL-1-MT COAD patients.
Additionally, IL-1-MT was associated with significantly increased immunogenicity,
activated immune cell and inflammatory mediator levels and immune response-
related scores.
Keywords: immune checkpoint inhibitors, colon adenocarcinoma, tumor microenvironment, IL-1, prognosis
INTRODUCTION

Immune checkpoint inhibitors (ICIs) have made breakthrough
progress in the treatment of various malignant tumors (1–3).
Recent studies have shown that colorectal cancer (CRC) patients
who benefit from ICIs are mainly those with high mutation
burden and mismatch repair deficiency (dMMR), and this
population accounts for only approximately 5% of metastatic
CRC (4). Therefore, only some patients receiving ICIs obtain
long-lasting clinical effects (5, 6), and some patients still do not
achieve remission. Improving the treatment benefits of this part
of the population has become a concern of clinicians.

Various potential biomarkers have been found in colon
adenocarcinoma (COAD) patients receiving immunotherapy,
such as microsatellite instability (MSI), programmed cell
death-ligand 1 (PD-L1) expression, tumor mutation burden
(TMB) and BRAF and KRAS gene mutation status (6).
However, the effects of the above biomarkers are still limited.
For example, the dMMR/microsatellite instability high (MSI-H)
COAD population is considered to derive the most benefits from
ICI treatment, but the effective rate is only 30%-40% (7), and this
subset only accounts for a small part of the COAD population.
The heterogeneity of PD-L1 expression in time and space is
related to differences in detection methods. Additionally, some
patients with a low TMB can also respond to immunotherapy,
and patients with a high TMB may not show good
immunotherapy efficacy (8). Therefore, finding new markers to
predict the efficacy of ICIs in COAD patients has become an
important challenge.

There are certain correlations and influences between specific
mutations or pathway mutations and ICI efficacy markers (9, 10).
Mutations in DNA repair pathways are associated with better
clinical benefits for patients with multiple tumors after receiving
immunotherapy (10). Additionally, SERPINB3 or SERPINB4
mutations are associated with good prognosis in melanoma
patients treated with cytotoxic T lymphocyte-associated
protein-4 (CTLA-4) blockade (11). TET mutations are
associated with higher objective response rates (ORRs),
favorable clinical benefits and prolonged progression-free
survival (PFS) and overall survival (OS) in pan-cancer cohorts
treated with ICIs (PD-(L)1 and/or CTLA-4) (12). The role of
interleukins in the antitumor immune response has received
increasing attention (13, 14). Previous evidence has confirmed
that interleukin-1 (IL-1) promotes the expression of
org 260
cyclooxygenase-2 in COAD and can also increase the level of
cyclooxygenase-2 in COAD cells (15, 16). Cyclooxygenase-2 is
involved in the occurrence, development, tumor angiogenesis
and metastasis of COAD. Moreover, IL-1 can increase the
secretion of matrix metalloproteinases and vascular endothelial
growth factor (VEGF) and promote the adhesion of endothelial
cells, thus promoting the occurrence and progression of COAD
(17). It has been reported that IL-1 family proteins, such as
IL-1a, IL-1b and IL-18, may play distinct roles in immune
responses during infections and inflammatory diseases (18).
IL-1R transduces signals through myeloid differentiation factor
88 (MyD88), which triggers a series of events, leading to the
expression of inflammatory genes and the recruitment of
immune cells (19, 20). Additionally, studies have indicated that
the secretion of IL-1 and other cytokines by monocytes,
macrophages, cancer cells and fibroblasts contributes to the
formation of tumor-related immunosuppression, which may
also explain why IL-1 leads to the development of COAD (21).

However, in COAD, the impact of IL-1 pathway mutations on
the clinical prognosis of immunotherapy remains unclear.
Hence, in this study, we explored the association between the
mutated IL-1 signaling status and the prognosis of COAD
patients receiving ICIs and sought to illustrate the potential
mechanism between the mutated IL-1 signaling status and the
prognosis of patients treated with immunotherapy from the
perspective of the immune microenvironment.
METHODS

Clinical Sample and Group Definition
To explore the impact of IL-1 signaling mutated-type (IL-1-
MT) on the prognosis of COAD patients treated with
immunotherapy, we downloaded the mutation and clinical
data of an ICI-treated COAD cohort (22). The immunotherapy
regimen for this cohort was PD-(L)1 or combination with
CTLA-4 inhibitors. Additionally, we used the “TCGAbiolinks”
R package (23) and downloaded the COAD expression data,
mutation data and clinical data from TCGA (https://portal.gdc.
cancer.gov/). Nonsynonymous mutation data were used to
quantify the status of each patient’s mutations in IL-1
signaling. If a patient had no mutations in IL-1 signaling, their
status was defined as IL-1 signaling wild-type (IL-1-WT);
otherwise, their status was defined as IL-1-MT.
July 2021 | Volume 12 | Article 665002
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Data Preprocessing
According to the definition of the TMB in published literature
(24), we evaluated the TMB in the TCGA-COAD cohort.
Additionally, the neoantigen load (NAL), immune-related
genes and immune-related signatures/scores were collected
from published studies (25, 26). We downloaded eight gene
sets of DNA damage repair (DDR) signaling from the Molecular
Signatures Database (MSigDB) and merged them into one DDR
gene set (27). Next, we used these nine gene sets to analyze the
number of mutations in each patient’s DDR-related pathways.
The CIBERSORT algorithm (28) was used to evaluate the
proportions of 22 immune cells (https://cibersort.stanford.edu/
index.php). Additionally, the ClusterProfiler R package (29) and
pathways from the Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) and REACTOME databases were
used in gene set enrichment analysis (GSEA).

Statistical Analysis
In the ICI-treated COAD cohort, univariate and multivariate
Cox regression models and Kaplan-Meier (KM) curves were
used to analyze the influence of the IL-1 pathway mutation status
and clinical characteristics on the survival of COAD patients.
The Mann-Whitney U test was used to compare differences in
continuous variables between the two groups (IL-1-MT and IL-
1-WT). Fisher’s exact test was used to compare differences in the
categorical variables between the two groups (IL-1-MT and IL-1-
WT). Log-rank P was used to reflect significant differences. P <
0.05 was considered significantly different, and all analyses in this
study were completed using R software (version 3.6.3).
RESULTS

IL-1-MT Can Be Used as an Independent
Predictor of Better Prognosis in COAD
Patients Receiving ICIs
To explore the effect of the mutated IL-1 signaling status on the
prognosis of COAD patients receiving ICIs, we downloaded the
data of a cohort of COAD patients treated with ICIs from
the CBioPortal webpage (https://www.cbioportal.org/). The IL-
1 signaling gene set from MSigDB was collected, and the number
of gene mutations in the IL-1 signaling pathway in each patient
was calculated. Then, the univariate Cox regression model was
used for subsequent analysis. We found that age and sample type
were not significantly associated with the immunotherapy
prognosis (P > 0.05), while IL-1-MT COAD patients treated
with immunotherapy were associated with better prognosis (P =
0.024, hazard ratio (HR) = 0.255, 95% confidence interval (CI):
0.078-0.834; Figure 1A). The multivariate Cox regression model
was used to analyze whether IL-1-MT could be used as an
independent predictor of the prognosis of COAD patients. The
results showed that only IL-1-MT could be used as an
independent predictor of good prognosis in COAD patients
receiving ICIs (P = 0.03, HR = 0.269, 95% CI: 0.082-0.883;
Figure 1A). Next, the KM curve also showed that COAD
Frontiers in Immunology | www.frontiersin.org 361
patients who had mutations in IL-1 signaling had significantly
prolonged OS compared to COAD patients who did not have
mutations in IL-1 signaling (Figure 1B, log-rank P = 0.015).
Moreover, we compared the differential expression of genes
related IL-1 signaling pathway between IL1-MT and IL1-WT
groups. We found that IL1-MT COAD patients had significantly
higher expression levels of markers related to the IL-1 signaling
pathway compared with IL1-WT COAD patients (Figure 1C).

The Relationships Between IL-1-MT
and Mutation Characteristics and
Clinical Characteristics
To analyze the relationship between IL-1-MT and the mutation
characteristics of COAD patients, we analyzed nonsynonymous
mutations in the ICI-treated COAD cohort and TCGA-COAD
cohort. In the ICI-treated COAD cohort (Figure 2A), the genes
with the top 20 mutation frequencies were APC, KRAS, TP53,
PIK3CA, KMT2D, ARID1A, PTPRS, RNF43, KMT2C, TCF7L2,
ZFHX3, FAT1, NCOR1, SMARCA4, NF1, PTCH1, SMAD4,
ARID1B, BRCA2 and CREBBP. Most of these genes are tumor
suppressor genes (TSGs), followed by oncogenes and unknown
genes. Except for APC, KMT2D, ARID1A and RNF43, most of
the mutation types were nonsense and frameshift mutations, and
most of the remaining gene mutation types were missense
mutations. Additionally, some genes had significantly increased
mutation frequencies in the IL-1-MT group compared with the
IL-1-WT group, such as KMT2D (60% vs. 25%), RNF43 (47% vs.
16%), KMT2D (47% vs. 15%), ZFHX3 (40% vs. 15%) and FAT1
(40% vs. 14%) (Figure 2A). In the TCGA-COAD cohort, the
genes with the top 20 nonsynonymous somatic mutations were
APC, TP53, TTN, KRAS, MUC16, SYNE1, PIK3CA, FAT4,
RYR2, OBSCN, ZFHX4, DNAH5, PCLO, CSMD3, LRP1B,
ABCA13, DNAH11, FAT3, USH2A and CSMD1. Because the
detection method used for the TCGA-COAD cohort was whole-
exome sequencing (WES), more somatic mutation data were
available for this cohort. We found that the mutation frequencies
of the top 20 genes in the IL-1-MT group were significantly
higher than those in the IL-1-WT group (all P < 0.05; Figure 2B).
Among these genes, only KRAS and PIK3CA are oncogenes. The
mutation sites of IL-1 family genes that recruit MyD88, IRAK4
and TRAF6 were visualized in Figure S1. Next, we compared the
differences in clinical characteristics between the IL-1-MT and
IL-1-WT groups. In the ICI-treated COAD cohort, the IL-1-MT
group contained older patients (Figure 3A; P < 0.05). However,
in terms of theMSI score, sex ratio and origin of samples, we did not
find significant differences between the two groups (Figures 3B–D;
all P > 0.05). In the TCGA-COAD cohort, there were no significant
differences between the IL-1-MT group and the IL-1-WT group in
age or sex ratio (Figures 3E, F). Additionally, the IL-MT group had
a higher proportion of early clinical patients (Figure 3G).

Immune Microenvironment Under Different
IL-1 Signaling Mutation Statuses
The immune microenvironment is one of the key factors that
affects whether patients receive ICIs, and it is based on the
perspectives of tumor-infiltrating lymphocytes (TILs), immune-
July 2021 | Volume 12 | Article 665002
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related signatures, immune checkpoint molecules and immune-
related genes. First, the CIBERSORT algorithm evaluated the
proportions of 22 immune cells based on the expression data of
COAD patients. Figure 4A shows the differences in the ratios of
22 immune cells between the IL-1-WT group and IL-1-MT group.
We found that functionally active TILs were significantly enriched
in the tumor microenvironment (TME) in patients with IL-1-MT
COAD, such as activated dendritic cells (DCs), M1 macrophages,
neutrophils, activated natural killer (NK) cells, activated CD4+
memory T cells and CD8+ T cells. In addition to the proportion of
immune cell infiltration, immune-related signature analysis
showed that IL-1-MT COAD patients had a higher score/
Frontiers in Immunology | www.frontiersin.org 462
activity related to the immune response (Figures 4B), such as
BCR Shannon, homologous recombination defects, IFN-gamma
response, immune score, leukocyte fraction, lymphocyte
infiltration signature score, macrophage regulation, Th1 cells
and Th2 cells. Similarly, the expression of immune checkpoint
molecules, such as CD274 (PD-L1), HAVCR2, LAG3, IDO1,
CTLA4, TIGIT, PDCD1 and PDCD1LG2, in the IL-1-MT
group was significantly higher than that in the IL-1-WT group
(Figure 4C). Immune-related genes, such as proinflammatory
factors (IFNG, TNFSF10, TNFSF9, TNFSF4, TNFSF14,
TNFRSF9, TNFRSF8, TNFRSF4, TNFRSF18 and TNFRSF14),
chemokines (CXCL9, CXCL10 and CX3CL1), cytotoxic function
A

B

C

FIGURE 1 | Predictive values of clinical characteristics and the IL-1 signaling mutation status on ICI outcomes. (A) Forest plot of the results of the univariate Cox
and multivariable Cox regression models. In the univariate Cox regression analysis, the factors with a p value below 0.05 were IL-1 signaling MT. Multivariate Cox
regression analysis showed that the IL-1 signaling mutation status was an independent predictor of ICI therapy in COAD patients. The main part of the forest plot
presents the risk ratio (HR) and 95% confidence interval (95% CI), where red dots indicate P < 0.05. The HR indicates predictors of favorable (HR < 1) or poor (HR >
1) OS. (B) Kaplan-Meier survival curves for the OS of 84 COAD patients in the ICI-treated cohort. We performed KM survival analysis on different subgroups of
patients (IL-1 signaling mutation status). (C) Heatmap for the expression of markers related to IL1 signaling. (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
Mann-Whitney U test).
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markers (PRF1, GZ and CD8A) and antigen processing and
presentation markers (TAP1, MICB, MICA, HLA-DRB5, HLA-
DRB1, HLA-DRA, HLA-DQB2, HLA-DQB1, HLA-DQA1, HLA-
DQA2, HLA-DPB1, HLA- DPA1, HLA-C, HLA-B and B2M),
were also enriched in the IL-1-MT group (Figure 4D).
Additionally, we found that the expression of IL-1 family genes
with proinflammatory activity was significantly higher in the IL-1-
Frontiers in Immunology | www.frontiersin.org 563
MT group than the IL-1-WT group (Figure S2, 3). The GSEA
results showed the activity of IL1 related pathways significantly
higher in the IL1-MT group compared to the IL1-WT group
(Figure 5). Also, the activities of chemokines and other signaling
pathways, such as CXCR chemokine receptor binding, positive
regulation of interleukin-2 biosynthetic process, interferon-
gamma biosynthetic process, cellular response to interferon-
A

B

FIGURE 2 | Genomic profiles of COAD patients in the ICI-treated (A) and TCGA-COAD (B) cohorts. The top 20 genes with the highest mutation frequencies and
the corresponding clinical information are shown in the figure. The top five genes with the highest mutation frequencies in the ICI-treated cohort were APC (72%),
KRAS (55%), TP53 (55%), PIK3CA (34%) and KMT2D (31%). The top five genes with the highest mutation frequencies in the TCGA-COAD cohort were APC (74%),
TP53 (54%), TTN (53%), KRAS (41%) and MUC16 (30%). For the mutation type, yellow indicates splice site mutations, blue indicates missense mutations, orange
indicates frameshift mutations, green indicates inframe indel mutations and brown indicates nonsense mutations. The IL-1 signaling mutation status, sex, age,
sample type and MSI score are shown as patient annotations (the upper/lower bar plot). The left bar plot marks the mutation rate of each gene. (*P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001; Fisher’s exact test).
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beta, negative regulation of interleukin-10 production and
interleukin-8 biosynthetic process, were significantly activated in
the IL-1-MT group (Figure 5). Additionally, the enrichment
scores of some signaling pathways involved in the immune
response were significantly higher in the IL-1-MT group than in
the IL-1-WT group, such as MHC class II protein complex, IgG
Frontiers in Immunology | www.frontiersin.org 664
binding, positive regulation of T-helper 1 type immune response,
CD4-positive, alpha-beta T cell lineage commitment, regulation of
T cell chemotaxis, positive regulation of natural killer cell-
mediated cytotoxicity, T-helper 2 cell differentiation, leukocyte
activation involved in inflammatory response and MHC protein
complex. In contrast, some signaling pathway activities related to
A B

D

E F

G

C

FIGURE 3 | Comparison of clinical characteristics between IL-1-MT and IL-1-WT tumors. (A) Comparison of age between IL-1-MT and IL-1-WT tumors in the
ICI-treated COAD cohort. (B) Comparison of the MSI score between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD cohort. (C) Comparison of the sex
proportions between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD cohort. (D) Comparison of the sample type proportions between IL-1-MT and IL-1-WT
tumors in the ICI-treated COAD cohort. (E) Comparison of age between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (F) Comparison of the sex
proportions between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (G) Correlation analysis of the clinical stage proportions between IL-1-MT and IL-1-
WT tumors in the TCGA-COAD cohort. (*P < 0.05; **P < 0.01; ns, not significant).
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immune depletion, such as PD-L1 expression and the PD-1
checkpoint pathway in cancer, Wnt signaling pathway, bile acid
metabolic process and bile acid biosynthetic process, were
significantly activated in the IL-1-WT group (Figure 5).
Frontiers in Immunology | www.frontiersin.org 765
Differences in Immunogenicity Under
Different IL-1 Signaling Mutation Status
The level of immunogenicity is one of the important factors that
affects patients’ acceptance of ICIs. Therefore, we started from
A

B

DC

FIGURE 4 | IL-1-MT COAD is associated with an inflammatory TME. (A) Comparison of the fractions of 22 immune cells between IL-1-MT and IL-1-WT tumors
in the TCGA-COAD cohort. (B) Comparison of the immune-related signatures between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (C) Comparison
of the expression levels of immune checkpoint molecules between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort. (D) Heatmap depicting the mean
differences in immune-related gene mRNA expression between IL-1-MT and IL-1-WT tumors across different cancer types. The x-axis of the heatmap indicates
different cancer types, and the y-axis indicates gene names. Each square represents the fold change or difference of each indicated immune-related gene
between IL-1-MT and IL-1-WT tumors in each cancer type. Red indicates upregulation, while blue indicates downregulation (*P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; ns, not significant; Mann-Whitney U test).
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FIGURE 5 | The results of gene set enrichment analysis. The color of the curve corresponds to the font color of the pathway. GSEA of hallmark gene sets
downloaded from the Molecular Signatures Database (MSigDB). Each run was performed with 1000 permutations. Enrichment results with significant differences
(P < 0.05) between IL-1-MT and IL-1-WT tumors are shown.
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the perspectives of the TMB, NAL, the MANTIS score and DDR
pathway mutations. The DDR pathway gene set from MSigDB
was used to count the DDR pathway mutations of each patient.
In the ICI-treated COAD cohort, IL-1-MT COAD patients had a
significantly increased number of DDR pathway mutations.
Additionally, patients with IL-1-MT COAD had more mutations
in the homologous recombination (HR), double-strand break (DSB)
and Fanconi anemia (FA) pathways (Figure 6A). Similarly, in the
TCGA-COAD cohort, IL-1-MT COAD patients had significantly
increased gene mutations in all DDR-related pathways (Figure 6B;
all P < 0.05). Additionally, in both the ICI-treated COAD cohort
and TCGA-COAD cohort, the IL-1-MT group had a higher TMB
than the IL-1-WT group (Figures 6C, D; all P < 0.05). In the
TCGA-COAD cohort, the IL-1-MT group had a significantly
increased NAL compared with the IL-1-WT group (Figure 6E,
P < 0.05). The MANTIS score is used as a marker to measure the
MSI status. The MSI phenotypes of samples with higher MANTIS
scores are closer to MSI-H. Figure 6F shows that the MANTIS
score in the IL-1-MT group was significantly higher than that in the
IL-1-WT group (P < 0.05).
DISCUSSION

In this study, we used the prognostic and mutation data of
COAD patients treated with ICIs and explored the influence of
the IL-1 signaling mutation status on the prognosis of patients
treated with immunotherapy. The results of univariate and
multivariate Cox regression model analyses showed that IL-1-
MT can be used as an independent predictor of good prognosis
for COAD patients receiving ICIs. Additionally, compared with
IL-1-WT COAD patients, IL-1-MT COAD patients had
significantly improved OS. Two-way regulation can occur
between tumor cells and immune cells in the TME. Tumor
cells recruit and regulate the behavior of immune cells by
secreting growth factors and cytokines, and the interaction
between tumor cells and immune cells can also extend to the
body. The balanced state of the cell mobilizes the resources inside
and outside the cell, creates a TME suitable for its own growth
and affects the response of tumor cells to immunotherapy (6, 30).
We found that the TME of IL-1-MT COAD patients has a high
infiltration level of activated immune cells. Additionally, the IL-
1-MT group had significantly increased expression levels of
immune checkpoint molecules, proinflammatory-related genes,
antigen presentation-related genes, chemokine-related genes and
cytotoxicity-related genes. IL-1-MT COAD patients had
enhanced immunogenicity, which mainly manifested as an
increased TMB and NAL and an increased number of DDR
pathway mutations.

The activated immune cells enriched in the immune
microenvironment in the IL-1-MT group may be a potential
mechanism for improved prognosis after ICI treatment. Studies
have shown that the presence of highly infiltrated TILs in
tumors, especially CD4+ T cells and CD8+ T cells, is related to
the good clinical prognosis of patients, which is manifested by
longer PFS and OS (6, 7, 31, 32). Additionally, M1-type
Frontiers in Immunology | www.frontiersin.org 967
macrophages exert antitumor immunity, which is related to a
better prognosis of immunotherapy (33). The expression of
chemokines, such as CXCL9 and CXCL10, was significantly
increased in the IL-1-MT group. These inflammatory
mediators recruit CD8+ T cells, DCs and NK cells into tumor
tissues to further exert an antitumor immune response (34). For
example, CD8+ T cells can secrete cytotoxic mediators (such as
perforin, granzyme and TNF) (34), CD4+ T cells secrete IL-6 and
IFN-gamma further activates other immune cells (35). Moreover,
we found that the IL-1-MT group had higher BCR Shannon
index values, signature of HR defects, IFN-gamma responses,
immune scores, leukocyte fractions, lymphocyte infiltration,
signature scores, macrophage regulation, Th1 cells and Th2
cells. Studies have shown that IFN-gamma can further regulate
the expression of MHC-I molecules on the surface of tumor cells
by activating STAT1. The GSEA results also suggested that the
chemokine signaling pathway and NK cells mediate cytotoxicity,
and the activity of the MHC signaling pathway in the IL-1-MT
group was significantly higher than that in the IL-WT group.
Additionally, the expression levels of genes related to antigen
processing and presentation and cytotoxicity were significantly
higher in the IL-1-MT group than in the IL-1-WT group. The
above results all suggest that an inflammatory immune
environment forms in the tumors of IL-1-MT COAD patients,
which may be a potential mechanism for these patients to have
favorable clinical benefits after receiving ICIs.

The higher immunogenicity of the immune microenvironment
in the IL-1-MT group may lead to a better prognosis after receiving
ICIs. Studies have shown that higher immunogenicity can promote
TIL levels in the TME (36–38). The TMB is a more reliable
biomarker for predicting the efficacy of ICIs. A higher TMB is
associated with better prognosis of immunotherapy (22, 39), and
studies have shown that the NAL may be more accurate than the
TMB in predicting the efficacy and prognosis of immunotherapy
(11, 40). In addition to the TMB and NAL, the DDR pathway plays
an important role in maintaining the stability of the body’s DNA (9,
10, 41). The increase in genomic instability is the result of mutations
in the DDR pathway and further increases the TMB and NAL,
ultimately leading to an increase in the infiltration of TILs in the
TME (6). Studies have shown that the treatment of advanced
metastatic bladder cancer patients with mutations in the DDR
pathway with ICIs has significantly improved clinical benefits (10).
Additionally, another pan-cancer study showed that patients with
co-mutations in the DDR pathway have significantly longer survival
times than those without co-mutations in the DDR pathway (9).
Our results also suggest that the IL-1-MT group has a significantly
increased number of mutations in the TMB, NAL, and DDR
pathways. This increased immunogenicity may be the biological
basis of why IL-1-MT COAD patients receiving ICIs have a better
clinical prognosis. However, there are still some limitations. First,
targeted sequencing (MSK-IMPACT) was used in the ICI-treated
COAD cohort to detect somatic mutations, and targeted sequencing
provides fewer gene mutations than WES; second, the ICI-treated
cohort lacked transcriptomics, copy number variation (CNV),
proteomics data and data related to the tumor evolution;
therefore, the association between IL1-MT signaling and the
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FIGURE 6 | IL-1-MT COAD is associated with enhanced tumor immunogenicity. Comparison of the mutation counts of nine DNA damage-related signaling
pathways between IL-1-MT and IL-1-WT tumors in the ICI-treated COAD (A) and TCGA-COAD (B) cohorts. Comparison of the TMB between IL-1-MT and IL-1-WT
tumors in the ICI-treated COAD (C) and TCGA-COAD (D) cohorts. Comparison of the NAL between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort (E).
Comparison of the MANTIS score between IL-1-MT and IL-1-WT tumors in the TCGA-COAD cohort (F). (*P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant;
Mann-Whitney U test).
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prognosis of COAD patients treated with ICIs could not be further
explored. Thus, we can only use the TCGA-COAD to explore the
association between the IL1-MT and prognosis of COAD patients
treated with ICIs based on multi-omics analysis; third, in future
research, molecular and animal experiments are needed to further
verify our results. Therefore, more studies involving larger samples
and diverse ethnic groups are still needed for subsequent analysis
and verification.
CONCLUSIONS

In this study, IL-1-MTwas found to be an independent predictor of
good prognosis for COAD patients receiving ICIs. IL-MT COAD
patients had a significantly prolonged OS. Additionally, IL-1-MT
was associated with significantly increased immunogenicity,
numbers of activated immune cells, inflammatory factors and
immune response-related scores.
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Plasmacytoid dendritic cells (pDCs) are a special subtype of dendritic cells with the
morphology of plasma cells. pDCs produce massive amounts of type I interferon (IFN-I),
which was originally found to play an extremely pivotal role in antiviral immunity.
Interestingly, accumulated evidence indicates that pDCs can also play an important role
in tumorigenesis. In the human body, most of the IFN-a is secreted by activated pDCs
mediated by toll-like receptor (TLR) stimulation. In many types of cancer, tumors are
infiltrated by a large number of pDCs, however, these pDCs exhibit no response to TLR
stimulation, and reduced or absent IFN-a production. In addition, tumor-infiltrating pDCs
promote recruitment of regulatory T cells (Tregs) into the tumor microenvironment, leading
to immunosuppression and promoting tumor growth. In this review, we discuss recent
insights into the development of pDCs and their roles in a variety of malignancies, with
special emphasis on the basic mechanisms.

Keywords: plasmacytoid dendritic cells, malignancy, regulatory T cells, type I interferon, immunosuppression
INTRODUCTION

Plasmacytoid dendritic cells (pDCs) are a unique subgroup of dendritic cells (DCs) with plasma cell
morphology and have been extensively studied in recent years. The main function of pDCs is the
production of IFN-I following recognition of viruses or nucleic acids through TLR7 and TLR9 (1, 2).
Therefore, pDCs play a pivotal role in antiviral immunity. Previous studies have shown that DCs are
critical in mounting effective immune responses to cancer (3–6). However, pDCs have received less
attention in tumor immunity than other DC subgroups. In fact, similar to cDCs, pDCs link the
innate and adaptive immune responses by regulating the biological function of lymphocytes,
myeloid DCs and NK cells through producing two kinds of pro-inflammatory cytokines including
tumor necrosis factor (TNF)-a and interleukin (IL)-6 (1, 7), and play an important role in
cancer immunity.

pDCs are continuously produced from hematopoietic stem cells in the bone marrow (BM) and
emerge as mature cells into the periphery (8). Under steady state conditions, the pDC precursor cells
in the bone marrow enters the blood circulation, and then enters the secondary lymphatic tissue
through the lymphatic circulation. In addition, a small amount of pDCs are also observed in the
peripheral tissues such as liver, lung and gut, while they are believed to be absent in the skin (9).
Interestingly, previous publications reported that pDCs infiltrate various types of solid tumors,
org October 2021 | Volume 12 | Article 749190171
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including head and neck, liver, breast, colorectal, ovary, stomach,
lung and skin cancers (10–17). Depending on the
microenvironment and the type of stimulus, pDCs are capable
of exerting either immunogenic or tolerogenic functions (18–20).
In this review, we summarize current knowledge about the role
of pDCs in different malignancies.
PDCS DEVELOPMENT AND
IDENTIFICATION

The development of pDCs depends on multiple factors including
Flt3 ligand (Flt3L) (21), transcription factor Spi-B (22, 23), and
the basic helix-loop-helix protein E2-2 (24, 25). Among them,
Flt3L together with Flt3 activate transcription factor E2-2 in a
STAT3-dependent manner to control the expression level of
transcription factors necessary for the development and function
of pDC (18, 26). Spi-B regulates human plasmacytoid dendritic
cell survival through direct induction of the antiapoptotic gene
BCL2-A1 (27), and plays a key role in pDC differentiation,
whereas BCL11A activation is shown to direct CDP
commitment to pDC lineage and regulate the transcriptional
level of E2-2, Id2, Id3 and Mtg16 through a positive feedback
loop (18, 22, 28). In addition, transcription factor E2-2 also plays
an essential and specific regulator in pDC development (29, 30).
By using single-cell sequencing, Ginhoux’s team showed that
pDCs developed from a Ly6DhighCD2high lymphoid progenitor
cell in the bone marrow and differentiated independently of the
myeloid cDC lineage (31).

Concerning their identification, human pDCs express CD4,
blood-derived dendritic cell antigen 2 (BDCA2, also termed
CD303), CD123 (IL-3R), HLA-DR, ILT3 and ILT7 on the
surface, and Toll-like receptor (TLR)7 and TLR9 within
endosomal compartments (7, 30, 32), but lack most of the
lineage surface markers for T, B, natural killer (NK) cells and
monocytes (33, 34). And in mice, pDCs not only express B220
(CD45R), CD11c and Ly6C (35), but also express a variety of
factors that modulate the function of pDCs, such as Siglec-H,
Bst-2, Pdc-Trem and Ly49Q (1, 36).
ROLE OF PDCS IN CANCERS

PDCS and Melanoma
Functional studies of pDCs in cancer have mostly focused on
mouse models of melanoma. Despite the fact cutaneous
melanoma is a highly immunogenic solid tumor, the
occurrence and development of melanoma is related to its
ability to escape immunosurveillance (7). Previous studies have
shown that circulating pDC levels were decreased in blood of
melanoma patients (37), however, pDCs were increased in
primary tumors and tumor-draining lymph nodes, and pDC
infiltration was associated with poor prognosis and early relapse
(38, 39). In addition, melanoma cells were shown to recruit pDCs
into the tumor microenvironment via stromal-derived factor-1
(SDF-1, also named CXCL12) (40). Moreover, IL-3 up-regulates
Frontiers in Immunology | www.frontiersin.org 272
the expression of chemokine receptor 6 (CCR6) in pDCs, as
another mechanism for pDCs recruitment into the tumor
microenvironment in melanoma, through CCR6/CCL20
(chemokine ligand 20) activation (41) (Figure 1A). Aspord
et al. showed that pDCs in melanoma triggered IL-5-/IL-13-
producing CD4 type 2 T helper (Th2) cells and IL-10-producing
Tregs through the expression of OX40L and ICOSL, the secretion
of Th2 cytokines leading to melanoma progression (39).
Moreover, the expression level of MxA (a IFN-a inducible
protein) in primary cutaneous melanomas was drastically
inhibited in the majority of the cases (42) and the poor IFN-a
production by pDCs has been associated with melanoma growth
(40, 42, 43). Interestingly, Aspord and co-workers additionally
demonstrated that the development of melanoma was strongly
inhibited by imiquimod treatment (a TLR7 agonist) using an
innovative melanoma-bearing humanized mouse model (44).
They found pDCs in tumor site were mobilized and their
cytotoxic functions were increased, in addition, the expression
levels of type I IFN (IFN-a) response genes were up-regulated,
thereby inhibiting melanoma growth (44). Another study
suggested that CpG B-type oligodeoxynucleotide (ODN) PF-
3512676 activates pDCs in the sentinel lymph nodes of
melanoma patients through the TLR pathway, prompting
pDCs to release IFN-a, thereby enhances antitumor immunity
(45). Furthermore, in vitro experiments have shown that the
expression of cytotoxic molecule TRAIL was induced on pDCs
by virus, imiquimod or IFN-a stimulation, and can be used to
effectively lyse melanoma cells (7, 46, 47) (Table 1).

Numerous studies have shown that the infiltration of a large
number of pDCs is related to immunosuppression in the tumor
microenvironment (12, 63–66) (Figure 1B). Evidence suggested
that the interaction between LAG-3 and MHC-II induced
TLR-independent activation of pDCs with enhanced IL-6 and
limited IFN-a secretion, induced the production of CCL2 in
monocytes, and generated Tregs from allogenic CD4+ CD25- T
cells, which ultimately leads to immunosuppression in tumors
(67, 68). On the other hand, ILT7L was reported to down-
regulate the expression level of IFN-a through its interaction
with ILT7 receptors, and IDO (indoleamine 2,3-dioxygenase)
released by pDCs strongly promotes the activation of Tregs,
which leads to anergy, eventually helping tumor cells escape
immune surveillance (69, 70). In addition, in vitro experiments
showed that activated pDCs up-regulate the expression levels of
MHC class I and class II molecules and CD95 on melanoma cells
(71), and researchers speculate that tumor cells are more easily
recognized by CTL in vivo (72). However, even if pDCs were
activated in tumors, only weak and cytoplasmic expression of
CD95 was detected on melanoma cells, suggesting that the
progressive loss of CD95 in tumor cells as a possible
mechanism of tumor escape (71). Melanoma cells have also
acquired mechanisms to subvert the immune-stimulatory
functions of pDCs, such as secrete immunosuppressive
cytokines, including IL-10, TGF-b and PGE2, to suppress the
expression level of TLR7/9 and IRF7, resulting in pDCs
producing only a small amount of I-IFN (43, 73). Moreover,
Wnt5a was strongly expressed in melanoma cells which
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suppressed the activation and IFN-a production of pDCs
stimulated by CpG oligodeoxynucleotide, thus weakening the
anti-tumor effects of CpG (73).

In recent years, different approaches have emerged for the
treatment of melanoma that affect pDC functions. For example,
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ponophosphoryl lipid A (MPLA), a toll-like receptor 4 ligand,
exhibits the capability to enhance anti-PD-L1 antibody-mediated
anti-cancer immunity by activating pDC to produce IFN-a (51).
Furthermore, the ssRNA-Pim-3-shRNA dual-function therapy
established by Liu’s group not only enhanced the activation and
FIGURE 1 | The role of pDCs in tumor progression. (A) pDC recognizes CCL20 secreted by tumor cells through CCR6 on the cell membrane and makes it migrate to
the tumor site. (B) Mechanisms of tumor-infiltrated pDC on immunosuppression include recruitment of immature pDCs lacking the expression of costimulatory
molecules (through CCR6/CCL20 pathway), suppression of type I IFN secretion by pDCs (by ILT7L-ILT7 interaction or immunosuppressive cytokines secreted by
tumor cells, such as IL-10), alternate pDC activation (through the interaction between LAG-3+ pDC and MHC II+ tumor cells), and/or promote pDC tolerance by
activating Tregs (through ICOSL/ICOS interaction and IDO production) and enhancing the expression level of anti-inflammatory cytokine IL-10. In addition, the up-
regulation of CXCR4 on the surface of pDC and the promotion of CXCL12 secretion by tumor cells are positively correlated with lymph node metastasis of tumor cells.
TABLE 1 | Therapeutic approaches for various cancers through pDCs.

Type of cancers Role of pDCs Therapeutic approach References

Melanoma Limit IFN-a secretion, recruit Tregs and enhance immunosuppression. TLR9-agonist (45, 48, 49)
TLR7-agonist (46, 50)
TLR-4 ligand (51)
Pim-3-targeting bifunctional
shRNA

(52)

IFN-a therapy (53)
IFN-a therapy + checkpoint
inhibitor

(54)

pDC-based vaccination (55–57)
Lung cancer Induce immunosuppression and promote the proliferation of lung cancer cells. TLR4-agonist (58)
Gastric cancer Promote the differentiation of naive CD4+ T cells into Tregs and facilitate tumor immune escape. TLR3 agonist (59)
Breast cancer Contribute to the immune escape of breast cancer cells and promote tumor growth. – –

Liver cancer Promote Tregs to produce IL-10, thereby inhibit T cell responses and assist immunosuppression
and tumor progression.

– –

Squamous cell
carcinoma

Limit IFN-a secretion and promote tumor progression. CD317 antibody (60)

Leukemia Recruit Tregs into CMML. CD123-targeted therapy (61)
Ovarian cancer Limit IFN-a secretion recruit Tregs and enhance immunosuppression Prophylactic vaccines (62)
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IFN-a secretion of pDCs, promoted the apoptosis and inhibited
the proliferation of melanoma cells, but also enhanced the
activation of CD8+ T cells and NK cells and simultaneously
reduced the proportion of Tregs and myeloid-derived
suppressor cells (MDSCs), and ultimately reversed the tumor
immunosuppressive microenvironment (52). Targeted delivery
of IFN-a into the tumor site enhance the local immune response
and the benefit of the checkpoint inhibition (53). Interestingly,
the combination of intratumoral injection of IFN-a and anti-
PD-1 immunotherapy (Clinicaltrials.gov research identifier:
NCT02339324) suppressed PD-L1-mediated escape (43, 54). In
addition, subcutaneous injection of TLR9-activating
oligodeoxynucleotide PF-3512676 enhanced activation of pDCs
and cytotoxicity of NK cells (48). Hofmann et al. also injected
PF-3512676 in cutaneous or subcutaneous melanoma metastasis
of 5 patients with melanoma in a phase I study, and observed
local tumor regression (49). Furthermore, the combined topical
use of imiquimod and monobenzone caused local regression of
cutaneous metastases in 52% of 21 melanoma patients (stage III-
IV) in a phase II study (50). On the other hand, by activating
autologous pDCs and simultaneously loading with melanoma-
associated peptides, and then injecting them into the lymph
nodes, induced a systemic IFN-I response and activated NK cells
(55). Other studies support the development of a pDC-based
vaccine (HLA-A*0201+ pDCs) to produce tumor-specific T cells
for adoptive cellular immunotherapy in melanoma patients (56,
57) (Table 1).

PDCS and Lung Cancer
Lung cancer has a very high morbidity and mortality rate in the
smoking population (74). According to the morphology of
cancer cells, lung cancer can be divided into four subtypes,
including small cell carcinoma, adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma (75). Like other types of
cancer, lung cancer is also accompanied by a drastic
accumulation of pDCs (63, 76). Previous research has shown
that pDCs are robustly increased in the peripheral blood of non-
small cell lung carcinoma (NSCLC), and the degree of pDC
accumulation is related to the clinical grade of disease (76).
Another study also observed that tumor-infiltrating pDCs
(TIpDCs) were significantly increased in lung tumor masses
compared to healthy tissues, these pDCs expressed higher levels
of CD33 and PD-L1, associated with reduced cytotoxic activity
towards tumor cells and in fact promoting their proliferation
(63). Moreover, TIpDCs produced higher levels of IL-1a, which
promotes angiogenesis and enhances the invasiveness of cancer
cells, thereby promoting the progression of lung cancer (63). On
the other hand, Perrot et al. reported that the expression levels of
the activation markers CD80, CD83, CD86, or CD208/DC-
LAMP on pDCs infiltrating NSCLC, were completely
suppressed and only partial upregulation of CD86 was detected
after TLR7 activation. In addition, even after TLR9 stimulation,
only very weak T cell proliferation and IFN-a secretion was
induced by TIpDCs. Therefore, the abnormal differentiation of
TIpDCs seems to be an additional factor contributing to tumor
immune escape (77).
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It is worth noting that in previous studies, CpG-
oligodeoxynucleotides can stimulate the activation of pDCs
and induce anti-tumor immunity in a mouse model of melanoma
(73). However, in the lung cancer microenvironment, the
anti-tumor effect of CpG-oligodeoxynucleotides is ineffective, and
the accumulation of pDCs promotes the tumor infiltration of Tregs
and immature myeloid dendritic cells (mDCs), thereby inducing
immunosuppression and promoting the proliferation of lung cancer
cells (16). These studies show that the activity of pDCs is regulated
by the tumor microenvironment, and the role of pDCs is
multifaceted in different types of tumors.

Interestingly, numerous studies have reported the anti-tumor
effects of LPS (78–82). In a mouse model of melanoma-induced
metastatic lung cancer, Rega et al. showed that the
administration of low-dose LPS caused immunosuppression,
which was associated with the infiltration of pDCs, Tregs,
MDSCs and CD8+ Tregs, while the growth inhibition of lung
tumor caused by large dose of LPS was associated with the
massive infiltration of pDCs, as well as Th1 and Th17
polarization (58).

PDCS and Gastric Cancer
Gastric cancer (GC) is one of the five most common cancers
worldwide as well as the third biggest cause of cancer-related
mortality (83). Previous studies have shown that pDCs play a
crucial role in GC (66). Although the population of pDCs in the
peripheral blood of GC patients is significantly elevated, the
plasma concentration of IFN-a was significantly decreased (66,
84). On this basis, circulating pDCs showed a positive correlation
with advanced stages and lymph node metastasis in gastric
cancer (84). In addition, the accumulation of pDCs in
peripheral blood and tumor tissues predicted poor clinical
outcome in GC patients (85).

Previous studies have shown that gastric microbiota dysbiosis
and immune system dysfunction are critical factors for the
occurrence and development of GC (15, 86–88). In different
microhabitats, it was observed that BDCA2+ pDCs and Foxp3+

Tregs were significantly increased in tumoral and peritumoral
tissues, and there was a positive correlation between them (15).
Moreover, pDCs can effectively promote the differentiation of
naive CD4+ T cells into Tregs, thereby facilitating tumor immune
escape (89). Interestingly, TLR agonist stimulation caused
metabolic reprogramming in DCs, which was critical for
immune activation (59). Basit et al. demonstrated that TLR-
stimulation of pDCs significantly increases the expression level
of genes that regulate oxidative phosphorylation and glutamine
metabolism, thereby promoting pDC activation, leading to
higher production of IFN-a and inducing T cell responses (90).

PDCS and Breast Cancer
Breast cancer (BC) is the most frequent malignancy and the
second biggest cause of cancer- associated mortality in women
worldwide (91, 92), and approximately 70-80% of patients with
early stage and non-metastatic disease can be cured (93). The
most aggressive type of breast cancer is triple-negative breast
cancer (TNBC), which does not express of HER2/neu, estrogen
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receptor and progesterone receptor (91). In a large majority of
cases, immunity against breast cancer does not exhibit a
protective effect, which indicates that breast cancer cells escape
immunosurveillance (91). In addition, previous research has
shown that the breast tumor microenvironment makes immune
cells dysfunctional and is conducive to immunosuppression,
thereby preventing the establishment of anti-tumor immunity
(94). Published studies have shown that pDCs infiltrate breast
tumors, but are impaired by TGF-b and TNF-a to produce IFN-a
(95), and associated with poor clinical prognosis (64, 96),
indicating that pDCs might contribute to the immune escape of
breast tumors and ultimately promote their growth (96). Another
study showed that the production of GM-CSF and pDCs
infiltration was significantly increased in breast cancer, and
pDCs activated by GM-CSF promoted the differentiation of
CD4+ T cells into Tregs, leading to immunosuppression (64, 97,
98). In addition, pDCs-derived TNF-a in breast tumors triggered
activation of the NF-kB signaling pathway in cancer cells, which
in turn upregulated the expression level of CXCR4 and led to
increased metastasis to lymph nodes, which ultimately promoted
cancer progression (99, 100).

PDCS and Liver Cancer
Liver cancer is the fifth most common malignancy in men and
the ninth most commonly occurring cancer in women, which
can be divided into primary liver cancer and secondary or
metastatic liver cancer according to its cause, and has a poor
prognosis. The therapeutic effect of chemotherapy in liver cancer
is very limited, and it can only prolong the survival of patients by
2.3 to 2.8 months on average (101). The immune regulation in
the liver tumor microenvironment may contribute to the
immune escape of tumor cells, thereby greatly reducing the
efficacy of immunotherapy (102). Previous studies have shown
that pDCs also heavily infiltrate liver cancer tissues, which
promotes vascular invasion and lymph node metastasis,
resulting in a shorter overall survival and a higher recurrence
rate for patients (103). Like melanoma (39), pDCs exposed to
liver tumor-derived factors increased the expression levels of
ICOSL to promote Tregs to produce increased IL-10, thereby
strongly inhibiting T cell responses and ultimately assisting
immunosuppression and tumor progression (12). Furthermore,
the increase of intratumoral pDCs was associated with increased
infiltration of Tregs, therefore, the evaluation of intratumoral
pDCs represents an excellent predictor of the prognosis of liver
cancer patients (103).

PDCS and Squamous Cell Carcinoma
Squamous cell carcinoma (SSC) is a tumor of the upper
aerodigestive tract with high fatality rate and poor prognosis
(104, 105). In primary oral squamous cell carcinoma (OSCC),
tumor cells produce high levels of CXCL12 (106), which
promotes the infi l t ra t ion of pDCs express ing the
corresponding receptor CXCR4, which has also been observed
in head and neck SSC (107). However, there is evidence that
tumor-induced down-regulation of TLR9 in pDCs was observed
within the tumor environment (108), and simultaneously various
cytokines in the tumor microenvironment such as VEGF, TGF-b
Frontiers in Immunology | www.frontiersin.org 575
and IL-10 inhibit the maturation and activation of TIpDCs (109),
resulting in a significant decrease in the expression of IFN-a,
indicating TIpDCs dysfunction (108, 110). In addition, the
increase in the number of TIpDCs is associated with lymph
node metastasis and overall survival (110). Another study
showed that the use of CD317 antibody to deplete pDCs in the
tumor microenvironment significantly promoted the recovery of
T cell function, and inhibited the tumor infiltration of Tregs and
monocyte-derived suppressor cells, thereby breaking the
immunosuppressive state (60). This further supports that the
high infiltration of pDCs in tumors promotes the progression
of SSC.

The subtyping of pDCs is also of great significance in SSC.
BDCA2 is a specific marker of human pDCs, but high BDCA2 is
expressed by immature pDCs, while pDCs expressing CD123
have higher maturity and ability to secrete cytokines (60, 111). In
head and neck SSC, the Poropatich group identified a subgroup
pDCs expressing high levels of OX40 in the tumor
microenvironment, which is conducive to anti-tumor
immunity by increasing the expression levels of local IL-12 and
IFN-a and enhancing the interaction between cDC and CD8+ T
cell via OX40/OX40L-signaling axis (112). Additionally, CD56+

pDCs express higher levels of perforin and granzyme b, which
confers strong cytotoxic activity, but the proportion of such cells
is significantly decreased in head and neck SSC (113). Similar
studies have shown that pDCs can be divided into two subgroups
through the expression level of CD2, where CD2high pDCs
secrete higher levels of IL12p40 and express higher levels of
costimulatory molecule CD80, and exhibit higher efficiency in
triggering T cell proliferation (114). It can be seen that up-
regulating CD56 or CD2 of pDCs will have a positive effect on
anti-tumor immunity in SSC. Therefore, whether the
combination of chemoradiation and intratumor injection of
activated pDCs could also improve clinical outcome in patients
is worthy of further study.

PDCS and Leukemia
Leukemia is the common name for several malignant disorders,
which are manifested by a robust increase in the number of
leucocytes in the blood and/or the bone marrow (115). Previous
studies have found that infiltrating CD123+ pDCs have been
observed in the hematopoietic tissues of a fraction of chronic
myelomonocytic leukemia (CMML) patients, and the excess of
pDCs is associated with the accumulation of Tregs and the
increased risk of acute leukemia transformation (33). However,
in chronic myeloid leukemia (CML), pDCs are derived from
precursors that express a low level of BCR-ABL, and develop
normally and usually express the co-stimulatory antigen CD86.
In addition, CML-pDCs also retain their ability to mature and
produce IFN-a, thereby regulating anti-leukemic immunity in
CML (116). On the other hand, due to different clinical and
pathological manifestations, pDC neoplasms can be divided into
two types including mature pDC proliferation associated with
myeloid neoplasms and blastic pDC neoplasm (BPDCN) (117),
and BPDCN is an aggressive hematopoietic clonal neoplasm that
prone to leukemia transformation and poor prognosis (118).
And in acute myeloid leukemia (AML), Zalmai et al. identified a
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group of pDC-AML with completely different phenotype from
BPDCN, with high expression of CD34 and CD303, low
expression of CD123 and cTCL1, and no expression of CD56
(119). Molecular analysis indicated that these pDCs were inactive
and neoplastic, and exhibited frequent RUNX1 mutations (119).
Moreover, studies showed that clinical use of tagraxofusp
(SL-401) completely inhibited protein synthesis leading to cell
death of pDCs, which had a positive effect on inhibiting acute
transformation in leukemia (61, 118).

PDCS and Ovarian Cancer
Ovarian cancer (OC) is the most aggressive gynecological cancer
in women (11). High infiltration of pDCs is significantly
associated with early relapse in ovarian cancer (11, 65, 120). At
the same time, TApDCs not only exhibit less production of
IFN-a, mainly mediated through tumor-derived TNF-a and
TGF-b (120), but also induce tumor infiltration of ICOS+

Foxp3+ Tregs and drive immunosuppression via ICOS/ICOSL
stimulation (65). Additionally, both TApDCs and ICOS+ Foxp3+

Tregs predict disease progression in epithelial ovarian cancer
patients (65). On the other hand, published reports indicate that
pDCs control the homeostasis of CD4+ Foxp3+ Tregs and Th17
cells in vivo by expressing sialic acid-binding Ig-like lectin
(Siglec)-H (121). And pDCs in tumor ascites induced IL-10+

CCR7+ CD45RO+ CD8+ Tregs which was independent of CD4+

CD25+ T cells, and inhibit tumor-associated antigen-specific
T cell effector functions through IL-10 (122). Moreover, the
results of Zou et al. showed that high expression of CXCL12 was
observed in malignant human ovarian epithelial tumor cells, and
CXCL12 induced adhesion, transmigration and chemotaxis of
pDCs, and inhibited tumor macrophage IL-10-induced pDC
apoptosis through CXCR4, resulting in poorly proliferating
T cells (13). Interestingly, the Figdor group tested the
immunomodulatory capacity of prophylactic live-attenuated
and inactivated viral vaccines on pDCs, and found that
prophylactic vaccines significantly induce the activation and
maturation of pDCs, the expression of MHC class I and class
II, and the production of IFN-a, that transform pDCs from an
immunosuppressed state to an immune activated state (62). The
above studies provide new ideas for the remission and treatment
of ovarian cancer, by targeting ICOS/ICOSL to inhibit the
accumulation of ICOS+ Foxp3+ Tregs in ovarian cancer,
thereby eliminating immunosuppression. In addition, it can
also play a positive role in restoring the function of pDCs by
regulating the expression of Siglec-H. Using viruses as vaccine
vectors to activate pDCs is also a new regulatory idea, but it
should be noted that even live-attenuated viral, the impact of the
virus itself must be considered.
CONCLUSIONS

pDCs are an promising target for cancer immunotherapy;
however, accumulating evidence indicates that the complex
in te rac t ion o f pDCs wi th tumor ce l l s and the i r
microenvironment appears to contribute to immunologic
Frontiers in Immunology | www.frontiersin.org 676
tolerance (7). In many types of cancers, tumor cells secrete the
chemokine CXCL12 to induce the infiltration of a large number
of immature pDCs, and the cytokines of VEGF, TNF-a, TGF-b
and IL-10 secreted in tumor microenvironment inhibit the
maturation and activation of pDCs, then make it unable to
produce IFN-a. Additionally, pDCs recruit a large number of
Tregs to the tumor site, leading to immunosuppression and
promoting tumor growth. Therefore, it can provide ideas for
clinical treatment of cancer in two aspects. On one hand, the
injection of drugs to induce the activation of pDCs in tumors or
the combination of chemoradiation and intratumor injection of
activated pDCs may reverse the tumor microenvironment,
thereby inhibiting tumor growth and improving patient
survival rate (51, 105). On the other hand, we can eliminate
the immunosuppressive effect in the tumor microenvironment
by reducing the proportion of Tregs or inhibiting its function in
the tumors. Published study demonstrated that daclizumab, a
humanized anti-CD25 antibody, can block the IL-2 signaling
pathway by binding to CD25, which in turn leads to the death of
Tregs (123). In addition, some chemotherapeutic drugs can also
reduce the number of Tregs by inhibiting Tregs gene synthesis
and reducing cell expansion. Zhang et al. showed that the
chemotherapeutic agent gemcitabine significantly reduced
immunosuppression in the tumor microenvironment,
accompanied by a decrease in Tregs and MDSCs, thereby
inhibiting tumor growth (124). Furthermore, CTLA-4 is
expressed on the surface of Tregs and transmits inhibitory
signals in the immune response. Therefore, using monoclonal
antibody to block the expression of CTLA-4, can reduce the
inhibitory activity of Tregs, and achieve tumor suppression
effects (125). However, more efforts are needed to develop
more effective pDCs activators or Tregs inhibitors, which will
help in the treatment of various malignancies clinically.
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Dendritic cells (DCs), the strongest antigen-presenting cells, are a focus for orchestrating
the immune system in the fight against cancer. Basic scientific investigations elucidating
the cellular biology of the DCs have resulted in new strategies in this fight, including cancer
vaccinology, combination therapy, and adoptive cellular therapy. Although
immunotherapy is currently becoming an unprecedented bench-to-bedside success,
the overall response rate to the current immunotherapy in patients with gastrointestinal
(GI) cancers is pretty low. Here, we have carried out a literature search of the studies of
DCs in the treatment of GI cancer patients. We provide the advances in DC-based
immunotherapy and highlight the clinical trials that indicate the therapeutic efficacies and
toxicities related with each vaccine. Moreover, we also offer the yet-to-be-addressed
questions about DC-based immunotherapy. This study focuses predominantly on the
data derived from human studies to help understand the involvement of DCs in patients
with GI cancers.

Keywords: dendritic cells, gastrointestinal cancers, vaccines, immunotherapy, patients
INTRODUCTION

In the past decade, the immunotherapy that enhances anti-tumor immunity has revolutionized
cancer treatment, leading to potent and durable immune responses in subsets of patients across
various tumor types. Immune checkpoint inhibitors (ICIs) that target the T-cell inhibitory checkpoint
proteins CTLA-4, PD-1, or the PD-1 ligand PD-L1 have been approved for the treatment of
a variety of cancers, including melanoma, non-small-cell lung cancer, head–neck cancer, bladder
cancer, renal cell cancer, hepatocellular carcinoma (HCC), and several other tumor types.
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https://www.frontiersin.org/articles/10.3389/fimmu.2022.887189/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.887189/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.887189/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:lingni@tsinghua.edu.cn
https://doi.org/10.3389/fimmu.2022.887189
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.887189
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.887189&domain=pdf&date_stamp=2022-05-10


Ni DC-Based Vaccines in Gastrointestinal Cancer
Despite the huge success these inhibitors have made, only a small
subset of cancer patients benefits from ICI therapy. Adoptive
chimeric antigen receptor (CAR)-T-cell transfer has also been
approved for the treatment of hematological cancers, showing less
effectivity against solid tumors.

Gastrointestinal (GI) malignancies are one of the deadliest
cancers worldwide. GI malignancies include cancers arising in
the oral cavity, esophagus, stomach, liver, pancreas, intestines,
rectum, and anus. The GI cancers have a poor prognosis, which
mainly depends on tumor stage when diagnosed. Current
treatment strategies consist of surgery, chemotherapy,
radiotherapy, and targeted therapies. A benefit has been
demonstrated in ICI therapy, particularly in esophageal cancer
(EC), gastric cancer (GC), and microsatellite instability-high
(MSI-H) colorectal cancer (CRC), while pancreatic cancer (PC)
and HCC show little response to immune modulation.

Dendritic cells (DCs) play a critical role in the generation of
anti-tumor immune responses, mainly acting as the strongest
antigen-presenting cells to prime naïve T cells and educating
them into cytotoxic T lymphocytes (CTLs). DCs induce an
immune response to pathogens and tumors whi le
simultaneously maintaining tolerance to self. DC functional
defects have been associated to the progression of various
human cancers. Effective cancer vaccines have been a challenge
since they target tumor antigens, some of which are self-antigens
and thus induce self-tolerance. Here, we performed an extensive
literature search of the studies of DC-based immunotherapy
against GI cancer patients and provided the advances in DC-
based immunotherapy in order to help better understand the
status of DC-based immunotherapy.
ADVANCES IN DENDRITIC CELL-BASED
IMMUNOTHERAPY IN ESOPHAGEAL
CANCER

EC is a malignancy derived from esophagus, which is the most
common digestive tract cancer in China. Despite progresses in
various treatment strategies for EC, its 5-year survival rate is
approximately 14%–22% with a poor prognosis. Among the
various therapeutic strategies, attention has switched to
immunotherapy, especially DC-based immunotherapy.

Dendritic Cells in Esophageal Cancer
For EC patients, there was an increase in the density of S100+

DCs in both the tumor stroma and cancer epithelium (1). CD1a+

immature DCs (iDCs) were predominantly present in the tumor
bed, while DC-Lamp+ mature DCs were observed to be exclusive
in the tumor stroma. Notably, the density of mature DCs in the
tumor mass was greatly reduced compared to that of CD1a+

iDCs. The findings indicated that EC tissue comprised a high
density of iDCs in the tumor bed and a low density of mature
DCs in the tumor stroma (1). Nishimura et al. also evaluated 80
EC patients who underwent surgery without preoperative
treatment and found that DC-Lamp+ DCs are predominantly
Frontiers in Immunology | www.frontiersin.org 282
located in the peritumor (2). Tumor-infiltrating CD8+ T cells
(CD8+ TILs) were found to be related with a favorable prognosis,
and the density of DC-Lamp+ DCs was associated with the
density of CD8+ TILs (2). Although the above advance has
been made, the subsets of those intratumoral DCs in EC
should be assessed.

Advances in Dendritic Cell-Based
Esophageal Cancer Vaccines
DC-based vaccines are considered an alternative therapeutic
approach to treat EC. For EC vaccines, the sources of tumor-
associated antigens (TAAs) consisted of the tumor cell lysate,
18E7, and melanoma-associated antigen 3 (MAGE-A3).
Gholamin et al. used monocyte-derived DCs to generate EC
vaccine (3). In their study, the DCs (culture of monocytes with
GM-CSF and IL-4) were transfected with total tumor RNA or
normal RNA. Then, T cells were co-cultured with tumor RNA-
transfected DCs and normal RNA- transfected DCs, respectively.
Only DCs loaded with tumor RNA resulted in the induction of
T-cell cytotoxicity and IFN-g production. These findings offer
important preliminary information to develop a total tumor
RNA-loaded DC vaccine for EC treatment (3). Wu et al. also
generated a DC-based vaccine by HPV18E7 gene-pulsing cord
blood CD34+ stem cell-derived DC, since human papillomavirus
(HPV)-associated EC remains a malignancy with high incidence
worldwide (4). They found that HPV18E7 gene transfection did
not alter the morphology and phenotypes of mature DCs, while
HPV18E7-DCs expressed moderate 18E7 protein. Importantly,
the specific T cytotoxicity was significantly higher than that in
controls, indicating the possibility of a DC-based vaccine therapy
in HPV-associated EC. MAGE-A3 is a tumor-associated antigen
target for the generation of anti-tumor DC vaccines against EC.
Calreticul in (CALR) is a ligand for nascent major
histocompatibility (MHC) class I and supports the induction of
DC maturation. Adenovirus (Ad)-transduced DCs that
overexpressed MAGE-A3 and CALR demonstrated mature
phenotypes (5). Furthermore, the DCs also produced a higher
amount of IL-12 and a lower level of IL-10. CALR/MAGE-A3-
pulsing DCs activated CD8+ CTLs, which killed MAGE-A3-
positive EC cells. These data indicated the potential of CALR/
MAGE-A3-pulsing DCs to induce MAGE-A3-specific anti-
tumor immune responses in EC (5). However, the
identification of novel tumor-associated/specific antigens to
develop DC-based EC vaccines is imperative.

Advances in Dendritic Cell-Based Therapy
in Esophageal Cancer
Interestingly, the combination therapy of pemetrexed and
monocyte-derived DCs (GM-CSF plus IL-4) in the treatment of
EC patients who previously failed first-line and second-line
treatment regimens could lead to a partial response in a clinical
study (6). The patients did not show grade 4 toxicity. The
combination therapy of pemetrexed with DCs as a third-line
treatment was effective as well as well tolerated in advanced EC
patients (6). Immunotherapy using cytokine-induced killer (CIK)
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cells or a combination ofDCs andCIK cells (DC-CIK cells) showed
promising clinical outcomes for treatingEC.Ofnote, several groups
systematically evaluated the safety and efficacy of CIK/DC-CIK
treatment as an adjuvant therapy in the treatment of EC. These
meta-analyses indicated that the combination of CIK/DC-CIK
immunotherapy with chemotherapy was safe, prolonged the
survival time, enhanced immune responses, and improved the
treatment efficacy for EC (7, 8).
ADVANCES IN DENDRITIC CELL-BASED
IMMUNOTHERAPY IN GASTRIC CANCER

GC remains the fifth most common cancer and the third
deadliest cancer worldwide. Chemotherapy, surgery, and
radiotherapy are treatment regimens for GC. However, its 5-
year survival rate is 20%–30%. Recently, more and more
attention is paid to DC-based immunotherapy.
Dendritic Cells in Gastric Cancer
The infiltration of CD83+ DCs (mature DCs) into the tumors are
related with GC development. By the analysis of 55 patients with
GC, cytoplasmic TGF-b1 expression was observed in tumor cells
from 76.4% of cases, and low CD83+ DCs in the tumor border was
found in 100% of tumors with TGF-b1 expression (9). TGF-b1
expression was associated with low CD83+ DCs in 100% of the
cases. The density of CD1a+ and CD83+ intratumoral DCs was
negatively associated with lymph node metastases. Patients with a
low density of tumor-infiltrating CD83+ DCs had shorter survival
rates, Therefore, tumor-infiltrating DCs might be important in
initiating the primary anti-tumor immune response. In patients
with resectable GC, the density of intratumoral DCs and TGF-b1
expression could be a useful predictor of prognosis (9). Kashimura
et al. found a decrease in the number ofCD83+DCs and an increase
in the density of Foxp3+ regulatory T cells (Tregs) in the primary
tumorandmetastatic lymphnodes (10).Patientswitha lownumber
of mature DCs and a high number of Tregs in primary lesions
showed a poor prognosis. The number of CD83+ mature DCs in
negative lymphnodeswas an independent predictor of prognosis in
patients with metastatic lymph nodes (10).

Both plasmacytoid DCs (pDCs) and Tregs are immuno
suppressive cells in the tumor microenvironment (TME) of GC. By
the analysis of a cohort of 64 GC patients without preoperative
chemotherapy, BDCA2+ pDCs and Foxp3+ Tregs were increased in
tumors and peritumors compared to normal ones, and BDCA2+

pDCs were positively associated with Foxp3+ Tregs (11). Gastric
microbiota dysbiosis might be involved for GC occurrence and
progression. The composition, diversity, and function of gastric
mucosal microbiota had more significant changes in tumors than
those in normal and peritumoral tissues. Several non-abundant
genera such as Selenomonas and Stenotrophomonas were positively
associated with pDCs and Tregs, respectively, whereas Gaiella and
Comamonas were inversely associated with pDCs and Tregs,
respectively. Gastric mucosal microbiota might regulate the
Frontiers in Immunology | www.frontiersin.org 383
frequency of pDCs and Tregs, which might provide insights into
establishing new approaches targeting gastric microbiota (11). Liu et
al. also found that both ICOS+ Foxp3+ Treg cells and pDCs in
peripheral blood and tumor tissues could predict poor clinical
outcome in GC patients (12). Tregs and ICOS+ Tregs are located
mainly in tumor tissue, whereas pDCs are present in peritumoral
tissue (13). Huang et al. also confirmed that pDCs were positively
associated with ICOS+ Tregs in peripheral blood and peritumoral
tissue from GC patients (13). All these implied that pDCs might get
involved in recruiting ICOS+ Tregs via the ICOS-L/ICOS pathway
and both contributed to the immunosuppression in the GC TME.

In the peripheral blood, patients with GC were identified to
have a substantially higher percentage of peripheral pDCs and
CD1c+ myeloid DCs (mDC2) (14). Moreover, there was a trend
of elevated circulating pDCs toward advanced stages and lymph
node metastasis, while there were no differences in blood mDC2s
among the various groups, suggesting that blood pDCs were a
prognostic factor in GC patients and emphasizing the pivotal
role of pDCs in the progression of GC (14). The phenotype and
function of mDCs in the tumor mass from GC patients warrant
further investigation.

Advances in Dendritic Cell-Based Gastric
Cancer Vaccines
Cancer stem cells (CSCs) and GC cell lines were used for antigen
targets for DC-based vaccines. CSCs are a small subset of cancer cells
in solid tumors, which participate in tumor initiation, progression,
recurrence, metastasis, and resistance to current treatments. Bagheri
et al. generatedDCs by culturingmonocytes with GM-CSF plus IL-4
(GM/IL-4DCs)whilematuring themby the cytokinemixture (TNF-
a, IL-1b, IL-6, and PEG2). Matured DCs pulsed with CSC mRNA
induced Ifng gene expression in T cells (15). The cytotoxic activity of
primed T cells with CSC antigens was significantly enhanced
compared to control groups. Thus, the DCs loaded with CSC
mRNA that elicited tumor-specific T-cell immune responses might
be a potential DC-based vaccine for GC patients (15).

The cell lysate antigen of SGC-7901 cells is another option for
DC-basedGC vaccines. The secondary lymphoid tissue chemokine
(SLC) is a chemokine in the T-cell zones of the spleen and lymph
nodes as well as in endothelial venules. HumanGM/IL-4DCswere
transduced with Ad-bearing SLC (Ad-SLC) and the recombinant
Ad bearing the beta-galactosidase gene, respectively (16). Then, the
DCswere loadedwith the cell lysate antigens of SGC-7901 cells and
co-culturedwith autologous T cells. TransductionwithAd-SLC led
to DC maturation and enhanced the chemotaxis function of DCs.
Moreover, Ad-SLC transduction also led to upregulated RANTES
expression anda similar level of IL-10 and IL-12p70 inDCs.The co-
culture of autologousT cells with SGC-7901 cell lysate-loaded SLC+

DCs led to a significantly promotion in the proliferation of
autologous T cells and a strong cytotoxicity against SGC-7901
cells. Collectively, Ad-SLC enhanced DC maturation and, in turn,
increased T-cell chemotaxis and elicited a specific GC-specific
immune response. Thus, recombinant Ad-SLC-transduced DCs
might be exploited as an adjuvant to induce an effective anti-GC
cellular immunity (16).
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Advances in Dendritic Cell-Based Therapy
in Gastric Cancer
Cord blood-derived DCs and CIK (CB-DC-CIK) were clinically
exploited for the treatment of GC (17). Patients with advanced GC
were treated with CB-DC-CIK plus chemotherapy. No serious
adverse effects were observed in patients with GC after the
application of CB-DC-CIK. The combination therapy led to a
significant increase in the overall disease-free survival (DFS) rate
incomparison tochemotherapyalone.Furthermore, thepercentage
of CD4+ T cells, NK cells, and NKT cells and the levels of IFN-g,
TNF-a, and IL-2 were significantly increased in the experimental
group. Thus, the combination therapy of CB-DC-CIK and
chemotherapy was safe and effective for the treatment of patients
with advanced GC (17).
ADVANCES IN DENDRITIC CELL-BASED
IMMUNOTHERAPY IN HEPATOCELLULAR
CARCINOMA

HCC is one of the most common cancers worldwide with limited
therapeutic strategies due to HCC-induced immunosuppression.
The 5-year survival rate is less than 20%. Recently, a growing
body of studies supported that the function of DCs in HCC
was impaired.
Dendritic Cells in Hepatocellular
Carcinoma
Huang et al. performed the weighted gene co-expression network
analysis of DCs in HCC patients in public datasets (18). They
observed that a high level of DC infiltration was correlated with
poor prognosis. By the analysis of a TCGA cohort, more than
50% of the DC-related genes were markedly differentially
expressed between HCC and normal samples. There were 17
differentially expressed genes (DEGs) significantly related with
overall survival (OS) (18), implying that intratumoral DC might
get involved in HCC progression.

Human CD14+ CTLA-4+ regulatory DCs (CD14+ DCs) were
identified, which accounted for approximately 13% of peripheral
blood mononuclear cells (PBMCs) (19). CD14+ DCs significantly
suppressed the T-cell response in vitro via indoleamine-2,3-
dioxygenase (IDO) and IL-10, which also expressed high levels
of CTLA-4 and PD-1. CTLA-4 was essential for IL-10 and IDO
production. These data indicated one underlying mechanism by
which CD14+ DCs elicited systemic immunosuppression in
HCC, participating in HCC progression. This might also offer
a previously unrecognized target of HCC immunotherapy (19).
PD-1 expressed on DCs has a regulatory role in the anti-tumor
immune response. Lim et al. observed PD-1 expression on all DC
subsets (CD1c+ mDC2, CD141+ mDC1, and pDCs) in the
peripheral blood of HCC patients (20). However, PD-1 was
weakly expressed in mDC1 but not mDC2 and pDCs in the
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steady state. This finding provided a new insight into the
mechanisms for PD-1-targeted cancer immunotherapies.

The number of tumor-infiltrating Tr1 cells (CD4+ FoxP3- IL-13-

IL-10+) was associated with tumor-infiltrating pDCs, which
enhanced Tr1-produced IL-10 via ICOS-L when exposed to
tumor-derived factors. The Tr1 cells were characterized in the
tumors from individuals with HCC or liver metastases from CRC,
which expressed CD49b and the lymphocyte activation gene 3
(LAG-3). Moreover, Tr1 had a strong suppressive activity of T-cell
responses in an IL-10-dependent way (21). These findings suggested
a role of pDC-expressing ICOS-L in enhancing intratumoral Tr1-
mediated immunosuppression in human HCC (21).

Some factors in the TME could modify the function of tumor-
infiltratingDCs, such as the liver X receptor (LXR), IL-37 and alpha-
fetoprotein (AFP). Sterolmetabolism is linked to innate and adaptive
immunity via LXR signaling. Human tumors express LXR ligands
that reduced CCR7 expression on mature DCs and, in turn, their
migration to lymphoid organs. CD83+CCR7-DCswithin the human
HCC tumor could be detected (22). Thus, these findings indicated a
newmechanism of tumor immune escape involving the products of
cholesterol metabolism (22). Targeting this pathway could restore
anti-tumor immunity in individuals with HCC. In GC, SLC could
activate DCs by upregulating CCR7 and CD83 expression. The
function of SLC should be addressed in the context of HCC. IL-37
is a tumor suppressor in various cancers. The amount of IL-37 was
positively correlated with CD1a+ iDC infiltration in HCC
specimens (23). The survival rates of patients with both a high
amount of IL-37 and a high number of iDCs were significantly
enhanced compared with those of patients with low levels of IL-37
and iDCs. HCC cells that overexpressed IL-37 recruited more DCs
through secreting specific chemokines. Moreover, IL-37 indirectly
upregulated the expressions of MHC class II molecules, CD86 and
CD40, on DCs and, in turn, increased T-cell-mediated anti-tumor
immunity by inducing DCs to producing cytokines. Thus, DCs were
responsible for IL-37-induced anti-tumor immunity in HCC, which
might help develop novel cancer immunotherapeutic approaches
(23). AFP is an oncofetal antigen and considered as the most
common serum biomarker. HCC patients with high amounts of
serum AFP showed a lower ratio of myeloid/plasmacytoid DCs in
comparison topatientswith low serumAFPaswell as healthydonors
(24). Although the isoforms of cord blood-derived normal AFP
(nAFP) and HCC tumor-derived AFP (tAFP) only vary at one
carbohydrate group, low amounts of tAFP, but not nAFP,
markedly suppressed monocyte-derived DC differentiation.
Importantly, tAFP-educated DCs expressed reduced levels of DC
maturation markers and maintained a monocyte-like morphology
and therefore failed to elicit potent T-cell proliferative responses.
Collectively, novel immunotherapeutic strategies that target tAFP
might be crucial to improve immune responses and clinical
outcomes (24).

Advances in Dendritic Cell-Based
Hepatocellular Carcinoma Vaccines
AFP is a promising tumor-associated antigen target for the
generation of DC-based vaccines. An AFP-derived peptide-
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loaded DC vaccine could promote an AFP-specific anti-tumor
immune response in patients with HCC, and the clinical trial
results showed these vaccine-induced CD8+ T-cell responses (25).
In addition, AFP-derived peptide-pulsed DCs enhanced NK cell
activation and decreased the frequency of Treg cells in vaccinated
HCC patients. Various antigen-loading approaches are related
with the efficacy of DC-based vaccines. The recombinant adeno-
associated virus (rAAV) is one safe virus vector in gene therapy,
since the wild-type virus does not cause human disease. The study
by Zhou et al. supported the superiority of the rAAV-AFP-
engineered DC vaccine over the cancer cell lysate-loaded DC
vaccine (26). Both rAAV-AFP-loaded and cancer cell lysate-
loaded DCs led to DC maturation. However, rAAV-AFP-loaded
DCs induced T-cell responses more potent than cancer cell lysate-
pulsed DCs. Thus, the DCs loaded with rAAV-AFP were more
effective than the DCs loaded with the tumor cell lysate, which
might be exploited for the development of DC-based vaccines in
AFP-positive HCC (26).

Heat shock protein 70 (HSP70) is highly expressed in HCC,
being one of HCC-associated antigens. A clinical phase I/II trial
investigated the safety and efficacy of HSP70 mRNA-pulsing DC
vaccine that was as a postoperative adjuvant therapy after tumor
resection. There were no side events specific to the mRNA-
pulsing DC vaccine. Similar DFS between the DC and control
groups was observed. However, the OS of the DC group was
significantly prolonged compared to that of the control group.
Collectively, HSP70 mRNA-pulsing DC vaccines were safe as an
adjuvant therapy (27).

Exosome is a subtype of membrane vesicle released from the
cells or directly from the plasma membrane. DC-derived
exosomes (DEXs) become a new class of vaccines for cancer
immunotherapy and thus provide a cell-free vaccine for HCC
immunotherapy. Li et al. found that GM/IL-4 DCs were loaded
with recombinant rAAV/AFP and high-purity DEXs were
generated. DEXs were found to be effective at inducing
antigen-specific CTLs, demonstrating anti-tumor immunity
against HCC (28). Moreover, DEX-sensitized DC precursors
were likely to be more effective at triggering an MHC class I-
restricted CTL response, allowing DCs to make full use of the
minor antigen peptides and, in turn, maximally promoting
specific immune responses against HCC. Thus, DEXs might
replace mature DCs to act as cancer vaccines (28).

The tumor cell line lysate provides whole tumor antigens for
the generation of HCC vaccines. Thirty HCC patients were
divided into 2 groups in a clinical study. Group 1 (15 patients)
received intradermal vaccination with mature DCs loaded with a
liver tumor cell line lysate, while group 2 received supportive
treatment (29). The patients in group 1 showed enhanced CD8+

T-cell responses and improved OS. Thus, DC vaccination in
advanced HCC patients was safe and well tolerated (29).
However, the efficacy of this approach is not most satisfactory.
Identifying new HCC-associated/specific antigens is quite urgent
for developing DC-based HCC vaccines.

Another clinical trial investigated the safety and efficacy of the
combination therapy of an autologous tumor lysate-loaded DC
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vaccine with ex vivo activated T-cell transfer (ATVAC) in a
postoperative adjuvant therapy (30). Ninety-four patients with
invasive HCC were enrolled, and 42 had the ATVAC after
surgery. Compared with surgery alone, surgery plus ATVAC
significantly enhanced the recurrence-free survival (RFS) and
OS. There were no adverse events of grade 3 or more. Thus, the
combination therapy of postoperative DC vaccine with T-cell
adoptive transfer might be an effective and feasible treatment for
preventing recurrence in HCC patients (30).

Although PD-1 blockade therapy got many successes and
opportunities in various cancers, anti-PD-1 monoclonal
antibodies still confronted several challenges. Shi et al.
generated a nanobody (Nb) against PD-1 (PD-1 Nb20) to
solve these challenges (31). The combination treatment of PD-
1 Nb20 with the tumor-specific DC/tumor-fusion cell (FC)
vaccine was observed to effectively improve the in vitro
cytotoxicity of CD8+ T cells to kill HCC HepG2 cells. In
addition, the combination therapy was approved to be potent
in a mouse tumor model. Collectively, these findings indicated
that the combination therapy of PD-1 Nb20 with DC/tumor-FC
vaccines greatly improved CTL capacity, offering a promising
strategy for tumor patients who were not sensitive to anti-PD-1
therapy (31).

Advances in Dendritic Cell-Based Therapy
in Hepatocellular Carcinoma
DC-CIK immunotherapy is also found to be safe and effective in
the treatment of HCC patients. In a clinical cohort of 67 HCC
patients treated with DC-CIKs (32), 29 patients displayed stable
disease (SD) with none showing complete remission and five
undergoing partial remission. DC-CIK cells had a great effect on
the growth cycle of HepG 2 cells, mainly upregulating the gene
expression of BAX (a pro-apoptotic protein) and downregulating
the activity of proliferating cell nuclear antigen (PCNA, marker
of the cell proliferation status). Thus, the co-culture of DCs and
CIK cells inhibited the proliferation and migration of HCC cells
by the regulation of PCNA and BAX. This strategy might be an
effective method to treat advanced HCC (32). Yang et al. also
found that DC-CIKs significantly enhanced the apoptosis ratio
by increasing caspase-3 protein expression and reducing PCNA
expression against liver cancer stem cells (LCSCs) (33). Su et al.
showed that the combination of DC-CIK immunotherapy and
transcatheter arterial chemoembolization (TACE) or TACE plus
local ablation therapy improved 1- and 2-year OS and provides a
better quality of life for patients with HCC clinically (34).

OK-432, a streptococcus-derived tumor suppressor, can
activate DCs and, in turn, improve anti-tumor activity. In a
clinical study, GM/IL-4 DCs were launched and stimulated with
OK-432 (35). Two groups of HCC patients were treated with
transcatheter hepatic arterial embolization (TAE) alone and TAE
plus OK-432-matured DC transfer, respectively. OK-432
induced DC maturation, which expressed high levels of a
homing receptor, preserved phagocytic capacity and markedly
improved cytokine production as well as tumoricidal activity.
The infusion of OK-432-matured DCs to HCC patients was safe
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and feasible. In addition, the combination therapy of TAE with
OK-432-activated DCs prolonged the RFS of patients compared
with the TAE alone group. Thus, these findings indicated that the
combination therapy of a DC-based immunotherapeutic
approach with locoregional treatments benefited HCC
patients (35).

The efficacy of the combination therapy of DC-CIKs
pretreated with pembrolizumab (anti-PD-1) against HCC was
also clinically investigated (36). The PD-1 blockade further
improved the anti-tumoral effects of DC-CIKs, leading to a
survival benefit. The blockade of PD-1 promoted the
infiltration of immune cells into tumors. DC-CIKs and anti-
PD-1 were more effective than DC-CIKs alone (36). Thus,
blocking the PD-1/PD-L1 signaling pathway in DC-CIK cells
prior to infusion is a promising treatment strategy against HCC.
ADVANCES IN DENDRITIC CELL-BASED
IMMUNOTHERAPY IN PANCREATIC
CANCER

PC is a challenging disease with a high mortality rate that might
be associated with defective immune function. It has been
reported that the function of DCs is impaired in PC patients.
More and more evidence supported that blood mDCs and pDCs
in PC showed decreased numbers and impaired functionality.
Dendritic Cells in Pancreatic Cancer
Pancreatic ductal adenocarcinoma (PDAC), the most common
PC, is recognized to be a very aggressive tumor type with very
high mortality. PDAC had decreased levels of blood mDCs and
pDCs and an enhanced apoptosis of these DCs (37). Enhanced
levels of PGE2 and CXCL8 were observed in subjects with PDAC
and chronic pancreatitis. After tumor resection, the amounts of
these inflammatory factors were partially recovered in PDAC,
while the percentages of DCs were impaired in most of these
patients approximately 12 weeks after tumor resection. These
findings proved that solid PC, including PDAC, systemically
altered blood DCs. The impaired DCs might not be tumor
specific since chronic pancreatitis could also lead to similar
results (37). Moreover, PDAC patients with long survival had
significantly increased frequency of blood DCs in comparison to
patients with short survival. Thus, inflammation contributed to
the impairment of the blood mDCs and pDCs, while the
preservation of the blood DCs might control the disease in
PDAC patients (37). Furthermore, the blood DCs showed a
partial maturation phenotype with a significantly increased
expression of CD40, CD83, B7-H3, PD-L1, CCR6, and CCR7
and a decreased expression of DCIR and ICOSL in PDAC
patients, which were partially induced by PGE2 (38). The
alternations led to an impaired function of DCs. However,
chronic pancreatitis also led to a similar partial mature
phenotype of DCs as in PDAC. Thus, it was the systemic
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inflammation that contributed to semi-mature DCs in PDAC
patients via PGE2. Diminishing the inflammation to preserve
functional blood DCs could help control the disease and improve
survival (38). A similar finding was observed in the other cohort
of patients with PC, in which the frequency of the circulating
mDCs in the patients was significantly reduced compared to that
in healthy donors. There was no obvious difference in the blood
mDCs between the patients with distant organ metastasis and
locally advanced PC. The patients with more blood mDCs
survived longer than patients with less (39, 40).

The transition of chronic pancreatic fibroinflammatory disease
to tumorigenesis is a paradigm linking inflammation to
carcinogenesis. The lipopolysaccharide (LPS) treatment facilitated
pancreatic tumorigenesis (41). Blocking the MyD88-independent
TRIF pathway resulted in protection, while blocking the MyD88-
dependent pathway unexpectedly exacerbated pancreatic
inflammation and tumor progression (41). Of note, DCs
mediated MyD88 suppression, which induced a pancreatic
antigen-restricted Th2 cell response and promoted the transition
from pancreatitis to neoplasia, indicating that DCs played a critical
role in pancreatic carcinogenesis and neoplastic transformation
through promoting the DC-Th2 axis (41).

Tumor-derived exosomes (TDXs) can transfer miRNAs to
recipient cells in the TME, promoting tumor invasion and
metastasis. In context of PC, TDX miRNAs inhibited the
mRNA expression of DCs and induced immune tolerance (42).
Mechanistically, the miR-212-3p from PC-secreted exosomes
downregulated regulatory factor X-associated protein (RFXAP)
and, in turn, decreased MHC class II expression. In addition, one
clinical study showed that miR-212-3p was inversely correlated
with RFXAP in PC tissue. However, the functions and
mechanisms of RFXAP in tumors warrant future investigation
(42). miRNA-146a can also modulate DCs. The culture of
human CD14+ monocyte-derived DCs by a highly metastatic
human PC cell line BxPC-3 culture media (BxCM) resulted in
decreased DC differentiation and antigen- presentation function
(43). BxCM-treated DCs upregulated miRNA-146a, the
inhibition of which partially rescued the BxCM-induced
impairments in DC differentiation and function (43).

In PDAC, Treg cells extensively interacted with tumor-
associated mDCs and reduced the expression of costimulatory
molecules that was required for the activation of CD8+ T cells
(44). Resultantly, CD8+ TILs showed impaired effector function
when Treg cell ablation was combined with DC depletion. These
findings indicated that TregTILs could promote immune tolerance
by inhibiting intratumoral DC maturation (44). Trefoil factor 2
(TFF2) fromPC cells, a chemokine/cytokine, may attract iDCs and
affect the initial stage ofDCmaturation, thereby contributing to the
induction of immune tolerance against PC (45). As a PC-derived
factor, regenerating islet-derived protein 3A (Reg3A) could inhibit
the differentiation andmaturation of tumor-infiltratingDCs via the
Reg3A-JAK2/STAT3signalingpathway (46).HSP70contributed to
cell survival and tumor progression. HSP70 inhibition in DCs may
emerge as a novel therapeutic strategy against pancreatic
cancer (47).
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Advances in Dendritic Cell-Based
Pancreatic Cancer Vaccines
Various PC cell lines (Panc-1, KP-1NL, QGP-1, and KP-3L)
were used to load DCs to generate DC-based vaccines against
PC (48). The cytotoxicity against tumor cells induced by GM/
IL-4 DCs fused with QGP-1 (DC/QGP-1) was very low, while
DCs loaded with another PC cell line elicited a high cytotoxicity
of PBMCs. DC/QGP-1 upregulated Treg expansion in
comparison with DC/KP-3L (48). Moreover, the co-culture of
DC/QGP-1 with PBMCs also resulted in an increase in the
amount of IL-10 compared with that with DC/KP-3L. Thus, the
cytotoxicity induced by DCs loaded with PC cell lines was
variable among the cell lines. DC/QGP-1-mediated reduced
cytotoxicity might be associated with IL-10 production and
Treg expansion (48).

Various antigen-pulsing approaches have been investigated
(49). Both tumor RNA and tumor fusion hybrid cells provide
whole tumor antigens for the generation of DC-based vaccines.
Chen et al. compared the anti-tumor immunity elicited by DC-
tumor hybrids (patient-derived PC cells and DCs were fused)
and DC-tumor RNA (autologous DCs were transfected with
primary PC cell-derived total RNA) (49). They found that both
RNA transfection and hybrid techniques could elicit tumor-
specific CTL responses. However, DCs loaded with total tumor
RNA led to an increase in the frequency of activated CTLs and
CD4+ T cells compared to DC-tumor hybrids. Moreover, DCs
pulsed with tumor RNA induced stronger autologous tumor cell
lysis. Thus, DC-tumor RNA was superior to DC-tumor hybrids
in stimulating PC-specific CTL responses (49). Pancreatic CSCs
participated in the malignant behaviors of PC, such as immune
escape. Therefore, the development of immunotherapy-targeting
pancreatic CSCs might contribute to PC treatment. Yin et al.
cultured Panc-1 cells under sphere-forming conditions to enrich
pancreatic CSCs (50), which expressed low levels of HLA-ABC
and CD86. DCs loaded with Panc-1 CSC lysates elicited
cytotoxicity against Panc-1 CSCs and parental Panc-1 cells.
Thus, a CSCs-DC-based vaccine might be a promising
approach for the treatment of PC (50).

Wilms’ tumor 1 (WT1) has been used to generate a DC-based
vaccine against PC. Three types of MHC class I and II-restricted
WT1 epitopes have been identified. A clinical phase I trial
investigated safety, clinical responses, and WT1-specific T-cell
immune responses for DCs loaded with a mixture of three types
of WT1 peptides (DC/WT1-I/II), in combination with
chemotherapy (51). The combination therapy of DC/WT1-I/II
and chemotherapy was well tolerated. In addition, the
combination therapy of DC/WT1-I/II resulted in a significant
increase in the percentage of WT1-specific IFN-g-producing
CD4+ T cells. Among the PDAC patients vaccinated with DC/
WT1-I/II, 4 of the 7 patients showedWT1peptide-specific delayed-
type hypersensitivity (DTH). Improved OS and PFS were detected
in theWT1-specific DTH-positive patients in comparison with the
negative-control patients. More importantly, all three PDAC
patients with strong DTH had a median OS of 717 days. Thus,
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WT1-specific immune responses induced by the combination
therapy of DC/WT1-I/II with chemotherapy might be related
with disease stability in advanced PC (51). In addition, seven
patients with PC who received the combination therapy of DC/
WT1-I/II and chemotherapy showed significantly increased
expressions of HLA-DR and CD83 on DCs (52). Therefore, the
enhanced expressions of HLA-DR and CD83 might be prognostic
markers of longer survival in patients with advanced PC who
underwent chemoimmunotherapy (52).

Mesothelin (MSLN) is a potential candidate as a molecular
target for PC immunotherapy. GM/IL-4 DCs were adenovirally
transduced with the full-length MSLN gene (DC-AxCAMSLN)
(53). Target cells were PC cell lines (PK1, CfPAC1, AsPC1)
transduced with the MSLN gene. DC-AxCAMSLN stimulated
MSLN-specific CTLs, which resultantly killed target cells. Both
CD8+ T cells and CD4+ T cells sorted from these CTLs
expressed significant levels of IFN-g. In addition, the DC-
AxCAMSLN also elicited a potent MSLN-specific cytotoxic
activity against PC cell lines endogenously expressing MSLN
(53). Therefore, the findings suggest the potential of developing
DC-based vaccines using genetical ly modified DCs
expressing MSLN.

Mucin 1, an epithelial cell glycoprotein, is aberrantly
overexpressed in many cancers, including PC, providing an
ideal TAA target for immunotherapy. GM/IL-4 DCs were
generated and matured with TNF-a. Mature DCs could be
transfected with amplified mucin 1 mRNA efficiently (54). The
mucin 1-loaded DCs were robustly effective in stimulating mucin
1-specific CTL responses, which could only recognize and kill
HLA-A2-restricted mucin 1-expressing PC and other target cells,
providing a preclinical rationale for DC-based vaccines using
mucin 1 as a target (54). The mucin 1 peptide epitope was
identified. In a clinical phase I trial, TNF-a-stimulated GM/IL-4
DCs were pulsed with the mucin 1 peptide epitope (55). Mucin
1-positive patients with recurrent lesions or metastasis after
surgery received DC vaccines intradermally for three or four
vaccines. The patients did not show severe adverse events related
with the vaccines or an autoimmunity symptom. Approximately
2 out of 7 patients expressed IFN-g and granzyme B. The
administration of mucin 1-peptide-pulsed DCs was well
tolerated and able to induce a mucin 1-specific immune
response in advanced PC patients. Further studies were needed
to improve tumor rejection responses (55). Mucin 4 and survivin
are another two TAA targets for DC-based vaccines. DCs co-
transfected with two mRNAs encoding mucin 4 and survivin
induced more potent CTL responses against PC target cells in
comparison with the DCs transfected with a single mRNA (56).
These findings provided a rationale for the clinical studies of DC
vaccines encoding multiple TAA epitopes (56).

pBSDL-J28 is a glycoform of bile salt-dependent lipase (BSDL)
in normal human pancreatic juices, which is not expressed in
nontumoral pancreatic tissues and cells. Of note, pBSDL-J28
induced DC maturation and these DCs kept their full ability to
internalize antigens, making this maturation atypical. In addition,
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the allogeneic pBSDL-J28-treated DCs induced proliferative
responses of lymphocytes. DCs loaded with the pBSDL-J28 C-
terminal glycopolypeptide and stimulated with CD40L elicited T-
cell proliferation (57). Therefore, pBSDL-J28 might be a promising
TAA target for DC-based vaccine against PC.

Three distinct HLA-A2-restricted peptide epitopes were
identified: human telomerase reverse transcriptase (hTERT,
TERT572Y), survivin (SRV.A2), and carcinoembryonic antigen
(CEA; Cap1-6D). Mehrotra et al. used these three peptide-loaded
DCs in conjunction with TLR-3 agonist poly-ICLC to treat PC
patients with metastatic or locally advanced unresectable PC in a
clinical study (58). This treatment was well tolerated. An MHC
class I tetramer analysis indicated a potent induction of antigen-
specific T cells in three PC patients with SD. Thus, vaccination
with peptide-pulsed DCs plus poly-ICLC was safe and elicited
detectable tumor specific T-cell responses in patients with
advanced PC (58).

Chemotherapy enhances the efficacy of DC-based vaccines
for PC. Gemcitabine is a first-line chemotherapeutic drug for
advanced PC. The medium of gemcitabine-treated PC cells
stimulated DC maturation (59). The co-culture of gemcitabine-
treated DCs with autologous T lymphocytes resulted in T-cell
proliferative responses and the induction of specific anti-tumor
CTLs. Enhanced DC maturation might be associated with the
enhanced level of HSP70 by gemcitabine. Thus, gemcitabine
changed the immunogenicity of tumor cells and enhanced the
efficacy of DC-based vaccines for PC (59). In addition,
gemcitabine inhibited the growth of PC cells by inducing
apoptosis and upregulating Fas expression. Thus, gemcitabine
sensitized PC cells to the CTL antitumor response, which was
related with the upregulation of Fas on PC cells (60).
Advances in Dendritic Cell-Based Therapy
in Pancreatic Cancer
DC-CIK immunotherapy has widely used in treating PC
patients. Both chemotherapy drugs and miRNA-depleted
TDXs could enhance the efficacy of DC-CIK immunotherapy.
Zhang et al. conducted a meta-analysis of 14 clinical trials with
1,088 PC patients to compare DC-CIK immunotherapy plus
chemotherapy (combined therapy) with chemotherapy
alone (61). The combination therapy showed advantages over
chemotherapy alone. The percentages of CD3+ T cells, CD4+ T
cells, and CD3+CD56+ T cells as well as the cytokine levels of
IFN-g were significantly increased by the combined therapy.
Moreover, the combination of DC-CIK immunotherapy and
chemotherapy enhanced the PC patients’ survival time, being
an effective treatment strategy (61). TDXs might be potential
candidates for tumor vaccines since they have numerous
immune-regulating proteins. TDX-derived miRNAs, however,
elicit immune tolerance. Que et al. depleted miRNA from PC-
derived exosomes and retained 128 proteins, including several
immune-activating proteins (62). Exosomes were depleted with
miRNA-activated DC/CIKs and resultantly induced a higher
Frontiers in Immunology | www.frontiersin.org 888
cytotoxic capacity of CIKs than LPS and exosomes. Therefore,
an miRNA-depleted exosome could be a promising agonist for
stimulating DC/CIKs against PC (62).

The iDCs plus OK-432 in PC patients were administrated by
preoperative endoscopic ultrasound-guided fine-needle injection
(PEU-FNI) (63). The clinical trial included two groups, the DC
group with iDC injection and non-DC group without iDC
injection (non-DC group). The patients did not show severe
toxicities in the DC group, except for one transient grade 3 fever.
A similar incidence of postoperative complications was detected
between the two groups (63). In the DC group, more CD83+ cells
presented in the regional lymph nodes and Foxp3+ cells in the
regional and distant lymph nodes. The two PC patients from the
DC group with one being stage IV survived over 5 years without
requiring adjuvant therapy (63). Thus, PEU-FNI was safe and
feasible. Further investigation was warranted to confirm and
enhance anti-tumor responses.

A direct injection of DCs without loading TAAs into tumors
after chemotherapy-mediated apoptosis is more feasible.
Zoledronate is the most potent and long-acting bisphosphonate,
which is intended for clinical use. Hirooka et al. studied the safety,
feasibility, and efficacy of one immunotherapy regimen including
the combined intratumoral injection of zoledronate-treated DCs
(Zol-DCs), gemcitabine, and T cells in locally advanced PC (64).
Approximately 7 out of 15 patients underwent an SD, and the
majority of the patients mounted long-term clinical responses.
Additionally, the CD8+/Treg ratio was significantly increased in
SD patients after treatment. Before treatment, the patients with a
neutrophil/lymphocyte ratio (NLR) lower than 5.0 underwent
significantly longer survival. Thus, the combination therapy of
Zol-DCs, systemic T cells, and gemcitabine might show a
synergistically therapeutic effect on locally advanced PC. The
combined immunotherapy might benefit patients with PC if
precise biomarkers were used (64).
ADVANCES IN DENDRITIC CELL-BASED
IMMUNOTHERAPY IN COLORECTAL
CANCER

CRC remains the secondmost deadly cancer inWestern countries.
Chronic inflammation is a key component in the development and
progression of CRC. Defects in DC recruitment, maturation, and
cytokine release are a hallmark of the CRC strategy to escape
immune surveillance.

Dendritic Cells in Colorectal Cancer
The analysis of a cohort of CRC patients revealed a high CD1a+/
DC-LAMP+ tumor-infiltrating DC ratio, indicating that there
were more iDCs than mature DCs in the CRC tumors (65).
Moreover, there were decreased mature DCs in the front and
main tumor mass (66), while increased mature DCs in both of
these locations were correlated with the metastases in the nearby
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lymph nodes. Of note, increased amounts of mature DCs in the
tumor was correlated with the invasiveness of the tumor and
especially with the metastasis to the surrounding lymph nodes
(66). Gai et al. also showed that increased FOXP3+ Tregs and
decreased CD11c+ mDC infiltration had a strong prognostic
significance in CRC (67). Unlike FOXP3+ Tregs, the frequency of
CD123+ pDCs was lower in most CRC tumor tissues (68).

In blood, the absolute number of pDCs in CRC patients with
stage III–IV patients was significantly reduced compared with
controls at the pre-operative time point, while the number of
mDCs in CRC patients did not show an obvious difference in
comparison to that in controls (69). Interestingly, the tolerogenic
antigen CD85k was expressed highly on mDCs in CRC patients.
CRC cells expressed anti-inflammatory cytokines such as IL-10 and
TGF-b that could modulate the DC phenotype and supported
tumor escape. Resultantly, tumor-infiltrating DCs displayed
impaired antigen-presenting capacity and altered the expression
pattern of immune costimulatory molecules (70). Thus, these
alterations seemed to be correlated to cancer progression. This
knowledgemight contribute to the development ofmore efficacious
immunotherapeutic approaches (69).
Advances in Dendritic Cell-Based
Colorectal Cancer Vaccines
The tumor cell line lysate is also source of TAAs that are loaded on
DCs. Chen et al. generated GM/IL4DCs, which were pulsed with
lysates from Colo320, SW480, and SW620 CRC cell lines,
respectively (71). SW480 lysates were the most effective in
stimulating DC maturation and resultingly enhancing T-cell
function among the three cell lines. Thus, SW480 lysates were the
most efficient in promoting autogenous T-cell-mediated antitumor
immune responses (71). The limited therapeutic effect was mainly
due to the low immunogenicity of TAAs, so the a-gal epitope was
synthesized on the SW620 to increase TAA immunogenicity (72).
Thea-gal epitope is absent inhumans, butnatural anti-gal antibody
presents in human serum in a large number. DCs were then loaded
with the a-gal-expressing SW620 lysate, which stimulated CTL
response and increased the frequency of natural killer T cells and
CD8+ CTLs. Importantly, the CTLs had increased cytotoxicity
against tumor cells. Thus, this novel strategy might be an effective
treatment approach for CRC patients (72).

Anterior gradient-2 (AGR2) promotes tumor growth, cell
migration, and cellular transformation. GM/IL-4DCs were
transduced with a recombinant Ad bearing the AGR2 gene
(AdAGR2/DCs), which expressed AGR2 protein without any
significant changes in DC viability and cytokine secretion compared
with unmodified DCs (73). AdAGR2 transduction promoted DC
maturation.More importantly,AdAGR2/DCs inducedpotentAGR2-
specificCTLs that couldkillAGR2-expressingCRCcell lines.Thedata
indicated that AGR2 might be a potentially promising antigen target
for DC-based vaccines against CRC (73).

Several TAA epitopes are used in DC-based vaccines against
CRC. Kulikova et al. described an approach to induce an anti-
Frontiers in Immunology | www.frontiersin.org 989
tumor immunity in mononuclear cell (MNC) cultures from CRC
patients using DNA-transfected DCs encoding the TAA epitopes
of CEA, mucin 4, and the epithelial cell adhesion molecule (74).
DCs loaded with polyepitope promoted MNC anti-tumor
activity, tumor cell apoptosis, and the frequency of perforin+

lymphocytes. Moreover, DCs loaded with polyepitope induced a
CTL response that was as efficient by tumor lysate-loaded DCs.
Collectively, the findings indicated that polyepitope DNA-
transfected DCs were efficient at inducing an antitumor
immune response (74). Thus, the DNA construct was likely to
be used in DC-based vaccines against CRC.

The optimization of antigen loading is one of the strategies for
enhancing the efficacyofDC-basedvaccines.CRCpatientswith liver
metastaseswere vaccinatedwith either CEA-derived peptide-loaded
orCEAmRNA-transfectedDCsprior to the surgical resectionof the
metastases in one clinical trial (75). Approximately 8 out of 11
patients were detected with CEA peptide-specific T cells in the
peptide group but none out of 5 patients in the RNA group. This
finding indicated that CEAmRNA transfection was not superior to
CEA-peptide loading in the generation of tumor-specific immune
responses in CRC patients (75).

In a clinical phase I study, patients with advanced CRC received
CEA-pulsed DCs mixed with tetanus toxoid and subsequent IL-2
treatment (76). Twelve patients were recruited. There were no severe
adverse effects relatedwith the treatment in patientswho received the
regular 4 DC vaccine injections. Two patients underwent SD, and 10
patients showed disease progression. Approximately 2 out of 9
patients showed an increase in the proliferation of CEA-specific T
cells. The CEA-specific immune response was enhanced, and a small
fraction of patients benefited from the treatment (76). Thus, these
data indicated that it was safe and feasible to treat CRCpatients using
this strategy. This treatment protocol warranted further assessment
in a large cohort of CRC patients.

The monoclonal antibodies against PD-L1/PD-1 have been
exploited for the clinical treatment of various tumor types with a
favorable therapeutic effect. Hu et al. showed that anti-PD-L1
treatment promoted DC maturation and enhanced the
functionality of the mDC1 (77). In addition, anti-PD-L1 treatment
might also enhance the number of CTLs with more potent anti-
tumor capacity (77). Thus, the combination therapy of DC-based
vaccines and anti-PD-L1 was likely to be an effective treatment
regimen for CRC patients.

The activation of CD40/CD40L can improve DC-based
vaccines against GI cancer, including CRC. Human DCs were
loaded with tumor cell lysates followed by the transduction of
Ad-carrying human CD40L (Ad-hCD40L) (78). Ad-hCD40L
transduction induced a high expression of soluble CD40L and
membrane-bound CD40L in/on DCs, which elicited a potent
cellular CD40/CD40L interaction among DCs, resulting in the
formation of cell aggregates. Thus, the endogenous expression of
membrane-bound CD40L and the stimulation of CD40L/CD40
provoked a cellular interaction, which increased the DC
function. Importantly, a Th1 cytokine/chemokine expression
was induced, enabling the cytotoxicity of effector cells toward
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the human bile duct and colorectal and pancreatic tumor cells
(78). The findings indicate a promising approach for the DC-
based immunotherapy of GI malignancies by activating the
CD40/CD40L signaling.
Advances in Dendritic Cell-Based Therapy
in Colorectal Cancer
Several meta-analyses of clinical trials with CRC patients all
showed that the combination of CIK/DC-CIK immunotherapy
and chemotherapy prolonged the survival time, enhanced
immune responses, and alleviated chemotherapy-mediated side
effects (79–82).
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PERSPECTIVE

This paper summarized DC subsets in peripheral blood as well as
in the tumor fromGI cancer patients (Table 1).Overall, DC-based
vaccines consist of two main approaches: in vitro generated DC
vaccines and in vivo DC-targeting vaccines (Figure 1). DC-based
vaccines in this review paper were all in vitro-generated DC ones.
In vivo DC targeting is a vaccine approach to deliver antigens
directly toDCs in vivo using chimeric targets composed of an anti-
DC receptor antibody and antigen, which were first studied by
Michael Nussenzweig and Ralph Steinman (83, 84). By the
immunization of the antigen linked to the anti-DEC-205
antibody, strong, potent, and broader immune responses at low
TABLE 1 | Summary of DC subsets and TAAs in GI cancer.

Tumor
types

Blood Tumor mass Sources of TAAs for DC vaccines DC-based therapy

EC / CD1a+ DCs↑ DC-
Lamp+ DCs↓

EC cell line, 18E7, MAGE-A3 DC vaccine, chemotherapy plus DC injection,
DC-CIK

GC mDC2↑
pDCs↑

CD83+ DCs↓
pDCs↑

CSCs, GC cell line DC vaccine, chemotherapy plus CB-DC-CIK

HCC CD14+ DCs↑ PD-1+

mDCs↑ PD-1+ pDCs↑
CD83+CCR7-

DCs↑ pDCs↑
HCC cell line, AFP, DC-derived exosomes, HSP70 DC vaccine, DC-CIK, DC-CIK plus TACE, OK-

432-DCs plus TAE, DC-CIK plus anti-PD-1
PC mDCs↓ pDCs↓ / PC cell line, primary tumor cells, CSCs, WT1, MSLN, mucin

1, mucin 4, survivin, pBSDL-J28, hTERT, CEA
DC vaccine, DC-CIK, Zol-DCs, and gemcitabine
and T cells

CRC mDCs! CD85K+

mDCs↑ pDCs↓
CD1a+/DC-
LAMP+↑ pDCs↓
mDCs↓

CRC cell lines, a-gal epitope-expressing CRC cell line,
AGR2, CEA, mucin 4, epithelial cell adhesion molecule

DC vaccine, DC-CIK
EC, esophageal cancer; GC, gastric cancer; CRC, colorectal cancer; PC, pancreatic cancer; HCC, hepatocellular carcinoma; DC, dendritic cell; mDC, myeloid dendritic cell; pDC,
plasmacytoid dendritic cell; AFP, alpha-fetoprotein; HSP70, heat shock protein 70; CSC, cancer stem cell; CIK, cytokine-induced killer cell; TACE, transcatheter arterial
chemoembolization; TAE, hepatic arterial embolization; Zol-DC, zoledronate-pulsed DC; AGR2, anterior gradient-2; CEA, carcinoembryonic antigen. ↓decrease; ↑increase.
FIGURE 1 | Schematic overview of DC-based CRC vaccines. DC-based vaccines consist of two main approaches: in vitro generated DC vaccines and in vivo DC-
targeting vaccines. In vivo DC targeting is a vaccine approach to deliver antigens directly to DCs in vivo using chimeric targets composed of an anti-DC receptor
antibody and an antigen. In vitro-generated vaccines often used monocyte-derived DCs. Briefly, DCs are generated by culture of monocytes in the presence of GM-
CSF and IL-4 (or IFN-a), which are then loaded with tumor-associated antigens (TAAs). After maturation, TAA-loaded DCs are injected into CRC patients.
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antigen doses were induced inmice. However, in the context of GI
cancer patients, DCs in vivo demonstrated a functional defect,
including DC recruitment, maturation, and cytokine release,
which might contribute to tumor growth and progression.
Therefore, the use of in vitro-generated DC vaccines might be a
better option. The clinical trials for the treatment of GI cancer are
basically exploiting in vitro-generated DCs (Table 2).

The efficacious vaccines should consider several factors,
such as DC subsets, tumor-associated antigen targets,
antigen-loading methods, proper adjuvants, the selection of
various injection routes, and so on. Appropriate adjuvants can
dramatically improve the anti-tumoral efficacy of DC-based
vaccines. DCIR-targeted vaccines and CD40L (adjuvant)
Frontiers in Immunology | www.frontiersin.org 1191
activated DCs, which, in turn, primed CD8+ T cells to secrete
type 2 cytokines and IFN-g (85). In contrast, CD8+ T cells
primed by DCs that were activated with the DCIR-targeted
vaccines and TLR7/8 ligands produced higher levels of IFN-g
and granzyme B and perforin but no type 2 cytokines (85).
TLR2 ligands are known to promote the induction of Treg cells,
which are not likely to be used as adjuvants in the context of
cancer (86). The TLR3 ligand induces type 1 IFN responses and
promotes cross-presentation (87, 88), which is widely used in
clinical trials.

Currently, the whole tumor cell lysates (primary or cell line)
are often used for preparing DC-based vaccines in GI cancer,
since they comprise whole tumor-associated antigens. The
TABLE 2 | Summary of clinical trials of DC-based therapy.

ClinicalTrials.gov
Identifier

Status Diseases Interventions Phase

NCT00005956 Completed Breast cancer, GC, ovarian cancer HER-2/neu intracellular domain protein plus autologous DCs NA
NCT00019591 Completed CRC Ras peptide-pulsed DCs 1 and

2
NCT00027534 Unknown Breast cancer, GI cancer, ovarian cancer Autologous DCs infected with CEA-6D expressing fowlpox-

tricom
1

NCT00103142 Completed CRC Autologous DCs 2
NCT00154713 Unknown CRC CEA-pulsed DCs 1 and

2
NCT00176761 Terminated CRC Tumor-pulsed DCs 2
NCT00228189 Completed CRC CEA-loaded DC vaccine 2
NCT00311272 Completed CRC DCs loaded with tumor antigens 2
NCT00558051 Completed Metastatic CRC Alpha-type-1 DC-based vaccines 1
NCT01413295 Completed CRC Autologous DCs pulsed with tumor antigens 2
NCT01637805 Unknown Stage IV GC CEA-loaded DC vaccine 1
NCT01671592 Completed CRC Alpha-type-1 DC vaccines 1
NCT01691625 Unknown EC Concurrent chemoradiotherapy plus DC-CIK immunotherapy NA
NCT01783951 Completed GC DC-CIK 1 and

2
NCT01839539 Unknown CRC DC-CIK 2
NCT01885702 Active, not

recruiting
CRC Neoantigen-loaded DC 1 and

2
NCT02202928 Unknown CRC Autologous tumor lysate-pulsed DCs and CIK 2
NCT02215837 Unknown GC Autologous tumor lysate-pulsed DCs plus CIK 2
NCT02496273 Active, not

recruiting
GC CEA-loaded DC vaccine 1

NCT02503150 Unknown Metastatic CRC Autologous tumor lysate- pulsed human DC vaccine 3
NCT02504229 Unknown GC DC-CIK 2
NCT02602249 Unknown GC Mucin1-gene-DC-CTL or MUC1-peptide-DC-CTL 1
NCT02686944 Completed GI Allogeneic, proinflammatory DC suspension 1
NCT02693236 Unknown EC Mucin1 and survivin-loaded DC plus CIK 1 and

2
NCT02882659 Unknown HCC, CRC Autologous dendritic killer cell-based immunotherapy 1
NCT02919644 Recruiting Stage IV CRC Autologous DCs loaded with tumor homogenate 2
NCT03152565 Completed CRC Avelumab plus autologous DC vaccine 1
NCT03185429 Unknown GI Tumor-specific antigen-loaded DCs NA
NCT03214939 Unknown CRC Autologous antigen-activated DCs 1
NCT03300843 Terminated Melanoma, GI, breast cancer, ovarian

cancer,
Peptide-loaded DC vaccine 2

NCT03410732 Unknown GC Activated autologous DCs 2
NCT03730948 Recruiting CRC mDC3 vaccine 1
NCT04567069 Recruiting GC Autologous DCs loaded with MG-7 antigen 1 and

2

May 2022 | Volume 13 | Article
EC, esophageal cancer; GI, gastrointestinal cancer; GC, gastric cancer; CRC, colorectal cancer; HCC, hepatocellular carcinoma; NA, not applicable; DC, dendritic cell; CEA,
carcinoembryonic antigen; CIK, cytokine-induced killer cell.
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identification of tumor-specific or associated neoantigens is also
a key factor that can specifically enhance the efficacy of DC-
based vaccines. For DC-based cancer immunotherapy in the
future, a combination of existing treatment regimens will be the
trend. DC-based vaccines can be combined with chemotherapy
that kills tumor cells and release neoantigens. In addition, the
combination of DC vaccines and immune checkpoint blockade
(ICB) is another trend since the ICB therapy, such as PD-1/PD-
L1 inhibitors, enhances the T-cell-mediated immune response.
Although the clinical trials indicated that DC-based
immunotherapy alone and in combination with chemotherapy
was well tolerated and prolonged the survival time of GI cancer
patients, the efficacies are still a big challenge.
Frontiers in Immunology | www.frontiersin.org 1292
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GLOSSARY

ICI immune checkpoint inhibitor
GI gastrointestinal
EC esophageal cancer
GC gastric cancer
CRC colorectal cancer
PC pancreatic cancer
HCC hepatocellular carcinoma
DC dendritic cell
CTL cytotoxic T lymphocyte
iDC immature dendritic cell
CD8+

TILs
tumor-infiltrating CD8+ T cells

TAA tumor-associated antigen
MAGE-A3 melanoma-associated antigen 3
HPV human papillomavirus
CALR calreticulin
MHC major histocompatibility
Ad adenovirus
CIK cytokine-induced killer cells
Tregs regulatory T cells
pDC plasmacytoid dendritic cell
TME tumor microenvironment
mDC2 CD1c+ myeloid dendritic cell
CSC cancer stem cell
SLC secondary lymphoid tissue chemokine
CB-DC-
CIK

cord blood-derived dendritic cell and cytokine-induced killer cell

DEG differentially expressed gene
OS overall survival
PBMC peripheral blood mononuclear cell
IDO indoleamine-2,3-dioxygenase
mDC1 CD141+ mDC
LAG-3 lymphocyte activation gene 3
LXR liver X receptor
AFP alpha-fetoprotein
nAFP normal AFP
tAFP tumor-derived AFP
LMM low molecular mass
rAAV recombinant adeno-associated virus
DEXs DC-derived exosomes
HSP70 heat shock protein 70
DFS disease-free survival
ATVAC autologous tumor lysate-pulsed DC vaccine plus ex vivo activated T-

cell transfer
Nb nanobody
FC tumor-specific DC/tumor-fusion cell
PCNA proliferating cell nuclear antigen
LCSC liver cancer stem cell
TACE transcatheter arterial chemoembolization
TAE hepatic arterial embolization
PDAC pancreatic ductal adenocarcinoma
LPS lipopolysaccharide
BxCM BxPC-3-culture medium
TDX tumor-derived exosome
RFXAP regulatory factor X-associated protein
TFF2 trefoil factor 2
Reg3A regenerating islet-derived protein 3a
WT1 Wilms’ tumor 1
MSLN mesothelin
FAPP fetoacinar pancreatic protein
hTERT human telomerase reverse transcriptase
CEA carcinoembryonic antigen
PEU-FNI preoperative endoscopic ultrasound-guided fine-needle injection

(Continued)
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Zol-DCs zoledronate-pulsed DCs
SD stable disease
NLR neutrophil/lymphocyte ratio
AGR2 anterior gradient-2
MNC mononuclear cell
Ad-
hCD40L

Ad-encoding human CD40L
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CTLA-4 silencing in dendritic
cells loaded with colorectal
cancer cell lysate improves
autologous T cell responses
in vitro

Farid Ghorbaninezhad1,2,3, Javad Masoumi1,
Mohammad Bakhshivand1,2, Amir Baghbanzadeh1,
Ahad Mokhtarzadeh1,4, Tohid Kazemi1,2, Leili Aghebati-Maleki1,
Siamak Sandoghchian Shotorbani1,2, Mahdi Jafarlou1,
Oronzo Brunetti5, Mariacarmela Santarpia6,
Behzad Baradaran1,2*† and Nicola Silvestris6*†

1Immunology Research Center, Tabriz University of Medical Sciences, Tabriz, Iran, 2Department of
Immunology, Faculty of Medicine, Tabriz University of Medical Sciences, Tabriz, Iran, 3Student
Research Committee, Tabriz University of Medical Sciences, Tabriz, Iran, 4Pharmaceutical Analysis
Research Center, Tabriz University of Medical Sciences, Tabriz, Iran, 5Medical Oncology Unit,
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Istituto Tumori “Giovanni Paolo II” of Bari,
Bari, Italy, 6Medical Oncology Unit, Department of Human Pathology “G. Barresi”, University of
Messina, Messina, Italy
Dendritic cell (DC)-based immunotherapy has increased interest among anti-

cancer immunotherapies. Nevertheless, the immunosuppressive mechanisms

in the tumor milieu, e.g., inhibitory immune checkpoint molecules, have been

implicated in diminishing the efficacy of DC-mediated anti-tumoral immune

responses. Therefore, the main challenge is to overcome inhibitory immune

checkpoint molecules and provoke efficient T-cell responses to antigens

specifically expressed by cancerous cells. Among the inhibitory immune

checkpoints, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)

expression on DCs diminishes their maturation and antigen presentation

capability. Accordingly, we hypothesized that the expression of CTLA-4 on

DCs inhibits the T cell-mediated anti-tumoral responses generated following

the presentation of tumor antigens by DCs to T lymphocytes. In this study, we

loaded colorectal cancer (CRC) cell lysate on DCs and inhibited the expression

of CTLA-4 by small interfering RNA (siRNA) in them to investigate the DCs’

functional and phenotypical features, and T-cell mediated responses following

DC/T cell co-culture. Our results demonstrated that blockade of CTLA-4 could

promote stimulatory properties of DCs. In addition, CTLA-4 silenced CRC cell

lysate-loaded DCs compared to the DCs without CTLA-4 silencing resulted in

augmented T cell proliferation and cytokine production, i.e., IFN-g and IL-4.

Taken together, our findings suggest CTLA-4 silenced CRC cell lysate-loaded
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DCs as a promising therapeutic approach however further studies are needed

before this strategy can be used in clinical practice.
KEYWORDS

dendritic cell, T lymphocyte, colorectal cancer, tumor cell lysate, CTLA-4,
cancer immunotherapy
Introduction

Immunotherapy is a new alternative option for cancer

treatment that has been developed due to advances in

understanding various cancers pathogenesis (1). Unlike

conventional therapies, immunotherapy manipulates and

utilizes the patient’s own immune cells to fight cancer (2).

Nowadays, cancer immunotherapies focus on specializing

immune responses against tumors by involving dendritic cells

(DCs) and stimulating anti-tumoral T-cell responses (3, 4). DCs

are the immune system’s specialized antigen-presenting cells

(APCs), important for linking the gap between innate and

adaptive immunity, including the stimulation of anti-tumoral

T cells (5, 6). The tumor-associated antigens (TAAs) which are

processed and presented by DCs can activate anti-tumoral

specific T cell responses (7). Various studies have indicated

that DCs pulsed with a tumor cell lysate could provoke tumor

antigen-specific T cell responses (8, 9). The induction of T cell-

mediated anti-tumoral immunity through DCs reduces tumor

volume and increases immunological memory to prevent cancer

recurrence (3, 4).

As a result of DCs’ capability to initiate cellular immunity,

they are promising candidates for cancer immunotherapy (10).

Efficient DC-based cancer immunotherapy depends on the

capacity of DCs to present TAAs to T cells, while its

ineffectiveness is mostly related to the inhibitory immune

checkpoint molecules, which make DCs incompetent (11).

Among the inhibitory immune checkpoints expressed by DCs

is cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) (12).

CTLA-4, which comprises three domains (ligand-binding

region, transmembrane region, and cytoplasmic region) and a

leading peptide, is an inhibitory molecule that can be expressed

on various immune cells and modulate their function (13). It’s

expression on DCs reduces their maturation and antigen

presentation capacity (14). Furthermore, it has been reported

that CTLA-4 stimulates the expression of inhibitory molecules,

e.g., IL-10 and indoleamine 2,3-dioxygenase 1 (IDO1) in

DCs (15).

Colorectal cancer (CRC) is the third most frequent cancer

globally, accounting for approximately 935,000 deaths per year,

and has been ranked as the second major cause of cancer deaths

in 2020 (16). Chemotherapy, surgery, and radiotherapy are
02
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among the conventional treatments for this malignancy (17,

18). These conventional therapies may be related to adverse side

effects, i.e., chemotherapy resistance, systemic toxicity, and

cancer recurrence (2, 19). Most patients with CRC are

constituted with Proficient Mismatch Repair (pMMR)

and microsatellite stable (MSS) subtypes which have

shown resistance to various therapies. The main reason for

this is supposed to be antigen presentation weakness,

diminished tumor-specific antigen expression, activation of

immunosuppressive pathways, immune checkpoint signaling

pathways, and presence of immune regulatory cells (20).

Currently, various clinical trials in phases I/II or also III have

been evaluating CTLA-4 targeted antibodies, including

Ipilimumab and Tremelimumab, in different CRC subtypes,

some of which have reported promising primary results. Phase

II study of Ipilimumab and Nivolumab in combination with

radiotherapy in MSS metastatic CRC has revealed that a

combination of immune checkpoint inhibitors with radiation

could significantly increase the disease control rate (21). First-

line Nivolumab along with low-dose Ipilimumab, has

demonstrated strong and durable clinical benefit and was well

tolerated in Microsatellite Instability-High/Mismatch Repair-

Deficient (MSI-H/dMMR) metastatic CRC patients in phase II

study (22). Even though the Phase II study of the Tremelimumab

in patients with refractory metastatic CRC had not

demonstrated clinically meaningful effects (23), other studies

have shown the improvement in its combination with other

immune checkpoint inhibitors. In a randomized phase II study

on refractory MSS CRC patients, the combination of

Durvalumab and Tremelimumab has prolonged median

overall survival by 2.5 months compared with patients who

had received the best supportive care (24). The results of Phase II

single-arm study of Durvalumab and Tremelimumab with

concurrent radiotherapy showed an increase in circulating CD8+

T lymphocyte activation, differentiation, and proliferation in

patients with pMMR metastatic CRC (25). It is worth to state

that in 2018, the Food and Drug Administration (based on clinical

trial NCT02060188) had approved ipilimumab for use in

combination with nivolumab for the treatment of patients 12

years of age and older with MSI-H/dMMR metastatic CRC that

had not responded to chemotherapy regimens fluoropyrimidine,

oxaliplatin, and irinotecan.
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Considering above mentioned issues, it seems that

suppressing CTLA-4 expression on DCs along with loading

these cells with a tumor cell lysate increases anti-tumoral

specific T cell responses more efficiently, suggesting that this

could be a possible and applicable cancer immunotherapy

strategy. In this study, we demonstrated that CTLA-4 silencing

in CRC cell lysate-loaded DCs enhances their stimulation and

leads to boosted autologous T cells’ activation and cytokine

production. Overall, these findings illustrate that CTLA-4-

silenced tumor lysate-loaded DCs are a very attractive option

for upgrading the effect iveness of DC vaccines in

cancer immunotherapies.
Materials and methods

Materials

Complete media (CM) including RPMI 1640 (Gibco, USA,

NY) that contains 10% Fetal Bovine Serum (FBS) (Gibco, USA,

NY), Streptomycin 100 mg/mL, Penicillin 100 IU/mL (Gibco,

USA, NY), 2 mmol/L of L-glutamine (Gibco, USA, NY). 2-

mercaptoethanol (2ME) was ordered from Gibco (USA, NY).

Recombinant human granulocyte macrophage colony

stimulating factor (rh GM-CSF) was purchased from Sigma

Chemical Co (Munich, Germany) and recombinant human

interleukin-4 (rh IL-4) from eBioscience (CA, USA).

Lipopolysaccharide (LPS) was ordered from Sigma Chemical

Co (Munich, Germany). Carboxyfluorescein succinimidyl ester

(CFSE) cell labeling kit was obtained from BioLegend (San

Diego, United States). Human pan T cell isolation Kit was

purchased from MiltenyiBiotec, Germany. Antibodies used to

phenotype the cells were anti-HLA-DR-APC and anti-CD86-

PerCP-cy5.5 from BioLegend (San Diego, United States), anti-

CD40-CF-blue, anti-CD11c-FITC, and anti-CD14-FITC from

Immunostep (Salamanca, Spain). Ficoll was obtained from

Sigma Chemical Co (Munich, Germany). Bradford protein

assay kit was purchased from Bio-Rad, (Hercules, CA).
Tumor cell lysate preparation

Human CRC cell lines, including HT-29, HCT-116, and

SW-480 cells, were purchased from the National Cell Bank of

Iran (Pasteur Institute, Tehran, Iran). These cell lines were

grown in CM and maintained at 37°C under humidification

and 5% CO2. When the confluency of cultured cells reached 70-

80%, they were detached using Trypsin, washed twice in serum-

free media, and resuspended in sterile Phosphate Buffered Saline

solution (PBS) at a concentration of 1×107 cells/mL. Six rapid

freeze-thaw cycles in liquid nitrogen and 37°C water bath were

used to generate tumor cell lysates from cell suspensions. The

produced lysate was then sonicated for 15 seconds to maximize
Frontiers in Immunology 03
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the release of tumor antigens from lysed malignant cells. To

remove cellular debris, the tumor cell lysates were centrifuged at

1500 rpm for 15 minutes at 4°C. The collected supernatant was

passed through a 0.2-mm filter. The protein content in the lysates

was determined using the Bradford assay. All lysates were

maintained at -80°C until they were utilized.
Peripheral mononuclear cells (PBMCs)
isolation and DC generation

Fresh peripheral blood (PB) from three healthy individuals

was collected in sterile falcons containing heparin, and PBMCs

were isolated from these samples by fractionation over Ficoll

gradients. The plastic adherence method was used to isolate

monocytes from PBMCs. For this purpose, PBMCs were

cultured at a concentration of 5×106 per mL of serum-free

RPMI-1640 medium in 6-well plates. Following 2 hours of

incubation at 37°C, the non-adherent cells were washed off,

and the adherent cells were cultured within the CM

supplemented with 50 µM 2ME, 40 ng/mL, and 20 ng/mL of

rh GM-CSF and rh IL-4, respectively. On days 2 and 4, the

cultures were fed by removing half of the medium and replacing

it with fresh CM containing rh GM-CSF and rh IL-4. After

collecting immature DCs (iDCs) on day 6, 80 ng/mL of mixed

human CRC cell lines lysate was added to the culture medium.

After 5 hours of incubation at 37°C, 100 ng/mL of LPS was

added to the culture medium. Tumor cell lysate-loaded mature

DCs (mDCs) were generated after 24 hours of incubation at

37°C.
Morphological and phenotypical
characterization of DCs

The morphology of monocytes and DCs were observed, and

photos were taken using an inverted light microscope (Optika,

XDS-3, Italy). To analyze the phenotype of iDCs, mDCs, and

CTLA-4-silenced mDCs, these cells were stained with specific

surface markers including HLA-DR (anti-HLA-DR-APC),

CD40 (anti-CD40-CF-blue), CD86 (anti-CD86- PerCP-cy5.5),

and CD11c (anti-CD11c-FITC). The MACSQuant cytometer

(Miltenyi Biotec, Auburn, CA, USA) was used to evaluate the

cells, and the obtained data were analyzed using FlowJo

software v10.5.3.
siRNA preparation and transfection
into DCs

CTLA-4-siRNA and transfection reagent were ordered from

Santa Cruz Biotechnology (Santa Cruz, Canada). The sequence

of ordered CTLA-4-siRNA is shown in Table 1. To obtain the
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optimum pulse voltage for CTLA-4-siRNA transfection, mDCs

were harvested and subsequently transfected with different pulse

voltages (160, 180, and 200 V) using Gene Pulser Xcell (Bio-Rad,

USA). The transfection efficiency of siRNA in different pulse

voltages was evaluated with FITC-labeled control siRNA (Santa

Cruz Biotechnology, Santa Cruz, Canada). After obtaining a

160 V as the optimum pulse voltage for siRNA transfection,

mDCs were transfected with different concentrations of CTLA-

4-siRNA (40, 60, and 80 rmol). Immediately after

electroporation, mDCs were transferred into a 6-well plate

containing CM. The relative expression of CTLA-4 was

evaluated after 48 and 72 hours of incubation using

quantitative real-time PCR (qRT-PCR). The optimum dose of

siRNA and pulse voltage were determined for further

experiments based on the provided results.
Autologous CD3+ T cells isolation and
CFSE labeling

The separation of autologous CD3+ T cells from PBMCs of the

same individuals used for DC generation was performed by

magnetic activated cell sorting (MACS) using a human Pan T

Cell Isolation Kit according to the manufacturer’s instructions.

Briefly, following isolating the PBMCs, the cell suspension was

centrifuged for 10minutes at 300 g. The supernatant was removed,

and then 40 ml MACS buffer and 10 mL of pan T cell biotin Ab

cocktail were added per 1×107 total cells. After incubating for 5min

at 2−8°C, 30mL ofMACS buffer and 20 uLof PanTCellMicrobead

cocktail were added per 1×107 total cells. Following a 10-minute

incubation at 2−8°C, cells were washed with 1−2 mL of MACS

buffer and resuspended in 500 uLofMACSbuffer.After placing the
Frontiers in Immunology 04
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MACS column in the MACS separator’s magnetic field, the cell

suspension was added to this column. Negatively selected CD3+ T

cellswereunlabeled cells thathadpassed through the column.CFSE

labeling of isolated CD3+ T cells was performed according to the

protocol provided by the manufacturer. In brief, purified T cells

were resuspended in PBS and incubated with CFSE at a

concentration of 5 mM for 5 minutes at room temperature in the

dark. The reaction was quenched by adding RPMI-1640 medium

containing 20% FBS. After the final washing step, the cells were

resuspended in pre-warmed cell culture media.
CD3+ T-cells’ proliferation assay

To assess mDCs and CTLA-4-silenced-mDCs for their

ability to stimulate the proliferation of autologous T cells, DC-

T cell co-culture was performed. mDCs and CTLA-4-silenced-

mDCs as stimulator and CFSE-labeled autologous CD3+ T cells

as responder cells were co-cultured in the ratios of 1:5 and1:10 in

V bottom 96-well plate. T cells activated by phytohemagglutinin

(PHA) (5%) (Sigma Chemical Co., Munich, Germany) were

served as a positive control, whereas co-cultured iDCs with T-

cells were considered as an unstimulated group. After 4 days of

incubation at dark conditions, flow cytometry was used to

analyze the proliferation of the CFSE-labeled T cells.

Unlabeled CD3+ T cells were used as unstained.
Cytokine assay

To evaluate the capability of mDCs and CTLA-4-silenced-

mDCs to promote cytokine production in autologous T cells,
Table 1. List of primer sequences and siRNA.

Gene Sequences

CTLA-4 siRNA Sense
Antisense

GUAUCUGAGUUGACUUGACAGAACA

UGUCUGUCAAGUCAACUCAGAUACCA

CTLA-4 F
R

TCAGTCCTTGGATAGTGAGGTTC

TCAGTCCTTGGATAGTGAGGTTC

TNF-a F
R

TTCTCCTTCCTGATCGTGGCA

TAGAGAGAGGTCCCTGGGGAA

IL-10 F
R

AGGAAGAGAAACCAGGGAGC

GAATCCCTCCGAGACACTGG

T-bet F
R

TCTCCTCTCCTACCCAACCAG

CATGCTGACTGCTCGAAACTCA

FOXP3 F
R

CAGCCAGTCTATGCAAACC

GTCTTGTGTCAGTTTGAGGGTC

GATA3 F
R

GCATCCAGACCAGAAACCGAA

TCGCGTTTAGGCTTCATGATACT

18S F
R

CTACGTCCCTGCCCTTTGTACA
ACACTTCACCGGACCATTCAA
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freshly isolated CD3+ T cells were cultured with mDCs and

CTLA-4-silenced-mDCs in the ratios of 1:5 in 24-well plate. The

supernatants of the co-cultures were obtained 48 hours after

stimulation with DCs, and the quantities of IFN-g, IL-4, and
TGF-b were measured using commercial ELISA kits (R&D

Systems, Minnneapolis, MN, USA). As well, IL-12 and IL-10

levels were evaluated in supernatants of the mDCs and CTLA-4-

silenced-mDCs cultures using ELISA kits (R&D Systems,

Minnneapolis, MN, USA).
RNA isolation and qRT-PCR

Total cellular RNA was extracted using the TRIzol reagent

(Roche Diagnostics, Mannheim, Germany) according to the

manufacturer’s guidelines. The concentration of RNA was then

measured by a spectrophotometer. The RNA was maintained at

-80°C, and the Complementary DNA (cDNA) was synthesized

using a BioFACT 2step 2X RT-PCR Pre-Mix (Taq), and the

Applied Biosystems StepOnePlusTM Real-Time PCR System

(Life Technologies, Carlsbad, CA, USA) was used to assess the

expression of all genes in this manuscript. To normalize the

expression of target mRNAs, the 18s gene was employed as an

internal control. The sequences of primers are provided in Table 1.

All reactions were carried out in triplicate, and the relative mRNA

expression was calculated using the 2-DDCt method.
Statistical analysis

All the raw data were analyzed with GraphPad Prism v8.0.2

(GraphPad Software, San Diego, California USA). Student’s t-

test and One-way ANOVA test were used to compare data

between two and more than two groups, respectively. Each

parameter was measured in triplicate, and data of each group

were expressed as mean ± SD with the significance cut-off of p-

value ≤ 0.05 (ns: not significant; *: P≤ 0.05; **: P≤ 0.01; ***:

P≤ 0.001; and ****: P≤ 0.0001).
Results

siRNA transfection in mDCs significantly
decreased the gene expression of
CTLA-4

To achieve the optimum voltage for transfection, mDCs

were transfected with different pulse voltages (160, 180, and

200 V). There was no significant difference in transfection rate

between selected voltages, and it is shown to be near 90% in all of

them. Therefore, the least voltage (160V) was selected in order to

reduce stress in cells during pulsing (Figure 1A). Furthermore,

after the transfection of CTLA-4-siRNA in different
Frontiers in Immunology 05
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concentrations into mDCs, to assess siRNA effectiveness in

gene silencing, the qRT-PCR was used. Compared with

untransfected mDCs, which is considered as a control group,

60 pmol of CTLA-4 siRNA compared to 40 and 80 pmol more

significantly reduced CTLA-4 mRNA expression in transfected

cells at both 48 and 72 h incubation time (Figure 1B, P≤ 0.0001).

As a result, the following experiments were conducted using a 60

pmol as the optimal dose of CTLA-4-siRNA and 160 V as the

optimal transfection voltage.
CTLA-4 silencing significantly increased
maturation and activation of DCs

Microscopic analysis revealed morphological changes during

in vitro culture of adherent monocytes and differentiated DCs

(Figure 2A). Using the surface expression of markers related to

DC maturation and antigen presentation, phenotypic evaluation

of iDCs, mDCs, and CTLA-4-silenced mDCs was performed as

detailed in the “Materials and methods” section. Flow cytometry

analysis showed that all three of these cells had typical

expressions of CD11c, HLA-DR, CD86, and CD40

(Figure 2B). We further analyzed the differences in the surface

expression of these markers between these three groups of DCs

based on median fluorescence intensity (MFI). Conversion of

iDCs to mDCs increased the surface expression of CD11c (P≤

0.05), HLA-DR (P≤ 0.0001), CD86 (P≤ 0.01), and CD40 (P≤

0.0001) markers (Figure 2C). CTLA-4 suppression in mDCs,

significantly elevated the expression of CD11c (P≤ 0.01), CD86

(P≤ 0.01), and CD40 (P≤ 0.0001) compared with mDCs,

whereas increased HLA-DR expression was not significantly

different (Figure 2C). Furthermore, activated DCs are known

to produce inflammatory cytokines. Accordingly, to further

characterize the impact of CTLA-4 silencing in the activation

of mDCs, the concentration of IL-12 and IL-10 in the cell culture

supernatants and the expression of TNF-a and IL-10 mRNAs

were evaluated by ELISA and qRT-PCR, respectively. According

to the findings, CTLA-4 silencing resulted in enhanced TNF-a
(Figure 3A, P≤ 0.01) and decreased IL‐10 (Figure 3A, P≤ 0.0001)

expression in mDCs. Also, compared with mDCs, IL-12 levels in

the cell culture supernatants were increased after CTLA-4

inhibition (Figure 3B, P≤ 0.05). Interestingly, IL-10 was higher

in the supernatants of CTLA-4-silenced mDCs compared with

mDCs, but the difference was not significant (Figure 3B).
Deletion of CTLA-4 in DCs improved
T-cell responses

To determine the impact of CTLA-4 suppression in mDCs,

on the T cell anti-tumor activity, proliferation, and cytokine

secretion of CD3+ T cells were assessed in the following

experiments. Co-culture assay was done with mDCs and
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CTLA-4-silenced-mDCs as stimulator and CFSE-labeled

autologous CD3+ T cells as a responder in 1:5 and 1:10 ratios

to assess proliferation as previously described in the “Materials

and methods” section. The results indicated that compared to

1:10, the ratio of 1:5 resulted in increased T cell proliferation in

all groups (P≤ 0.05) (Figures 4A, B). Furthermore, in both 1:10

and 1:5 ratios, CTLA-4-silenced mDCs showed a higher capacity

to stimulate CD3+ T cell proliferation than mDCs (P≤ 0.05 and

P≤ 0.01, respectively) (Figures 4A, B). In addition, the anti-

tumor activity of T cells was assessed by measuring IFN-g, IL-4,
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and TGF-b levels in the supernatant of T cell/DC co-cultures.

Co-cultures of autologous T cells and CTLA-4-silenced-mDCs

resulted in considerably higher IFN-g (Figure 5A, P≤ 0.05) and

IL-4 (Figure 5A, P≤ 0.01) levels than T cell/mDCs co-culture,

which is Coordinated with the increased proliferation of CD3+ T

cells. TGF-b levels were diminished in the supernatants of T cell/

CTLA-4-silenced mDCs co-culture compared with T cell/mDCs

co-culture, but the difference was not significant (Figure 5A).

The findings are consonant with enhanced GATA3 and T-bet

mRNA expression in T cells purified from the T cell/CTLA-4-
BA

FIGURE 1

siRNA transfection outstandingly silenced CTLA-4 gene in mDCs. (A) Percentages of transfected mDCs obtained for the different pulse voltages.
More than 92% of the mDCs were transfected with FITC-labeled control siRNA at 160 V. The viability of all transfected and un-transfected DCs,
determined by the Trypan blue exclusion test, was above 90 percent. (B) CTLA-4 mRNA expression was suppressed in mDCs after 72 hours of
transfection with 60 pmol of CTLA-4 siRNA compared with untransfected mDCs; (**P≤ 0.01 and ****P≤ 0.0001). CTLA-4, Cytotoxic T-
lymphocyte-associated protein-4; mDCs, Tumor cell lysate-loaded mature dendritic cells; siRNA-mDCs, CTLA-4-silenced mDCs.
B CA

FIGURE 2

Morphological and phenotypical characterization of DCs. (A) Morphological changes during in vitro culture of adherent monocytes and
differentiated DCs. Arrows indicate DCs with typical morphology having sharp dendrites. (B) Phenotypic characterization of iDCs, mDCs, and
CTLA-4-silenced mDCs quantified by flow cytometry for the expression of surface markers, including CD11c, HLA-DR, CD86, and CD40.
Results are expressed as the percentage of stained cells for these markers (figures (A, B) provided as representative of all samples). (C) The
expression levels of CD11c, HLA-DR, CD86, and CD40 between iDCs, mDCs, and CTLA-4-silenced mDCs are represented as MFI. (ns, not
significant, *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, and ****P≤ 0.0001). DCs, dendritic cells; CTLA-4, Cytotoxic T-lymphocyte-associated protein-4;
iDCs, Immature dendritic cells; mDCs, Tumor cell lysate-loaded mature dendritic cells; siRNA-mDCs, CTLA-4-silenced mDCs; HLA-DR, Human
leukocyte antigen-DR isotype; MFI, Median fluorescence intensity.
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silenced-mDCs co-culture compared with T cell/mDCs co-

culture (Figure 5B). Interestingly, FOXP3 mRNA was found to

be considerably higher in T cells purified from the T cell/CTLA-

4-silenced-mDCs co-culture than in T cell/mDCs co-

culture (Figure 5B).
Discussion

There is considerable interest in utilizing DCs to stimulate

antigen-specific anti-tumoral CD4+ and CD8+ T cell responses

in cancer immunotherapy. In this regard, synthetic peptides or

proteins obtained from TAAs, i.e., MUC1, Her-2/neu,

tyrosinase, CEA, and Melan-A/MART, can be loaded into DCs
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to stimulate antigen-specific T cells. Vaccinating against a single

antigen has limitations since it’s unclear whether the defined

antigens can trigger an effective anti-cancer immunity (9).

Tumor cell lysates are a reliable source of tumor antigens,

particularly for malignancies without tumor-specific antigens,

which can be presented to T cells by DCs via the MHC class I

and class II molecules (26). As a result, lysate-pulsed DCs are

more potent to trigger T cell activation. Nevertheless, several

immunosuppressive mechanisms utilized by cancerous cells in

their milieu cause abnormalities in the function of DCs, which

contribute to tumor cell escape from the immune system and

diminish the efficacy of DC-based immunotherapy. Inhibitory

immune checkpoint molecules are regarded as key participants

in the TME’s immune‐modulatory scenario (27). Among these
B

A

FIGURE 3

Cytokine expression and secretion profile in mDCs and CTLA-4-silenced-mDCs. The expression levels of TNF-a and IL-10 (A) were assessed by
qRT-PCR. IL-12 and IL-10 (B) quantities in the cell culture supernatants was evaluated by ELISA; (ns, not significant, *P≤ 0.05, **P≤ 0.01, and
****P≤ 0.001). CTLA-4, Cytotoxic T-lymphocyte-associated protein-4; mDCs, Tumor cell lysate-loaded mature dendritic cells; siRNA-mDCs,
CTLA-4-silenced mDCs; qRT-PCR, Quantitative Real-time polymerase chain reaction; ELISA, Enzyme-linked immunosorbent assay.
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molecules, the importance of CTLA-4 in the inhibition of anti-

tumor T cell responses has been subjected to the argument for

over a decade. CTLA-4 is a T cell activation inhibitory receptor

that binds to the B7 ligand family, CD80 and CD86, on the

surface of APCs with a high affinity and disrupts CD28-

mediated signaling to T cell (28). When CTLA-4 is inhibited,

CD28 binds to CD80/CD86, enhancing CD4+ and CD8+ T cell-

mediated immunity (29). According to various studies, CTLA-4

is expressed in non-T cells like DCs and has immunomodulatory

effects on them (12, 14). CTLA-4 expression in DCs decreases

their maturation by reducing CD83 expression. Furthermore,

CTLA-4-expressing DCs have a reduced ability to present

antigens to T cells (14). IL-10 upregulates following CTLA-4

engagement on DCs, while IL-8 and IL-12 production

diminishes (12).

Several investigators have attempted to pulse DCs with

tumor cell lysates (30, 31) or suppress inhibitory immune

checkpoints, e.g., PD-L1/PD-L2 (32, 33) in DCs to increase the

efficacy of DC-based cell therapy outcomes. However, none of

them evaluated the effect of tumor antigen loading on DCs as

well as CTLA-4 inhibition in them concomitantly. Since CTLA-

4 is expressed on DCs and has a significant effect on diminishing

their function, we aimed to inhibit the expression of CTLA-4 in

CRC cell lysate-pulsed-DCs via transfection of siRNA to

enhance the efficacy of DC-based cancer immunotherapy. We

used CTLA-4 siRNA duplexes, which have longevity, stability,

and remarkable specificity, to suppress CTLA-4 expression on

CRC cell lysate-loaded monocyte-derived DCs.
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Our results showed that in comparison to untransfected

mDCs, CTLA-4 mRNA expression in transfected mDCs was

significantly inhibited after 72 hours of transfection with 60

pmol of CTLA-4 siRNA at 160 V (Figure 1B). After determining

the optimal dose and pulse voltage required for siRNA

transfection into mDCs, we investigated the stimulatory

impact of CTLA-4 suppression in mDCs on their antigen-

presenting features by evaluation of surface molecule

expression patterns and cytokine secretion characteristics.

Hence, despite the non-significant increase in HLA-DR

expression, our results indicated that inhibition of CTLA-4 in

mDCs significantly amplified the expression of CD11c, CD40,

and CD86 (Figure 2C), implying the potential of CTLA-4-

silenced mDCs to stimulate T lymphocytes. Another

important signal for T cell activation is cytokines released by

DCs. Activated DCs produce inflammatory cytokines, i.e., TNF-

a and IL-12, while the production of IL-10 is the hallmark of

tolerogenic DCs (34). According to our results, following CTLA-

4 knockdown in mDCs, the expression of TNF-a and IL-10

(Figure 3A) was increased and decreased, respectively. In

addition, after CTLA-4 suppression in mDCs, the quantities of

IL-12 in the cell culture supernatants were significantly

amplified. In contrast, the increase in the quantities of IL-10 in

the supernatants of CTLA-4-silenced mDCs was not

significant (Figure 3B).

Since antigen-loaded DCs can stimulate T cell-mediated

immunity, we further investigated the stimulatory capacity of

our CTLA-4-silenced mDCs in antigen-specific T-cell responses.
BA

FIGURE 4

CTLA-4-silenced-mDCs significantly increase CD3+ T cells’ proliferation. (A) The percentage of CFSE-labeled autologous CD3+ T cells
provoked by mDCs and CTLA-4-silenced-mDCs at a 1:5 and 1:10 DC/T cell ratio were determined by FACS via calculating the CFSE loss. (B)
Enhanced mDC’s capacity in T cell proliferation following CTLA-4 knockdown; (*P≤ 0.05, **P≤ 0.01, and ***P≤ 0.001). CTLA-4, Cytotoxic T-
lymphocyte-associated protein-4; mDCs, Tumor cell lysate-loaded mature dendritic cells; siRNA-mDCs, CTLA-4-silenced mDCs; FACS,
Fluorescent activated cell sorting.
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Based on our results, CRC cell lysate loading in DCs along with

CTLA-4 inhibition significantly increased CD3+ T cell

proliferation in autologous co-culture assay compared with

DCs where only loaded with CRC cell lysate (Figure 4B). The

effect of CTLA-4 inhibition in DCs on cytokine secretion profile

by T cells was also determined. The results showed that

suppression of CTLA-4 considerably increased the production

of IFN-g, a marker associated with T helper type 1, and IL-4

(Figure 5A), a marker associated with T helper type 2. However,

the decrease in the TGF-b (marker of regulatory T cell) levels

following T cell/CTLA-4-silenced mDCs co-culture was not
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significant (Figure 5A). Next, we evaluated the expression of

transcription factors related to the T cell responses. Enhanced

GATA3 (T helper 2 marker) and T-bet (T helper 1 marker)

mRNA expression in CD3+ T cells co-cultured with CTLA-4-

silenced-mDCs was observed (Figure 5B). Surprisingly, the

expression of FOXP3 mRNA, a transcription factor related to

regulatory T cells, was increased in T cell/CTLA-4-silenced-

mDCs co-culture (Figure 5B).

As previously stated, various investigators have attempted to

separately load tumor cell lysates on DCs or silence inhibitory

immune checkpoints, such as PD-L1/PD-L2, in order to develop
B

A

FIGURE 5

Silencing of CTLA-4 in mDCs strengthened T cell-mediated effector functions. Cytokine production by T cells following co-culture with mDCs
and CTLA-4-silenced-mDCs. (A) The DC/T cell co-culture supernatants were evaluated for IFN-g, IL-4, and TGF-b secretion by CD3+ T cells by
ELISA. (B) Expression analysis of T cell-associated transcription factors, i.e., GATA3, T-bet, and FOXP3 by CD3+ T cells following co-culture with
mDCs and CTLA-4-silenced-mDCs were determined via qRT-PCR; (ns, not significant, *P≤ 0.05, and **P≤ 0.01). CTLA-4, Cytotoxic T-
lymphocyte-associated protein-4; DC, dendritic cell; mDCs, Tumor cell lysate-loaded mature dendritic cells; siRNA-mDCs, CTLA-4-silenced
mDCs; ELISA, Enzyme-linked immunosorbent assay; GATA3, GATA binding protein 3; T-bet, T-box protein expressed in T cells; FOXP3,
Forkhead box P3; qRT-PCR, Quantitative reverse transcription polymerase chain reaction.
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effective DC-based cell therapy. Aerts et al. have demonstrated

that following the use of tumor lysate–loaded DCs, the tumor-

specific T-cell response was established by the production of

IFN-g in the mesothelioma-murine model, which was consistent

with our findings (35). In accordance with our results, it was

reported that T cells release higher quantities of IFN-g and show

a higher rate of proliferation when they are stimulated by

apoptotic tumor cell-loaded DCs (8). In another study, it has

been indicated that human gastric tumor lysates loaded DCs can

boost the proliferation of CD3+ T cells (36). In accordance with

our results, Schnurr et al. have reported the increased IL-12

secretion by panc-1 tumor cell lysates loaded DCs (37). In

addition, in a breast tumor-bearing human-SCID model,

suppression of PD-L1 boosted DC maturation, proliferation,
Frontiers in Immunology 10
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and IL-12 secretion, as well as T-cell-mediated responses (38).

Roeven and colleagues have reported that suppression of PD-L1/

PD-L2 in humanmonocyte-derived DCs significantly boosted ex

vivo antigen-specific T-cell responses (39). Furthermore, Van

den Bergh et al. have indicated that PD-L1/2-silenced DCs

exhibited an increased capacity to enhance T-cell proliferation

and TNF-a production than normal DCs, which was consistent

with our findings (32). Oh and colleagues have shown that PD-

L1 elimination in DCs improves anti-tumor CD8+ T-cell

responses (40). Some studies have reported that in the high

stimulatory conditions like exposure to mature autologous DCs

or stimulation with CD3, CD4+ T cells acquire regulatory

properties including the FOXP3 expression, while producing

effector cytokines like IFN-g, IL-2, IL-4 and IL-10 (41–44). This
FIGURE 6

Inhibition of CTLA-4 molecules augments T-cell responses to tumor-lysate-pulsed-DCs. Silencing of CTLA-4 gene in DCs via using siRNA
improves their stimulatory properties. Co-culture of tumor-lysate-pulsed CTLA-4-scilenced DCs with CD3+ T cells improves T-cell mediated
responses. CTLA-4, Cytotoxic T-lymphocyte-associated protein-4; DC, dendritic cell; siRNA, small interfering RNA.
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may be the reason laying behind the FOXP3 high expression in T

cell/CTLA-4-silenced-mDCs co-cultures. Although in previous

studies, DCs were separately loaded with tumor lysates or

suppressed for inhibitory immune checkpoints like PD-L1/PD-

L2, however, there is no study regarding the concomitant

silencing of CTLA-4 and tumor cell lysate loading on DCs in

order to boost the effectiveness of DC-based immunotherapy.

Our result showed that CTLA-4 knockdown in CRC cell lysate-

loaded DCs enhances autologous T cell activation and cytokine

secretion, implying a promising therapeutic option for future

preclinical and clinical investigations (Figure 6).
Conclusion

Despite DCs having been loaded with tumor lysates or

inhibited for inhibitory immune checkpoints in previous

studies, there has been no investigation on the simultaneous

silencing of CTLA-4 and tumor cell lysate loading on DCs. This

study has implied that CTLA-4 knockdown in CRC cell lysate-

loaded DCs remarkably improves their maturation and

stimulatory activity. Furthermore, these modified DCs can

robustly enhance the activation and cytokine secretion of co-

cultured T-cells more than DCs where only pulsed with tumor

lysate. As a result of these findings, it is suggested that this anti-

cancer therapeutic strategy be investigated further in preclinical

investigations in order to confirm this concept.
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Gastrointestinal (GI) cancers occur in the alimentary tract and accessory organs.

They exert a global burden with high morbidity and mortality. Inside the tumor

microenvironment, dendritic cells (DCs) are the most efficient antigen-

presenting cells and are necessary for adaptive immune responses such as T

and B-cell maturation. However, the subsets of DCs revealed beforeweremostly

based on flow cytometry and bulk sequencing. With the development of single-

cell RNA sequencing (scRNA-seq), the tumor and microenvironment

heterogeneity of GI cancer has been illustrated. In this review, we summarize

the classification and development trajectory of dendritic cells at the single-cell

level in GI cancer. Additionally, we focused on the interaction of DCs with T cells

and their effect on the response to immunotherapy. Specifically, we focused on

the newly identified tumor-infiltrating dendritic cells and discuss their potential

function in antitumor immunity.

KEYWORDS

dendritic cells, T cells, gastrointestinal cancer, scRNA-seq, transcriptome
Introduction

Gastrointestinal carcinoma refers to malignancies that occur in the alimentary tract

and accessory organs. It consists of six main types of cancer: oesophageal cancer (OC),

gastric cancer (GC), liver cancer (LC), gallbladder and biliary tract cancer (BTC),

pancreatic cancer (PC) and colorectal cancer (CRC) (1). There were 5.09 million new

cases of GI cancer and 3.61 million related deaths, accounting for 26.4% of the worldwide

cancer incidence and 36.3% of all cancer-related deaths, respectively (2). Additionally,

these numbers are on the upward trend compared to the epidemiological data before (3).
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At present, the main treatments for GI cancers include

surgery, chemotherapy, radiotherapy and targeted therapy, and

the rise of immunotherapy improves the ways against the tumors

and has gradually become the first-line therapy in GI cancer.

Apart from pancreatic cancer, most clinical trials of GI cancer

combine the anti-PD-1 antibody with sequential chemotherapy

or targeted therapy to create new therapeutic paradigms

(Supplementary Table 1a). The overall response rate (ORR)

ranged from 26.7%-76.7%. Unfortunately, in pancreatic cancer,

immune checkpoint blockade (ICB) therapy fails (ORR is almost

0%) and does not prolong the survival time compared with

chemotherapy (4–7). Although ICB combined with

chemotherapy has a higher ORR than targeted therapy,

approximately half of patients still cannot benefit from it due

to nonresponse, drug resistance, recurrence or disease

progression. The overall resistance to ICB therapy is 11%-71%

across all tumor types (8). These data from clinical trials indicate

that releasing only T-cell brakes cannot fully eliminate tumors.

To elicit whole-body immune activation and long-lasting

immune memory, novel therapy methods need to be developed.

Dendritic cells (DCs), as the most efficient antigen-presenting

cells, bridge the innate and adaptive immune systems. In the

tumor microenvironment, DCs represent a heterogeneous group.

Single-cell RNA sequencing can identify newDC subpopulations.

Additionally, new insights provided by the single-cell

transcriptome and spatial transcriptome will likely reveal a

plethora of new immunotherapeutic interventions targeting

specific DC subsets or their products for the treatment of a

variety of human disorders, including cancers. In this review,

we focus on high-resolution data on dendritic cells in GI cancer.
Canonical development and traditional
classification of DCs

Hematopoiesis gives rise to most immune cells. The classical

three subtypes of DCs, monocyte-derived dendritic cells (Mo-

DC), conventional dendritic cells (cDC) and plasmacytoid

dendritic cells (pDC), all come from common dendritic

progenitors (CDPs), common monocyte progenitors (cMoPs)

(9) and IL-7R+ lymphoid progenitor cells (10). In one way,

cMoPs give rise to CD14+ or CD16+ monocytes. When

circulating monocytes encounter antigens, they differentiate

into Mo-DCs and migrate to tissues later (11). In another way,

the CDPs come to pre-pDCs and pre-cDCs. cDCs have two

subtypes, type 1 (cDC1) and type 2 (cDC2), marked by

CLEC9A+/CD141+/XCR1+ and CLEC10A+/SIRPa+/CD1c+

expression, respectively. cDCs have superior antigen

presentation capacity. cDC1s present antigens to CD8+ T cells

by MHC-I/TCR interactions, and cDC2s present antigens to

CD4+ T cells by MHC-II/TCR interactions. Additionally,

cDC1s cross-presented tumor-associated antigen (TAA) or

tumor-specific antigen (TSA) to generate antigen-specific
Frontiers in Immunology 02
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cytotoxic T cells is crucial in antitumor immunity (12).

Furthermore, pDCs have a rounded shape that resembles

plasma cells. Marked by CD123 in human, pDCs function

during viral infection. They produce type I interferon upon

stimulation with toll-like receptor (TLR) 7/9 (13).

DCs are themost potent antigen-presenting cells (APCs). They

have four main functions, phagocytosis, antigen presentation,

costimulatory/inhibitory ability and cytokine secretion ability, to

regulate immunity. As professional phagocytes, DCs have separate

pathways to process endogenous and exogenous antigens (14–16).

After antigen uptake, DCsmatured. They upregulate costimulatory

molecules, such as cluster of differentiation 80/86 (CD80/86) and

inducible T-cell costimulatory ligand (ICOSL), to provide the

second signal of T-cell activation and proliferation. In addition,

they secrete proinflammatory cytokines, such as interleukin-12 (IL-

12), to promote differentiation from Th0 to Th1 (17) and tumor

necrosis factor-alpha (TNF-a) to induce tumor cell apoptosis (18).

Recently, a subset of DCs, CD103+DCs, have been considered to be

crucial for trafficking to the lymph nodes and activating CD8+ T

cells (19). Additionally, anti-PD-L1 blockade requires CD103+DCs

to promote but only have a partial response. Only when combined

with FLT3L and poly I:C therapy can anti-PD-L1 blockade

efficiently reduce tumors (20). Additionally, another study using

an anti-PD-1 antibody and a multipeptide vaccine found that PD-

1+ DCs decreased and memory precursor CD8+ T cells were

upregulated (21). Altogether, these studies indicate the key

subclusters of DCs in the response to immunotherapy and their

regulation of memory CD8+ T cells.
The updated taxonomy, ontogeny and
new functions of DCs defined by
scRNA-seq

With high-resolution sequencing technology at the single-

cell level, novel clusters of DCs were discovered, and taxonomy

was updated. First, cDC1 s and cDC2s come from the common

dendritic cell progenitor (cDC progenitor), characterized by

CD34intCD100+ (22). Moreover, a novel DC subcluster, AXL+

DCs characterized by AXL and SIGLEC6, was first identified in

the peripheral blood of humans (23). AXL+DCs have a spectrum

gene signature consisting of pDCs and cDCs, which indicates

that they have the ability to give rise to both of them.

Additionally, AXL+DCs were also found in the cord blood,

which reveals their origin (24). However, they are more

similar to cDCs in the adult cord clood than pDCs in the

peripheral blood transcriptionally. Furthermore, by inhibiting

AXL receptor tyrosine kinase, Li et al. found that cDCs increase

type I interferon secretion and enhance the proliferation of

TCF1+PD1+CD8+ T cells. This pathway sensitive the anti-PD1

blockade and restored the response (25).

Moreover, Rudensky et al. identified two functionally distinct

cDC2 subclusters, T-bet+cDC2s and T-bet-cDC2s, in mice (26).
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T-bet+cDC2s have an anti-inflammatory profile, while T-bet-

cDC2s show pro-inflammatory characteristics, secreting more

TNF-a and IL-6 than T-bet+cDC2s. The researchers also

validated that siglec-H+ cells have the progenitor nature to give

rise to these cDC2 subclusters within the spleen. And in human,

C D 1 c l o C L E C 1 0 A – C L E C 4 A h i c D C 2 s a n d

CD1c+CLEC10A+CLEC4Alo cDC2s are counterparts of T-

bet+cDC2s and T-bet-cDC2s in mice. Moreover, T-bet+cDC2s

and CD1cloCLEC10A-CLEC4Ahi cDC2s in the peripheral blood

of mice and human respectively are absent consistently.

Recently, DCs were also found to maintain the exhaustion

state in lymphoid or nonlymphoid tissue, which is vital during

T-cell function (27, 28). Dähling et al. found that cDC1s prevent

the overactivation of the precursors of exhausted T(Tpex) cells

by providing a CCL21-dependent niche. They control their

differentiation to exhausted T cells to balance the exhaustion

state in the body (29). In addition, Schenkel et al. discovered that

cDC1s helped tumor-specific CD8+ T cells, TCF-1+CD8+ T cells,

to proliferate and differentiate into a heterogeneous population

and thus reduced tumor burden (30). These studies revealed new

insights into the contribution of DCs to immunity.
Phenotypic alterations and novel tumor-
infiltrating DCs identified by scRNA-seq

Although numerous potential stimulatory signals for DCs exist

in the TME, many tumors also contain abundant amounts of

immunosuppressive cytokines, such as IL-10 (31, 32). Orsini et al.

found that colorectal cancer patients exhibited an impaired capacity

to generate immature DCs from blood monocytes and lower

expression levels of the costimulatory marker CD40 (33). Studies

have found that the immunosuppressive chemokine CCL2 produced

by tumor cells induces the autocrine secretion of lipocalin 2 (LCN2)

and cooperatively generates immunoregulatory DCs (regDCs) with

decreasedHLA-DR expression and increased PD-L1 expression (34).

In addition, the circulating pDCs recruited into the tumor

microenvironment are characterized by decreased expression of

costimulatory molecules and a reduced ability to produce type I

interferons. Additionally, Li et al. found that pDCs played a potential

role in recruiting Tregs, and both of them participate in the

immunosuppressive microenvironment of GI cancer (35). Liu et al.

also demonstrated that ICOS+ Tregs and pDCs predict a poor

prognosis of gastric cancer (36). However, Abolhalaj et al. found

that the myeloid/plasmacytoid dendritic cell ratio (mDC/pDC) was

elevated in tonsillar cancer (37). Therefore, the landscape of tumor-

infiltrating DCs and their functions need to be clarified.

Single-cell RNA sequencing has promoted the precise

understanding of the tumor microenvironment. In Supplementary

Table 1b, we summarize some high-quality single-cell RNA-seq data

of GI cancers based on human tumor sample sequencing. In general,

the ratio of DCs and T cells ranges from 1:5~1:12 (38–41). The

proportion of mDCs is higher than that of pDCs, but the study did
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not give an accurate number (38). Three groups of DCs, cDC1s

(highly expressed CLEC9A/BATF3), cDC2s (highly expressed

CD1C/CLEC10A), and plasmacytoid DCs (highly expressed

LILRA4), were detected in tumor and adjacent tissues.

Furthermore, the subtypes of tumor-infiltrating DCs are

conserved across GI cancers. Recently, a novel tumor-

infiltrating DC that highly expresses CCL19/LAMP3/CCR7 was

identified. LAMP3+ cDCs were first identified by Zhang et al. (42)

in hepatocarcinoma and is a kind of tumor-infiltrating DC that

arises from cDC1 and cDC2. LAMP3+ cDCs were found in 15

different cancer types, which demonstrates that they have a broad

appearance in tumors (43). They have the ability to migrate to

hepatic lymph nodes because of high CCR7 expression. Apart

from nasopharyngeal cancer and pancreatic adenocarcinoma,

LAMP3+ cDCs preferentially come from cDC1s, which highly

express IL12B and BTLA. Moreover, cDC2-derived LAMP3+

cDCs showed high expression of CCL17. Although these two

kinds of LAMP3+ cDCs have distinct gene signatures, both of

them have the capacity to induce Treg differentiation and

recruitment. Additionally, the upregulated expression of PD-L1

and PD-L2 in LAMP3+ cDCs was consistent. And LAMP3+DCs

were predicted to interact with PD-1 on Tregs, central memory T

cells (CD4+T cells highly expressing IL7R andTCF7), and effector

memory T cells (CD8+ T cells highly expressing SELL GZMK) to

regulate multiple kinds of T cells (42). Additionally, CCR7- and

LAMP3-upregulated DCs were also detected in colorectal tumors

(44). Altogether, these facts indicated that LAMP3+ cDCs are

newly identified regulatory-like dendritic cells in the TME.

Moreover, different from the previous theorymentioned above,

scRNA-seq further predicts the ligand−receptor interaction

between DCs and T cells (42). cDC1s (DC-CLEC9A) have the

ability to present antigens toCD4+T cells and cDC2 (DC-CD1c) are

able to interact withCD8+T cells.Moreover, Cheng et al. performed

a pan-cancer scRNA-seq and found that the proportion of cDC2s

was higher than that of cDC1s in tumors. Some research found that

ascites from hepatocarcinoma patients were enriched with DCs

expressing FCER1A (DC-FCER1A) (42).
Spatial distribution of dendritic cells in
GI cancer

Apart from cell clustering at the single-cell level, the location

of dendritic cells in the tumor is also crucial for their biological

behavior. In oesophageal cancer, PD-L1+ or PD-L1- DCs were

nearest to PD-L1+ or PD-L1- tumor cells, respectively (45). The

closer distance between these two cells is correlated with better

overall survival and progression-free survival. Moreover, in

gastric cancer, DCs are sparse and scattered in the tumor (46).

In hepatocarcinoma, cDCs were found to be significantly

enriched in the normal regions instead of the tumor regions by

spatial transcriptomics. Between the normal region and tumor

region, there is a complete capsule that blocks the immune cells from
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entering the tumor (47). Furthermore, pDCs highly marked with

BDCA-2 are located in the tertiary lymphoid structure (TLS) and

correlatewith prolonged survival in colorectal cancer (48). These data

indicate that anti-tumor cDCs are not enriched in the tumor and that

pro-tumor pDCs may contribute to tumor progression in GI cancer.

Additionally, a kind of dendritic cell termed follicular

dendritic cells (FDCs) specifically originate from stromal cells

located in the primary lymphoid organs, secondary lymphoid

organs and TLSs (49). FDCs mainly induce a humoral response,

unlike the cDCs and pDCsmentioned before. Theymainly secrete

C-X-C motif chemokine ligand 13 (CXCL13) to recruit B cells to

B-cell follicles and assist them in differentiating into plasma cells

and memory cells. Unlike MHC-TCR antigen presentation in T-

cell activation, FDCs present unprocessed antigen to B cells with

immune complexes (50). FDCs, B cells, and T cells dominantly

form the tertiary lymphoid structure, andTLSs are correlatedwith

better overall survival and progression-free survival (51–53).

However, the spatial information of DCs is relatively limited.

Many studies utilizing spatial transcriptomics have not paid

much attention to dendritic cell distribution and its potential

role in presenting antigens in tumors (54, 55). Therefore, it is

necessary to identify the distribution of DCs in GI cancers since

it is vital for antigen presentation behavior.
The difference between clinical samples
and tumors from mouse models

The single-cell transcriptome and spatial transcriptome have

revealed the DC atlas of human (Figure 1). However, the mouse
Frontiers in Immunology 04
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model is the main preclinical model used to study dendritic cells

and the immune system. To compare the difference in dendritic

cells and T cells between human clinical samples and mouse

tumors in GI cancer, we summarized the scRNA-seq data of

mouse models in Supplementary Table 1b. Obviously, the

subcluster differs between human and mice. Zhao et al.

sequenced BALB/C, C57BL/6, SCID and SCID-HT29 liver

cancer mouse models by scRNA-seq. They identified six DC

subclusters, some of which were consistent with human data.

Undeniably, the representative gene LILRA4, which is highly

expressed in pDCs in humans, did not exist in mice.

Additionally, the remarkable LAMP3 gene expression in human

regDCs was dismissed in the mouse (56). A similar situation

occurred in the CRC/GC mouse model, in which the classification

of DC cells was too broad (57, 58). Additionally, DC gene

expression in esophageal squamous cell carcinoma mouse

models mostly does not match that in human tumors (59).

Guilliams et al. (60) systematically compared murine and human

liver cells at the single-cell level and found that the subclusters were

mostly conserved. However, the gene expression of cDC1 s and

cDC2s is quite distinct. Altogether, there is some discrepancy in

the gene expression of the main immune clusters between mice

and humans. The diversity of mouse cancer models is limited and

cannot represent the heterogeneity of clinical samples.

To address the problem mentioned above, humanized model

technology is appealing. The humanized mouse model (humice)

refers to human CD34+ cells/peripheral blood mononuclear cells

(PBMCs) engrafted in severe combined immunodeficiency mice.

Zhao et al. established the humice platform of liver cancer. Flow

cytometry monitors at least twenty-one human immune subsets,
FIGURE 1

The developmental trajectory of dendritic cells and T cells. Monocytes circulate in the peripheral blood and differentiate into dendritic cells that
sample and cargo tumor antigens. In the tumor draining lymph nodes, dendritic cells present antigens to CD4+ or CD8+ T cells to activate them
into cytotoxic T cells. Additionally, cDCs also interact with resident CD8+ T cells to develop into CD8+ cytotoxic T cells. Besides, cDC1s and
cDC2s give rise to regulatory LAMP3+ DC which induce CD8+ T cells exhaustion through the PD-L1-PD-1 axis.
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including pDC andmDC, in peripheral blood and various cytokine

secretion in sera for 8 weeks. Then, the patients’ tumors were

implanted subcutaneously in the humice. They found that the

therapeutic effect of pembrolizumab was significantly better than

that of ipilimumab. There were obvious toxic and side effects in

humice when using ipilimumab, which is consistent with the

clinical information (61). Therefore, the humice system provides

a platform to detect the interaction between human immune cells

and better imitates the cancer immunity of humans.
Therapeutic strategy of DC-based
cancer treatment

DC-based immunotherapy mainly refers to DC-based cancer

vaccines. DC vaccines are mostly based on Mo-DCs from patients,

which are accessible and have amature culture protocol.Monocytes

can be induced to differentiate into DCs stimulated by IL-4 and

GM-CSF and to mature by LPS (62–64), which is a convenient

source to generate DC vaccines. Then, using tumor lysates or

predicted personalized tumor antigens, mo-DCs are activated and

transferred to the patients. There are ~80 phase I/II clinical trials to

treat gastrointestinal cancer (Supplemental Table 2). DC vaccines

are currently recommended to use a ‘prime-boost’ strategy.

Traditional treatment modalities first induce immunogenic cell

death (ICD), and subsequent DC vaccination can boost a stronger

immune response (65). DC vaccines have successfully treated

highly immunogenic cancer. Provenge is the first FDA-approved

DC vaccine used to treat prostate cancer since 2010 (66). These

attempts have elucidated the safety and response of DC vaccines

elicited in patients. Generally, the strategy using DC vaccine is now

recommended to combine chemotherapy or ICB therapy because

the single ORR of DC vaccine did not exceed 15% (67).

Although some regimens do not target DCs directly, scRNA-

seq detected changes inDCs contributing to a better response. In an

MC38 CRC mouse model treated with anti-CD40 agonist therapy,

CCL22+ cDC1s along with CCL5+ CD8 effector memory T cells

were enriched, and an elevated cDC1 gene signature was correlated

with longer overall survival (68). In another study, when

undergoing anti-PD-1 or anti-CTLA-4 blockade therapy, CD8

effector memory T cells highly expressing GZMK and HSPA1A

were also upregulated in patients, which the latter has not been

annotated previously in liver cancer (69). However, scRNA-seq of

patients or mousemodels before and after treatment is limited, and

more attention should be given to not only T cells.
Conclusion

Currently, scRNA-seq has identified novel subclusters and

the precise function of DCs. In summary, conventional dendritic

cells (cDC1 and cDC2) are the most efficient antigen presenting

cells in the tumor draining lymph nodes and tumor
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microenvironment. The immunotherapy response is correlated

with the interaction of cDCs and tumor-specific T cells.

However, cDC1s and cDC2s can also differentiate into a

subset of regulatory DCs (LAMP3+ DCs) to hamper anti-

tumor immunity. Therefore, the future strategy to develop

novel DC vaccines is to elicit a CD8+ T-cell response and

prevent it from being changed by the immunosuppressive

tumor microenvironment, thus eliminating the tumor burden.
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Dendritic cell phenotype and
function in a 3D co-culture
model of patient-derived
metastatic colorectal
cancer organoids

Beatriz Subtil 1,2, Kirti K. Iyer2,3, Dennis Poel2,3, Lotte Bakkerus3,
Mark A. J. Gorris1,4, Jorge Cuenca Escalona1,
Koen van den Dries2, Alessandra Cambi2, Henk M. W. Verheul5,
I. Jolanda M. de Vries1*† and Daniele V. F. Tauriello2†

1Department of Tumor Immunology, Radboud Institute for Molecular Life Sciences, Radboud University
Medical Center, Nijmegen, Netherlands, 2Department of Cell Biology, Radboud Institute for Molecular
Life Sciences, Radboud University Medical Center, Nijmegen, Netherlands, 3Department of Medical
Oncology, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center,
Nijmegen, Netherlands, 4Oncode Institute, Nijmegen, Netherlands, 5Department of Medical Oncology,
Erasmus Medical Center, Rotterdam, Netherlands
Colorectal cancer (CRC) remains one of the most aggressive and lethal cancers,

with metastasis accounting for most deaths. As such, there is an unmet need for

improved therapies for metastatic CRC (mCRC). Currently, the research focus is

shifting towards the reciprocal interactions within the tumor microenvironment

(TME), which prevent tumor clearance by the immune system. Dendritic cells (DCs)

play a key role in the initiation and amplification of anti-tumor immune responses

and in driving the clinical success of immunotherapies. Dissecting the interactions

between DCs and CRC cells may open doors to identifying key mediators in tumor

progression, and possible therapeutic targets. This requires representative, robust

and versatile models and tools. Currently, there is a shortage of such in vitro

systems to model the CRC TME and its tumor-immune cell interactions. Here we

develop and establish a dynamic organotypic 3D co-culture system to recapitulate

and untangle the interactions between DCs and patient-derived mCRC tumor

organoids. To our knowledge, this is the first study investigating human DCs in co-

culture with tumor organoids in a 3D, organotypic setting. This system reveals how

mCRC organoids modulate and shape monocyte-derived DCs (MoDCs) behavior,

phenotype, and function, within a collagen matrix, using techniques such as

brightfield and fluorescence microscopy, flow cytometry, and fluorescence-

activated cell sorting. Our 3D co-culture model shows high viability and

extensive interaction between DCs and tumor organoids, and its structure

resembles patient tissue sections. Furthermore, it is possible to retrieve DCs

from the co-cultures and characterize their phenotypic and functional profile. In

our study, the expression of activation markers in both mature and immature DCs

and their ability to activate T cells were impacted by co-culture with tumor
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organoids. In the future, this direct co-culture platform can be adapted and

exploited to study the CRC-DC interplay in more detail, enabling novel and

broader insights into CRC-driven DC (dys)function.
KEYWORDS

human dendritic cells, dendritic cell dysfunction, immunosuppression, 3D co-culture,
tumor microenvironment, metastatic colorectal cancer, patient-derived tumor organoids
GRAPHICAL ABSTRACT
1 Introduction
Colorectal cancer (CRC) is one of the world’s most prevalent cancers

and the second leading cause of cancer-associated mortality. For patients

diagnosed at an early stage, the 5-year survival rate is as high as 90%. The

survival rate, however, drops to only around 15% for advanced and

metastatic disease (1). During disease progression, approximately half of

patients developmetastases, with the liver as the most frequent metastatic

site (1, 2). Most CRC-related deaths are thus not caused by the primary

tumor but by distant metastases, which are often resistant to treatment

(surgery, chemo-, targeted- and immunotherapy) (3). Treatment

unresponsiveness in metastatic disease has been linked to a strongly

immunosuppressive tumor microenvironment (TME) (4–6). CRC has

evolved a number of escape mechanisms to induce immune suppression

including the exclusion and corruption of immune cells. This either

occurs through direct cell-to-cell contact or paracrine signaling, for which

the molecular mechanisms remain incompletely understood. It is

therefore crucial to further our understanding of the complex

interactions between tumors and immune cells in order to eventually

develop and improve treatment strategies.

Dendritic cells (DCs) are the key orchestrators of anti-tumor

immune responses and have been shown to be locally and

systemically impaired in cancer patients, including CRC (7). Under

physiological conditions, DCs constantly patrol and scan the

environment for danger signals in an immature state. In the

presence of tumor antigens and danger signals, DCs become
02116
activated, mature, and trigger anti-tumor immune responses (8). As

such, they have the unique capacity to link the innate and adaptive

immune system by (cross)-presenting antigens and priming T cells (9,

10). Importantly, this implies that effector T cell responses against

cancer-specific antigens require functional and mature DCs (11, 12).

In an immunosuppressive tumor setting, DCs become locked in or

regress into an immature state, which compromises their ability to

activate T cells leading to T cell anergy and Treg recruitment, and in

this way foster tumor tolerance (13–16). In agreement, several studies

implicate dysfunctional DCs in immune evasion, tumor growth,

metastasis initiation, and treatment resistance in CRC, clearly

indicating that DCs not only dictate the outcome of anti-tumor

immunity but also of treatment response (17).

Despite the critical role of DCs in anti-tumor immunity and

immunotherapy response in cancer, the CRC-specific mechanisms

shaping and regulating DC phenotype and functionality are still

largely unknown. Unveiling the crosstalk between CRC and DCs

brings hope for identifying and modulating key mechanisms and

pathways involved in tumor progression and spread. This presupposes

unexplored opportunities for therapeutically reverting tumor-induced

DC suppression and enhancing anti-tumor immunity (16, 18).

To gain insights into these CRC-DC interactions, it is crucial to

have suitable and representative models and tools to study and unveil

the underlying molecular mechanisms. Animal models of CRC,
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despite mimicking several features of the human disease, cannot

faithfully represent the complexity of the human TME. In addition,

mouse and human DC subsets differ considerably, impairing subset-

specific studies. There is a shortage of in vitro systems that faithfully

model the primary and metastatic CRC TME and its tumor-stromal

cell interactions. Moreover, existing in vitro 2D co-culture systems,

albeit highly accessible and inexpensive, fail to recapitulate cell shape

and polarization, as well as, tumor complexity, heterogeneity, and 3D

spatial interactions within the TME (19). As such, there is a pressing

need for clinically and physiologically relevant systems that enable the

dissection of cellular interactions, and assessment of individual

contributions to certain phenotypes within the CRC TME.

3D co-culture models using tumor spheroids or organoids aim to

overcome the shortcomings of previous in vitro models and shorten

the gap between the ability to manipulate the system and

physiological relevance (20, 21). These appear to be promising tools

to better recreate the complex interactions between tumor cells and

other cells that compose the TME, including DCs. To date, spheroid-

based TME models for different tumors have been developed to

investigate DCs behavior and plasticity (22–24). However, spheroids

fall short of representing glandular differentiation and polarization, as

well as tumor heterogeneity, one of the key features of CRC. In

contrast, patient-derived tumor organoids (PDTOs) are heterogenous

self-organizing populations of tumor cells, resembling the

architecture, and preserving morphological and mutational features

of the tissue of origin (20, 21, 25–27). As such, PDTOs represent a

relevant and appropriate in vitro platform for biological studies and

testing personalized medicine. Furthermore, studies have shown that

organoid co-culture systems can be successfully used to study and

recapitulate interactions between cancer cells and immune cells (27–

30). Recently, a co-culture model of MoDCs and healthy human

gastric organoids in a controlled and complex microphysiological

chip platform was developed (31). Yet, studying DC-CRC interactions

using PDTOS in a 3D context is still an unexplored field with

many opportunities.

Here, we describe the development of a representative and relevant

3D co-culture system between human DCs and patient-derived liver

metastatic CRC organoids. In our co-culture system, monocyte-derived

DCs (MoDCs) from healthy donors were used as a human DC model

and cultured in a 3D collagen matrix in the presence or absence of

PDTOs. MoDCs were added to the co-culture system in an immature

(iDCs) or mature state (mDCs) as both can be found infiltrating the

TME, and have different roles and behaviors (12). The two CRC liver

metastasis PDTOs used in this study were selected based on their

different morphology – cystic and compact/dense. Furthermore, we

present an associated toolbox that includes live-cell microscopy,

histological analysis, immunofluorescence, flow cytometry, and cell

sorting to assess and characterize the tumor effect on the behavior,

phenotype, and functionality of DCs.
2 Materials and methods

2.1 Human samples and patient material

Blood samples (buffy coats) from healthy donors were obtained

via Sanquin Blood Bank (Sanquin Bloedvoorziening, Nijmegen, the
Frontiers in Immunology 03117
Netherlands). Needle biopsies and resection material from liver

metastasis of CRC patients and tumor tissue sections were obtained

within the context of the ORCHESTRA trial (NCT01792934). All

healthy donors and patients gave written informed consent.
2.2 Isolation of peripheral blood
mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated from

buffy coats by density gradient centrifugation at 500 x g at room

temperature (RT) for 30 minutes using Lymphoprep medium

(StemCell Technologies, 07861). The layer containing the PBMCs

was isolated and extensively washed with PBS supplemented with

0.1% BSA and 2 mM EDTA. The residual red blood cells were

removed using red blood cell ACK lysis buffer (Gibco, A1049201).

Monocytes and pan T cells were isolated from the healthy donor

PBMCs as described below.
2.3 Isolation and differentiation of
(mature and immature) monocyte-derived
dendritic cells

Monocytes were isolated from the PBMCs using CD14 Microbeads

(Miltenyi Biotec, 130-050-201) according to the manufacturer’s

instructions. For differentiation of MoDCs, monocytes were cultured

in X-VIVO 15 (Lonza, BE02-060F) supplemented with 2% human

serum and with 450 U/ml GM-CSF (Miltenyi Biotec, 130-093-868) and

300 U/ml IL-4 (Miltenyi Biotec, 130-093-924) for differentiation for 5

days (cytokines and medium were refreshed at day 3). After

differentiation, MoDCs were matured for 24h with 1000 U/ml IL-6

(Proteintech, HZ-1019), 1000 U/ml IL-1b (Peprotech, 200-01B), 500

U/ml TNF-a (Peprotech, 300-01A), and 10 µg/ml PGE2 (Prostin E2

Pfizer). On day 6, immature (iDCs) and mature (mDCs) MoDCs were

harvested after 1h incubation at 4°C in cold PBS and with the help of a

cell scraper.
2.4 Isolation of pan T cells

For the allogeneic T cell assays/mixed lymphocyte reaction assays,

T cells were isolated from the PBL fraction of PBMCs using the Pan T

cell isolation Kit (Miltenyi Biotec, 130-096-535) according to

manufacturer instructions.
2.5 Establishment of patient-derived
tumor organoids

The following procedure was used to establish patient-derived

tumor organoids [Iyer, Poel, et al. (manuscript in preparation)].

Patient biopsies were collected in Advanced DMEM/F12 (Gibco,

12634010), supplemented with 1x GlutaMAX™-I (Gibco,

35050038), 10 mM HEPES Buffer solution (Gibco, 15630056), and

Penicillin Streptomycin (10000 U/mL Penicillin, 10000 µg/mL

Streptomycin) (hereafter referred to as +3 Advanced medium), and
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10 mM Rho-kinase inhibitor. The collection medium was removed,

and the biopsies were washed with cold HBSS (Lonza). Then, the

biopsies were transferred to a petri dish for mechanical digestion,

washed twice with +3 advanced medium, and transferred into a 15 ml

tube. The tumor tissue was incubated in 20 mg/mL Collagenase-II

(Sigma-Aldrich) and 10 mM Rho-kinase inhibitor for tissue

dissociation, and placed in the water bath at 37°C for 30 minutes.

After tissue digestion, 10% FBS (Gibco) was added to stop the

collagenase digestion. The minced and digested tissues were passed

through a pre-wetted 200mM filter (Pluriselect) into a 15 ml tube. The

tissue was centrifuged for 5 minutes at 400 x g and 4°C. Lastly, the

supernatant was removed, and the pellet was resuspended in Cultrex

Ready Basement membrane extract (BME) (Bio-Techne, 3434-

050-RTU).
2.6 Culture of patient-derived tumor
organoids and single cell counting

Organoids were cultured in 25 µl domes of 70% (v/v) BME in +3

Advanced medium supplemented with 5% (v/v) R-spondin-CM

(provided by courtesy of the Kuo lab, Stanford University), 5% (v/v)

Noggin-CM (provided by courtesy of the Clevers lab, Hubrecht

Institute), B27 Supplement without vit. A (Gibco, 12587010), 10mM

Nicotinamide (Sigma, N0636), 0.2 mg/mL Normocin™ (InvivoGen,

ant-nr-1), 1.25 mM n-acetylcysteine, 10 nM Gastrin-I (human) (Bio-

Techne, 3006/1), 50 ng/mL hrEGF (Peprotech, AF-100-15), 3 µM

SB202190 (Seleck, S1077), and 2 µM Galunisertib (LY2157299) 26.

Organoids were kept until passage 25. For passaging and co-cultures,

PDTOs were collected by adding ice-cold medium to dissolve the BME.

For the co-culture, a trypsinization step was included to count the

number of PDTO single cells present in a certain volume. In this study

two PDTOs were used and selected based on their different

morphology: PDTO013 hereafter referred to as PDTO cystic and

PDTO024 as PDTO dense. [Iyer, Poel, et al. (manuscript

in preparation)].
2.7 Generation of co-cultures between
PDTOs and DCs in a 3D collagen gel

Bovine Collagen type I (fibrillar), the most widely used and

investigated extracellular matrix for 3D cell culture, was used as a

scaffold for PDTOs and DCs co-cultures. The collagen mix consisted

of 3.1 mg/ml Bovine PureCol I (Advanced Biomatrix, 5005) (final

concentration of 1.7 mg/ml), 10x MEM (Gibco, 11430-030) (final

concentration of 0.74x), 7.5% sodium bicarbonate (Gibco, 25080-060)

(final concentration of 0.28%), and the cells in X-VIVO 2% human

serum. The mixture was prepared as described elsewhere (32). To

avoid fragmentation by mechanical disruption, the PDTOs were

collected carefully in a volume corresponding to the desired

amount of counted cells in another identical sample. PDTOs and/or

DCs were embedded in the collagen mix in a ratio of 1:1

(50,000:50,000 cells per 25 µl dome). The collagen gel domes were

solidified for 30-45 min at 37°C, inverted to ensure polymerization in

3D and prevent cell attachment to the bottom of the well. The gels

were kept in culture for 48h in X-VIVO 15 + 2% human serum.
Frontiers in Immunology 04118
2.8 Cell labeling for live imaging and
flow cytometry

The cell viability within the 3D collagen gels was assessed using

the ReadyProbes® Cell Viability Imaging Kit (ThermoFisher,

R37609): NucBlue™ Live reagent stains the nuclei of all the cells

and NucGreen™ Dead reagent stains only the nuclei of cells with

compromised plasma membranes. The viability was quantified in the

conditions with mDCs and iDCs alone, by using three different

images of each condition from two different experiments/donors.

The percentage of viable cells was calculated based on the cells stained

with NucBlue™ Live and NucGreen™ Dead (cells stained with

NucBlue™ – live cells, NucBlue™ and NucGreen™ – dead cells).

Ibidi µ-Plate 24 Well Black ID 14 mm (82426) were used for imaging.

For live imaging, the microscope Zeiss Axio Observer with a 10x

magnification was used. For the time series, images were taken every

30 seconds or 1 minute. Images and movies were processed using

Image J (Fiji). For the flow cytometry-based phagocytosis/uptake

assay, prior to the generation of the co-cultures, DCs were stained

with a CFSE cell-labeling dye (C34554, Invitrogen) and PDOs with a

FarRed cell-labeling dye (C34564, Invitrogen) according to

manufactures’ instructions.
2.9 Co-culture fixation, embedding, and
slide preparation

Co-cultures were fixed in formalin for 1h to preserve the co-

culture structure, cell morphology, and localization. The fixed co-

cultures were placed in Tissue-Tek® Paraform® cassettes (Sakura,

7019) and embedded in paraffin. The formalin-fixed, paraffin-

embedded (FFPE) co-cultures were sectioned at 5 µm thickness

with a microtome (Microm) for stainings and mounted on

SuperFrost microscope slides (VWR, 631-9483). For 3D

immunofluorescence stainings, the co-cultures were fixed for 1h

with 4% PFA.
2.10 Immunofluorescence in collagen gels
and slides

The following protocol was performed for immunofluorescence

stainings in paraffine sections: following deparaffinization and

rehydration, the slides were boiled in Tris-EDTA buffer for antigen

retrieval. After incubation with blocking solution, the primary

antibodies were added: 1:300 anti-CD11c (Abcam, ab52632) and

1:100 anti-pan cytokeratin (PanCK) (Abcam, ab7753) and

incubated overnight at 4°C in a humidified chamber. The following

day, the slides were washed three times with PBS. Slides were

incubated for 1h at room temperature in the dark with 2.5 mg/ml

DAPI (Roche, 10236276001), and the secondary antibodies, donkey

anti-rabbit 488 (Invitrogen, A21206) and donkey anti-mouse 647

(Invitrogen, A31571) both 1:200. Samples and slides were washed and

mounted with Fluoromount Mounting Medium (Sigma-

Aldrich, F4680).

A s l i g h t l y d i ff e r e n t p r o t o c o l w a s f o l l ow e d f o r

immunofluorescence stainings in 3D collagen co-cultures. Cultures
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were incubated with a blocking solution (20 mM Glycine, 2% BSA,

and 0.3% Triton in Phosphate buffer) for 1h at RT. Primary

antibodies were added as described above for the paraffin sections.

After overnight incubation and PBS washes, 2.5 mg/ml DAPI and the

secondary antibodies were added and incubated for 2h at RT.

Following the washing steps, the cultures were mounted in a

microscopy slide with Mowiol (Sigma-Aldrich, 81381).

Once dry, the slides were imaged with a Zeiss AI Sample Finder

microscope or with a Zeiss confocal laser scanning microscope

LSM880. Image processing and analysis were performed using

Image J (FijiJ). To quantify DCs location in relation to the tumor

border, images were processed and segmented into regions of interest.

Two distance maps were applied (normal and inverted) generating

positive and negative values for each DC location.
2.11 Multiplex immunohistochemistry of
patient samples

Multiplex immunohistochemistry of patient FFPE samples was

done in sequential staining cycles using the Opal 7-color Automation

IHC Kit (Akoya Biosciences, NEL801001KT) on the BOND RX IHC

& ISH Research Platform (Leica Biosystems), which was optimized

and performed as described before (33, 34). The multiplex panel

consisted of 1:200 anti-CD14 (Cell Marque, 114R-16) with Opal620,

1:200 anti-CD19 (Abcam, ab134114) with Opal690, 1:150 anti-

BDCA2 (Dendritics, DDX0043) with Opal540, 1:100 anti-CD1c

(Thermo Fisher Scientific, TA505411) with Opal520, 1:100 XCR1

(Cell Signaling Technologies, 44665S) with Opal570 and 1:1500 anti-

pan cytokeratin (Abcam, ab86734) with Opal650. Slides were

counterstained with DAPI for 5 minutes and enclosed in

Fluoromount-G mounting medium (SouthernBiotech, 0100-01).

Whole tissue slides were imaged using the microscope Vectra 3

Automated Quantitative Pathology Imaging System (Version 3.0.4,

PerkinElmer Inc.). For comparison to the co-cultures with PDTOs,

only DAPI, CD1c, and Pan cytokeratin are shown.
2.12 Hematoxylin and Eosin staining

Hematoxylin-Eosin (HE) histological stainings were performed

according to standard protocols. Once dry, the slides were imaged

with a slide scanner (3DHISCTECH Pannoramic 1000, Sysmex).
2.13 Co-culture dissociation/disaggregation

After 48h of co-culture, Collagenase I (Sigma-Aldrich, C0130)

solution was added to the co-culture medium (20 U/ml) for collagen

dissolution and co-culture disaggregation for 45 min at 37°C. The cells

were collected and viability was assessed prior to centrifugation using

trypan blue and BIO-RAD TC20™ Automated Cell Counter. The cells

were washed and used for flow cytometry or sorting staining protocols.

Samples containing PDTOs were filtered through a Corning® Cell
Frontiers in Immunology 05119
Strainer (70 µm Nylon MESH) before the staining protocol. For the

flow cytometry-based phagocytosis/uptake assay a trypsinization step

was included to yield single cells before acquisition.
2.14 Flow cytometry

Phenotypic characterization of DCs surface markers was

performed as followed: Firstly, Fc receptors were blocked using Fc

blocking reagent (Miltenyi, 130-059-901) for 10 min at 4°C to avoid

non-specific antibody binding. Secondly, cells were stained with

fixable Viability Dye eFluor™ 506 (Invitrogen, 65-0866-14) for

20 min at 4°C. Thirdly, cells were stained with directly labeled

primary antibodies - anti-CD86-PE (BD Biosciences, 555658) 1:15,

BV421 anti-PD-L1-BV421 (BD Biosciences, 563738) 1:25, anti-HLA-

DR-PerCP (BioLegend, 307628) 1:20 - for 25 min at 4°C. Lastly, cells

were washed before acquisition. The acquisition was performed on a

FACSVerse flow cytometer (BD Biosciences). The acquired data was

analyzed with FlowJo Version 10. The values were plotted as mean

fluorescence intensity (MFI), mean ± standard deviation (SD),

normalized to the conditions with only DCs (iDCs or mDCs,

correspondingly). Relevant gating strategies used are depicted in the

Results section.
2.15 Fluorescent-activated cell sorting

To isolate a pure population of DCs, for functional readouts,

fluorescent-activated cell sorting (FACS) was performed using the BD

FACSMelody Cell Sorter. To sort out residual PDTOs after the

filtration step, the sterile antibody anti-CD326 (EpCAM)-PE

human (Invitrogen, 12-9326-42) at 1:30 dilution was used. Cells

were sorted with >98% purity. Relevant gating strategies are

depicted in the Results section. Sorted DCs were then plated in

triplicates with T cells for a mixed lymphocyte reaction as described

in the following section.
2.16 Mixed lymphocyte reaction

Allogeneic T cell assays (mixed lymphocyte reaction) were

performed to evaluate the ability of DCs to induce T cell

proliferation after being sorted from the co-cultures. To detect T

cell proliferation Pan T cells were labeled with 5 µM of Cell Trace

CFSE (Invitrogen, C34554). DCs and CFSE-labelled T cells were

seeded in a round-bottom 96-well plate at a 1:10 ratio in triplicates

and co-cultured for 6 days. In order to assess T cell proliferation, at

day 6, T cells were collected and stained with anti-CD8-APC (BD

Biosciences, 555369) at 1:50 for 25 min at 4°C. Samples were acquired

and analyzed with FlowJo Version 10. The values were plotted as

mean MFI of the average of technical replicates, normalized to the

conditions with DCs only (iDCs or mDCs), mean ± SD. Relevant

gating strategies used are depicted in the Results section.
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2.17 Statistical analysis

All statistical analyses were performed using GraphPad Prism V9

(GraphPad Software Inc, San Diego, CA). Unless otherwise indicated,

results are presented as mean ± SD in scattered dot plots. Concerning
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MFI values, the statistical significance between different conditions

was analyzed by a mixed-effects model followed by a Dunnett’s post-

hoc multiple comparisons test on the log2 transformed ratio values.

When comparing DCs distribution in the tissue an unpaired t-test

was used. The statistical significance was annotated as follows: *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3 Results

3.1 DCs remain viable in 3D during co-
culture with CRC liver metastasis PDTOs

The main goal of this study was to set up a robust and dynamic 3D

co-culture system between humanDCs and CRC liver metastasis PDTOs

that would allow investigation of how patient tumor cells shape DCs

behavior, phenotype, and function. For this system, immature and

mature DCs were cultured in a 3D fibrillar collagen drop in the

presence or absence of PDTOs (Figure 1A). We observed that both

DCs and organoids remained in the 3D collagen matrix and did not

attach to the bottom.Within our co-culture system, it was also possible to

visualize size differences between iDCs and mDCs, with the latter being

slightly smaller, and between PDTO cystic and PDTO dense (Figure 1B

and Supplementary Figure 1). During live cell imaging, NucBlue™ Live

(staining all cells) and NucGreen™ Dead (staining dead cells) reagents

were used to evaluate the viability of cells in the collagen matrix. After

48h the majority of DCs were alive both alone - mean viability of iDCs

and mDCs cultured in the absence of PDTOs was 97 and 95%,

respectively - and in co-culture with PDTOs (Figure 1C, D).
3.2 DCs interact with CRC liver metastasis
PDTOs and engulf tumor-derived fragments
in the 3D co-culture system

To confirm that the DCs were not only alive but also actively

interacted with tumor cells, we recorded time series. As shown in

Figure 2A (Supplementary Movie 1 and 2), during co-culture iDCs

dynamically interacted with the tumor organoids by migrating towards

and into the organoid, as well as, agglomerating near and engaging with

the border. Next, we performed 3D immunofluorescence in fixed

samples at 48h. CD11c and PanCK stainings allowed clear

differentiation of DCs and tumor cells, respectively. Stainings also

confirmed the presence of iDCs in close proximity to and gathered

around and inside the tumor organoids (Figure 2B). Additionally, it is

possible to observe iDCs surrounding and seemingly engulfing tumor

cells or -derived fragments (Figures 2B, C). An additional assay, flow

cytometry-based, was performed by labeling DCs and PDOs with

fluorescent dyes, which provides further evidence for direct and

functional interaction between iDCs and tumor cells, and engulfment/

uptake of tumor cells within the co-culture (Supplementary Figure 2). In

our system iDCs were found to be more frequently interacting with and

taking up tumor cells than mDCs. Together, these results indicate that

our co-culture system supports DC viability and function, and facilitates

DC-tumor interactions, including the uptake of tumor cells or cell-

derived fragments.
B C

D

A

FIGURE 1

3D co-culture of PDTOs and DCs: Setup, morphology, and viability.
(A) Schematic representation of the co-culture system and the three
different conditions used in this study: DCs cultured alone, DCs and
PDTOs co-cultured, and PDTOs cultured alone. (B) Closeup and
morphology of iDCs and mDCs. The PDTOs are derived from CRC
liver metastasis of two different patients, PDTO cystic as the name
suggests presents a cystic morphology, whereas PDTO dense has a
compact morphology. (C) Quantification of mDCs and iDCs viability
when cultured alone in 3D in the collagen matrix after 48h, based on

NucBlue™ Live and NucGreen™ Dead stainings, in two different
experiments/donors. (D) The viability of mDCs, iDCs, and PDTOs was

evaluated, after 48h of co-culture, during live imaging with NucBlue™

Live reagent (staining the nuclei of all cells) and NucGreen™ Dead
reagent (staining only dead cells). The large majority of DCs seem to
be viable alone, and in co-culture. iDCs - immature MoDCs, mDCs -
mature MoDCs, PDTOs - patient-derived tumor organoids.
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3.3 DCs distribution in relation to PDTOs in
the 3D co-culture system is maturation
status-dependent and resembles patient
tumor samples

To evaluate the co-culture structure and architecture we subjected

our co-culture system to a standard H&E staining. We observed that

DCs are distributed evenly throughout the matrix when alone in the

collagen matrix (Supplementary Figure 3A, B). In the presence of the
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tumor organoids, iDCs can be found surrounding the tumor

cells (Supplementary Figure 3C). Histological comparison of H&E

staining in tissue sections obtained from two different patients with

CRC liver metastasis and co-culture sections confirmed that the two

organoid morphologies, PDTO cystic and PDTO dense, mimic two

types of tumor lesions present in patients (Figure 3A and

Supplementary Figure 3D).

We next looked in more detail at the distribution of DCs, relative

to tumor organoids. Immunofluorescence of CD11c (MoDCs) and
B

C

A

FIGURE 2

Visualization of DCs - PDTOs interactions within the co-culture. (A) Time series frames: iDCs establish direct contacts with co-cultured PDTOs by
migrating towards and agglomerating near the tumor organoid borders (examples pinpointed by the arrows). (B) 3D immunofluorescence stainings with
DAPI, CD11c, and PanCK, to distinguish DCs and tumor cells. (C) Examples of iDCs in close proximity to and surrounding/engulfing tumor-derived
fragments. iDCs - immature MoDCs, mDCs - mature MoDCs, PDTOs - patient-derived tumor organoids.
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PanCK (tumor cells) was performed in fixed sections of the co-

cultures after 48h. Comparison to patient tissue sections, stained with

CD1c—indicating DCs with a myeloid origin—and PanCK, suggested

that our co-cultures achieve representative interactions between

cancer cells and DCs, even in the absence of other stromal cells

(Figure 3A). DCs, in particular iDCs, are found close to the tumor

organoid border and inside, with a satellite-like disposition around

tumor organoids and small clusters of tumor cells (Figure 3A and

Supplementary Figures 4A, B). Therefore, we hypothesized that DCs

distribution within the co-cultures may be influenced by their

maturation status.

To assess DCs distribution in relation to tumor glands in both the

co-culture and patient tissue sections, distance maps were applied

generating positive or negative values for each DC location depending

on their distance to the closest epithelial tumor gland (Figure 3B). The

results show that iDCs are significantly in closer proximity to the

tumor border and are more often found inside the tumor when

compared to mDCs for both PDTOs. With this analysis, we
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differs depending on DC maturation status. Moreover, the results

suggest that both iDCs and mDCs are found in closer proximity to

PDTO cystic than to PDTO dense (Figure 3C). In the analyzed patient

sections of CRC liver metastasis, we observed that CD1c+ DCs

agglomerate close to tumors (<100 µm) surrounding and

infiltrating lesions, as seen in our co-culture system (Figure 3D).

The distribution and position of myeloid DCs (CD1c+ DCs) were

found to be comparable to the distribution of iDCs within the co-

culture in terms of range and mean distance to the tumors.
3.4 Phenotypic characterization of DCs after
retrieval from the 3D co-culture

After investigating cell interactions and the structure of the co-

culture, we next evaluated if it was possible to retrieve the DCs from

the collagen scaffold and assess the tumor organoids’ influence on
B C D

A

FIGURE 3

DCs distribution in relation to the tumor lesions within the co-culture in comparison to patient tumor samples by immunofluorescence. (A) Parallel
between H&E and immunofluorescence stainings of DCs and organoids/tumors in fixed sections of the 3D co-culture and of CRC liver metastasis in
patients. On the lF panel, representative examples of immunofluorescence stainings of CD11c and PanCK in the co-culture and of CD1c and PanCK in
liver metastasis tumor sections. DCs are present agglomerating around, surrounding and infiltrating tumor organoids and tumor lesions in patients.
Additional and larger images are included in Supplementary Figures 3 and 4. (B) Analysis of DCs distribution within the co-culture by image processing
including segmentation and distance maps (normal and inverted). Each DC was assigned a positive, 0 or negative value depending on whether they were
found outside, at the border, or inside the tumor, respectively. (C) The scatter dot plot shows differences in DC distribution around and inside the tumor
organoids. Each dot represents one DC, line at the median. The p values were determined using an unpaired t-test. Statistical significance was annotated
as follows: ****p < 0.0001 based on two sections from two independent experiments. (D) The scatter dot plot shows differences in DC distribution
around and inside the tumor lesions, based on sections from 3 different patients. Each dot represents one DC, line at the median. The p values were
determined using an unpaired t-test. Statistical significance was annotated as follows: ***p < 0.001, ****p < 0.0001 based on sections from 3 different
patients. iDCs - immature MoDCs, mDCs - mature MoDCs, PDTOs - patient-derived tumor organoids.
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their phenotype. To retrieve the cells, the collagen matrix was

disassembled with collagenase. For assessment of DCs viability after

48h culture and collagenase treatment, the samples containing only

mDCs or iDCs were stained with trypan blue prior to any

centrifugation step. Results show that the viability was moderate to

high for all DCs, albeit slightly lower for mDCs as compared to

iDCs (Figure 4A).

Successful recovery of cells from the collagen matrix allowed

surface stainings to be performed for immunophenotyping with flow

cytometry, using HLA-DR expression to identify DCs (Figure 4B).

Subsequently, we analyzed the phenotypic profile of DCs after being

in contact with CRC organoids. For that, we analyzed the expression

of the CD86 co-stimulatory molecule, the HLA-DR antigen

presentation machinery, and the co-inhibitory molecule PD-L1 – all

required for successful antigen presentation and priming of T cells.

Representative histogram plots of CD86, HLA-DR, and PD-L1

highlight the distinct basal expression of the selected maturation
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markers in mDCs versus iDCs, confirming their phenotypic

differences (Figure 4C). It is also shown in Figure 4D, as an

example, a whole-population tumor-induced reduction in CD86

and HLA-DR expression in mDCs after 48h of co-culture with

PDTO dense. In Figure 4E (and Supplementary Figure 5) it is

shown how the expression of the markers is altered in iDCs and

mDCs upon co-culture with PDTOs.

Interestingly, the results show that there is a decreased expression

of the co-stimulatory CD86 marker in both iDCs and mDCs in the

presence of the PDTOs (Figure 4E), suggesting a tumor-induced

immunosuppressive effect. For HLA-DR, its expression remained

stable in iDCs, whereas a decrease is noted for mDCs. PD-L1

expression was also impacted, and differently, by the two different

PDTOs, but no statistically significant differences were observed. In

general, co-culture with tumor cells seems to have a stronger impact

on the expression of the studied markers on mDCs. And, notably, our

system allows us to detect phenotypic differences induced by
B

C D

E

A

FIGURE 4

Recovery of DCs after co-culture with tumor PDTOs - viability, gating strategy, and phenotypic characterization to assess tumor-induced phenotypical
changes. (A) DCs viability was assessed by trypan blue staining after collagenase treatment to disassemble the collagen scaffold (before centrifugation).
(B) For flow cytometry analysis, cells were gated based on size, single cells, and live cells. Depicted is the HLA-DR-based gating strategy to distinguish
PDTOs and DCs, using three conditions: DCs only, DCs and PDTOs co-culture, and PDTOs only. (C) Representative histogram plots to exemplify basal
expression of CD86, HLA-DR, and PD-L1 markers in iDCs and mDCs. (D) Representative histogram plot of CD86, HLA-DR and PDL-1 to highlight the
phenotypic shift of mDCs cultured in the presence of PDTOs. (E) Scattered dot plots showing normalized MFI values to iDCs and mDCs, respectively.
Each dot/triangle represents a different donor, 4 donors were used in total. Data plotted as normalized values of raw MFI, mean with SD. The statistical
significance between different conditions (mDCs/iDCs with and without PDTOs) was analyzed by a mixed-effects model followed by a Dunnett’s post-
hoc multiple comparisons test on the log2 transformed ratio values. The statistical significance was annotated as follows: *p < 0.05, **p < 0.01. (Raw
data can be found in Supplementary Figure 5).
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individual PDTOs; i.e., our PDTO dense seems to have a stronger

suppressive effect on DCs than our PDTO cystic.

Together, these data demonstrate that after co-culture it is

possible to retrieve DCs from the collagen matrix with high

viability, which further allows phenotypic profiling and study of the

impact of tumor organoids on DCs phenotype.
3.5 Functional analysis of DC activity
following 3D co-culture

Finally, we explored the possibility of functionally characterizing

DCs after co-culture with the tumor organoids using an allogenic T cell

assay based on HLA-DR mismatch, which provides information about

the DCs’ ability to activate T cells and induce T cell proliferation. For

this assay, a pure population of DCs is required after co-culturing. We

therefore isolated DCs by FACS sorting out PDTOs with EpCAM

labeling. Part of the used gating strategy is depicted in Figure 5A,

demonstrating that EpCAM expression presents two clearly distinct

populations (negative and positive). Representative histograms are

presented in Figure 5B, where it is shown that iDCs have inherently

a lower ability to activate T cell proliferation when compared to mDCs,

as expected. Interestingly, we observed that DCs previously co-cultured

with PDTOs were less capable of stimulating allogeneic T cells (both

CD4+ and CD8+ T cells) proliferation when compared with iDCs and

mDCs cultured alone (Figures 5B, C and Supplementary Figure 5).
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Altogether, these results reveal that it is possible to perform

functional readouts with DCs isolated from the 3D co-culture. Our

results suggest that co-culture with PDTOs not only impacts DC

phenotype but also their T cell activating abilities.
4 Discussion

Currently, there is a shortage of representative and dynamic in

vitro models to study and dissect interactions between CRC and

immune cells. In view of this gap, our main aim was to establish a 3D

patient-derived co-culture model to mimic and investigate the

interactions between DCs and metastatic CRC. Here, we present a

co-culture of MoDCs and PDTOs in a 3D collagen matrix - amenable

to live-cell microscopy, histological analysis, immunofluorescence,

flow cytometry, and cell sorting - allowing comprehensive analysis

and characterization of the impact of tumor cells on DCs phenotype

and functions. As far as we know, this is the first study and model

investigating human DCs in a tumor organoid 3D context.
4.1 Co-culture setup, cell viability and
interactions, and structure

One of the main strengths of this study is the use of PDTOs as a

tumor model. Firstly, several mechanisms are specific to humans and

difficult to reproduce in animal models (35). Secondly, the 3D
B

C

A

FIGURE 5

Sorting and functional characterization of DCs after co-culture with PDTOs – Allogeneic T cell assay. (A) Isolation of DCs, using EpCAM to sort out
PDTOs. DCs gate defined based on EpCAM expression. (B) Representative CFSE histogram plots are shown. Numbers indicate the percentage of gated
proliferating T cells. (C) Proliferation of allogeneic T cells after 6 days of co-culture with sorted DCs. Scattered dot plots show the percentage of
proliferating T cells in each condition (average of technical replicates), normalized to proliferating T cells in the conditions with only iDCs and mDCs,
respectively, mean with SD. The statistical significance between different conditions (mDCs/iDCs with and without PDTOs) was analyzed by a mixed-
effects model followed by a Dunnett’s post-hoc multiple comparisons test on the log2 transformed ratio values. The statistical significance was
annotated as follows: *p < 0.05. (Raw data can be found in Supplementary Figure 6).
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architecture of the tumor organoids recapitulates and preserves both

histological and mutational features of the original tumor, which is

particularly relevant given the heterogeneity of CRC. Thirdly, PDTOs

provide a high degree of translational information supporting their

clinical relevance (36–38). Finally, previous studies show that patient-

derived tumor organoid co-cultures with T cells recapitulate and

preserve tumor-immune cell interactions and treatment response

within the TME (27, 29).

Despite their physiological relevance, using only two organoids is a

limitation of this study, which in the future can be surpassed by the use

of additional organoid lines. MoDCs were chosen as a DC model, as

these are the most used and accessible source of human DCs.

Nevertheless, MoDCs are generated ex vivo from monocytes, as such,

the use of primary DC subsets isolated directly from the blood would be

desirable to further improve the physiological relevance of the system.

Another key point of the presented co-culture system is the 3D

collagen matrix setup. The 3D environment allows spatiotemporal

analysis and insights into tumor-DC dynamics. The collagen type

and concentration were chosen based on previous work showing that

it supports and allows DCs to migrate, locate and engage with each

other and with other cells in co-culture (32, 39). Key challenges of 3D

co-culture systems include the batch-to-batch variability of scaffold

materials, costs, and the absence of important elements such as vascular

flow or interaction with other organs (26, 40). Some of these challenges

can be partially overcome in more complex microphysiological chip

platforms as previously described (31). Nevertheless, we believe that the

here proposed simple, feasible, and reproducible setup and toolbox is

valuable to examine 1-1 immune cell-tumor interactions and mediators

while maintaining tumor heterogeneity, spatiotemporal interactions,

and physiological relevance.

In line with previous research, in our co-culture model, the collagen

setup and concentration support cell viability and 3D disposition of

both DCs and PDTOs. Moreover, it fosters DC functions, including

migration and engulfing of tumor fragments, and facilitates DC-tumor

interactions. As described in our study, DCs - in particular, iDCs likely

due to their increased phagocytic ability in comparison withmDCs (41)

- cluster around and inside the tumor organoids, sampling tumor

material, and extensively interact with the organoids. This was the first

milestone to be achieved, as the goal of this system was to be able to

study and uncover DC-tumor interactions.

Next, we wanted to compare the structure and cell organization within

our co-culture with patient tissue sections. Interestingly, we found the

distribution of DCs within the co-culture system to be maturation status-

dependent, and different for both PDTOs in the study, potentially showing

the adaptability and specificity of the model. Remarkably, our relatively

simple co-culture system, is comparable to mCRC patient sections, in

terms of tumor lesion morphology, DC distribution, and distance range to

tumor lesions for the samples analyzed. Of note, the patient tissue sections

were not from the same patients from which the organoids were derived,

further suggesting the representability of the system.
4.2 Tumor-induced DC phenotype and (dys)
function

Tumor-infiltrating DCs are known to perform crucial functions,

such as reinvigorating, activating, and modulating the magnitude and
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duration of T cell responses, and recruiting and regulating effector T

cells influx to the tumor site. These functions are crucial not only for

the coordination of anti-tumor T cell responses, but also for

immunotherapy effectiveness. DCs achieve this by either the

generation of chemokine/cytokine gradients or direct antigen

presentation (11, 12, 42, 43). MoDCs can prime Th1 and cytotoxic

immune responses and have been shown to play an important role in

different physiological and inflammatory settings including tumors

(44–47). In our co-culture system, we include and study immature

and mature MoDCs, as both functional states can be found within the

TME and, greatly influence the quality and pro- or anti-tumor

direction of immune responses (12).

Retrieving viable DCs from the 3D co-culture system was crucial

for studying tumor-induced phenotypic and functional changes. Our

results corroborate the different behaviors, phenotypes, and functions

of mDCs and iDCs. For instance, in an immature state DCs are more

active in tumor engulfing, whereas in a mature state they are

specialized in antigen presentation and T cell activation. Overall,

our results suggest that the expression of co-stimulatory molecules

(CD86), antigen presentation machinery (HLA-DR), and co-

inhibitory molecules (PD-L1) in DCs, and their ability to activate T

cells were impacted upon interaction with tumor organoids. This

suggests that the tumor shifted or locked DCs in a more immature

state, associated with tolerance and pro-tumorigenic effects. Future

research, building on our model, can further characterize the

functional consequences of tumor-induced DC dysfunction on T

cell biology and dissect associated mediators and mechanisms

The observed phenotype shift with impaired maturation and T

cell activation abilities is in line with previous studies investigating

DCs phenotype and function in patients, and also in a study assessing

the impact of tumor-derived supernatant on DC maturation (48–50).

We observed a stronger tumor impact on mDCs than on iDC

phenotype, this might be related to a higher basal expression of the

studied markers on mDCs or perhaps due to a higher sensitivity to

environmental cues. Importantly, a stronger effect on mDCs would

benefit the tumor since the presence of impaired mDCs has a stronger

repercussion on mounting effective anti-tumor responses.

We also found that the two PDTOs used had different impacts on

iDCs and mDCs behavior, distribution, recruitment, activation, and

function. Notably, our data demonstrate that DCs interacted less with

and were not in as close proximity (or inside) to PDTO dense when

compared with PDTO cystic. Paradoxically, it was PDTO dense that

had a more pronounced effect on DC phenotype. We speculate that

this PDTO’s stronger immunosuppressive effect may be related to DC

exclusion from the tumor surroundings. Further research including

PDTO secretome profiles would be required to test this hypothesis.

Of note, the observation of morphologically distinct glandular

structures, i.e., cystic versus dense, or ‘solid’—that characterize CRCs

and are frequently recapitulated in tumour organoids, stems from the

first CRC organoid biobank reported (51). However, our methods-

focused exploratory study cannot make any claim ascribing functional

differences to these two phenotypes based on single representatives.

Additional experiments are needed to confirm a biological difference

between any type of feature - including, e.g., mutational status - that

these PDTOs can represent. Nevertheless, our results do suggest that

our model may be sufficiently robust and feasible for the careful

classification of CRC-DC interactions using larger numbers of
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organoids, or even for the assessment of patient-specific tumor-

induced DC dysfunction.

Altogether, these findings support the physiological relevance of

the tumor-mediated effects observed within our 3D co-culture system,

indicating that the presented tool is a valuable additional approach to

studying DC–CRC interactions. This model allows real-time

investigation of tumor organoids modulating DCs phenotype and

behavior. Importantly, getting insight into how CRC shapes DC

maturation and functionality paves the way for the development of

new therapies to prevent tumor-induced DC dysfunction, or restore

their full anti-tumor potential. And hence, getting one step closer to

promoting tumor destruction, avoiding metastasis formation, or

unleashing treatment response in patients.
4.3 Future perspectives

Our study raises several additional opportunities for future

research, and we view it as a promising starting point and a toolbox

to be exploited and adapted for more complex and detailed studies of

CRC-DC interactions within the TME. In the future, we believe that

the presented co-culture system can be exploited for studies with

primary DCs subsets and different tumor organoids. This can aid our

understanding of (1) the individual contributions of the different DC

subsets - with inherently different functional specializations; (2) and

the tumor-specific mechanisms and mediators that regulate the fate of

DC subset-mediated anti-tumor responses or tolerance within the

TME. Furthermore, this knowledge might open doors for the (3)

identification of potential targets and biomarkers for the design of DC

subset-specific interventions. Finally, (4) possibly this system could be

used for patient/organoid-specific studies if the physiological

relevance and predictive power of the co-culture are confirmed by

correlating in vitro outcomes with patients’ parameters such as tumor

T cell infiltration or response to immunotherapy. Potentially, this

approach can bring us closer to making existing or new

immunotherapies available for more mCRC patients.
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The mutation of the crucial genes such as tumor suppressors or oncogenes plays

an important role in the initiation and development of tumors. The non-

synonymous mutations in the tumor cell genome will produce non-autologous

proteins (neoantigen) to activate the immune system by activating CD4+ and CD8

+ T cells. Neoantigen-based peptide vaccines have exhibited exciting therapeutic

effects in treating various cancers alone or in combination with other therapeutic

strategies. Furthermore, antigen-loaded DC vaccines are more powerful in

inducing stronger immune responses than vaccines generated by antigens and

adjuvants. Therefore, neoantigen-based dendritic cell (DC) vaccines could achieve

promising effects in combating some malignant tumors. In this review, we

summarized and discussed the recent research progresses of the neoantigen,

neoantigen-based vaccines, and DC-based vaccine in pancreatic cancers (PCs).

The combination of the neoantigen and DC-based vaccine in PC was also

highlighted. Therefore, our work will provide more detailed evidence and novel

opinions to promote the development of a personalized neoantigen-based DC

vaccine for PC.

KEYWORDS

dendritic cell, pancreatic cancer,mutationburden, immunotherapy, cancer vaccines, neoantigen
Introduction

Cancer can be caused by the alteration of the expression of genes controlling cell growth.

The mutation of the crucial genes such as tumor suppressors or oncogenes plays an

important role in the initiation and development of tumors. The loss of function

mutations in tumor suppressor genes are frequently found in multiple cancers that will fail

to produce the protein or the protein will not function properly. Moreover, mutation, gene

amplification, and chromosome rearrangements are the three main genetic mechanisms to

activate oncogenes. The activation mutations of proto-oncogenes will cause structural

changes in their encoded proteins and lead to uncontrolled, continuous activation of the
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oncoproteins. The loss of the function mutations of tumor

suppressors and the activation mutations of oncogenes will cause

uncontrolled cell growth and ultimately contribute to tumorigenesis.

For example, Hui Cai et al. analyzed the mutational landscape of 153

gastric cancer patients by targeted next-generation sequencing and

identified 35 significantly mutated genes, and the tumor suppressor

TP53 was found to be the most frequently mutated gene (1).

Moreover, Kirsten rat sarcoma viral oncogene homolog (KRAS)

mutation is one of the most common gene mutations and is a

frequent driver in lung cancer, colorectal cancer, and pancreatic

cancer (PC). KRAS mutations drive 85%–90% of PC cases, and the

high prevalence of the oncogenic mutation of the KRAS gene is the

hallmark of PC that plays a crucial role in the initiation and

development of PC (2).

Importantly, non-synonymous mutations of the genes in the

tumor cell genome will produce non-autologous proteins that can

only be found in tumor cells (3, 4). These proteins have the capability

to activate the immune system and are now known as neoantigens,

which own strong immunogenicity and does not express in normal

cells. Neoantigens can activate CD4+ and CD8+ T cells to induce

immune response, and they are current novel and important targets

of cancer immunotherapy (5). Therapeutic vaccination is one of the

cancer immunotherapies and could regulate immune pathways to

induce or enhance the inadequate antitumor immune responses (6).

Therefore, the successful development of tumor vaccines targeting

neoantigens through nucleic acid, dendritic cell (DC)–based and

synthetic long peptide (SLP) vaccines might benefit the currently

used immunotherapeutic strategy. The safety and immunogenicity of

the personalized neoantigen vaccine NEO-PV-01 in combination

with PD-1 blockage was firstly investigated in the treatment of

advanced melanoma, non-small cell lung cancer, or bladder cancer

patients, and no adverse events of the regimen were found (7). DCs

are bone marrow–derived, morphologically and functionally

heterogeneous cells with the capability to activate primary immune

responses by presenting the antigens to naïve CD4+ and CD8+ T cells

(8). Therefore, given the critical function of DCs in modulating the

innate and adaptive immune responses and their high sensitization to

tumor-associated antigens (TAAs), DCs are considered crucial

players for the development of immunotherapies and a major focus

of cancer vaccine development (6). DC-based immunotherapies,

especially the DC-based vaccination, were widely studied in recent

years, and the clinical trials for different DC-based vaccinations have

exhibited positive effects on the induction of antitumor responses and

prolonged survival of patients with different types of tumors (6).

Given the high tumor specificity and immunogenicity of

neoantigens, neoantigens were thought to be one of the ultimate

targets for tumor immunotherapy. Neoantigen-based peptide

vaccines have exhibited exciting therapeutic effects on the treatment

of glioblastoma (9). It was reported that antigen-loaded DC vaccines are

more powerful in inducing stronger immune responses than vaccines

generated by antigens and adjuvants (10). Therefore, neoantigen-based

DC vaccines could achieve promising effects in combating some

malignant tumors (11). In this review, we summarized and discussed

the recent research progresses of the neoantigens and DC-based

vaccines and the potential roles of neoantigens in the generation of

neoantigen-based DC vaccines in the treatment of PC.
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Pancreatic ductal adenocarcinoma (PDAC), a highly aggressive

cancer type, accounts for 85% of PCs with a 5% of 5-year survival rate

(12). Surgical resection is the only effective approach to prolong the

survival time of PDAC patients if PDAC is diagnosed. However, the

surgical resection is no longer beneficial for the PDAC patients with

metastasis. Moreover, chemotherapy, radiotherapy, or immunotherapy

could block the development of PDAC but the survival time of treated

patients can only be extended to several months. Due to the poor early

detection and the specific invasiveness of PDAC, further in-depth

investigations for additional therapeutic strategies with high

selectivity are need to eradicate PDAC (12).

It was well known that the mutations of oncogenes and tumor

suppressors are critical factors for tumorigenesis including PC. The

most frequently mutated genes of PDAC are KRAS, CDKN2A, TP53,

and SMAD family member 4 (SMAD4), which are also considered

driver genes and correlated with the poor outcomes of resected PDAC

patients (13). Furthermore, the other germline mutations in

mismatch repair genes (MLH1, etc.), the partner and localizer of

BRCA2 (PALB2), cationic trypsinogen-gene (PRSS1), serine/

threonine kinase 11 (STK11), ATM serine/threonine kinase (ATM),

and breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) are

correlated with a high risk of PC (14–16). As early as 2008, the

coding regions of more than 29,000 genes in pancreatic

adenocarcinomas were sequenced and 63 genomic alterations were

identified that covered a core set of 12 cellular signaling pathways.

These pathways included KRAS signaling, cell cycle regulation, DNA

damage, TGF-beta signaling, RNA processing, and WNT signaling

(13, 17) (Table 1). Further analysis of the KRAS types indicated that

the most frequent mutations of KRAS are G12VD (31%), G12V

(31%), and G12R (21%). Importantly, multiple concurrent KRAS

mutations were detected in approximately 4% of PDACs, and,

interestingly, these different KRAS mutations could be presented in

different cells of the same tumor (19). As a tumor suppressor, TP53 is

the top frequently mutated gene in multiple tumors. Based on the

results of the MSK-IMPACT study and the GENIE project, TP53

mutations have been identified in approximately 70% of PDACs (20).

The missense mutations of TP53 occurred at approximately 190

codons, and the “hotspot” mutation codons included 175, 245, 248,

249, 273, and 282 whose mutation leads to abnormal conformational

changes in the DNA-binding surface of TP53 (21). The mismatch

repair–deficient cancers usually generate a large amount of

neoantigens that are beneficial for their sensitivity to immune

checkpoint blockage (22). It was reported that those pancreatic

patients with longer survival time usually have stronger T-cell

activity and less immunogenic mutations (neoantigens), which

implied that the quality of neoantigens is important biomarker for

tumor immunotherapy (18). Moreover, in addition to the location

proximity of cytotoxic T cells to cancer cells, the neoantigen number

in combination with the CD8+ T-cell infiltration status is correlated

with the survival of patients with PDAC (23, 24). It was reported that

the mis-splicing of exons and errors in microsatellite (MS)

transcription could generate highly immunogenic frameshift (FS)

neoantigens whose sequence could be predicted and used to build

the peptide array that covers all possible FS neoantigens (25).
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Given that PDACs are highly associated with several mutations of

genes such as KRAS, TP53, and CDKN2A, the development of

neoantigen-based immunotherapy might be a promising

therapeutic strategy for the treatment of PDAC. There are two

kinds of neoantigens: shared neoantigens and personalized

neoantigens (26, 27). Shared neoantigens are common antigens that

are present in different cancer patients. Wenyi Zhao et al. found that

10 neoantigens were shared by approximately 50% of pancreatic

patients that can be the potential targets for off-the-shelf

immunotherapy (27). Personalized neoantigens are the unique

mutated antigens from other most frequently used neoantigens, and

the targeting of personalized neoantigens is specific personalized

therapy (28). More importantly, the hallmarks of carcinogenesis are

the accumulation of genetic and epigenetic mutations that are

commonly classified as a ‘driver’ or ‘passenger’ mutation according

to their roles in promoting cell proliferation and invasion (29). Driver

mutations have the capability to drive the cell lineage to cancer, but

passenger mutations do not exhibit the proliferation-promoting

benefit to cell lineage (30). Moreover, due to the large fraction of

passenger mutations compared with driver mutations, the passenger

genes contribute to the majority of experimentally confirmed

neoantigens that showed high immunogenicity (31). More notably,

PCs have a limited number of neoantigen expressions due to their

markedly low mutational burden, which is highly associated with the

efficiency of immunotherapy (32). In line with this finding, the KPC

pancreatic mice models showed that low mutation burden is highly

associated with deficient immunoediting, but the ectopic expression

of a neoantigen Ovalbumin (OVA) could rescue the tumor

elimination ability (33). Therefore, these findings indicated that

mutation burden can be considered a potential predictive

biomarker of clinical response to checkpoint inhibition therapy (34).

A comprehensive analysis was performed on the genomic profiles of

221 PDAC cases, and the results indicated that the targetable

neoantigens were expressed in almost all PDAC samples. Importantly,

the top promising targetable neoantigens are KRAS codon 12 mutations

(35). It was reported that T-cell receptors (TCRs) that are reactive to

KRAS G12V and G12D neoantigens could be isolated for the

immunized HLA-A*11:01 transgenic mice. Furthermore, these TCR-
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transduced peripheral blood lymphocytes (PBLs) could recognize plenty

of HLA-A*11:01(+) tumor cell lines expressing the KRAS G12V and

G12D mutations (36). Moreover, the genetically engineered T cells

ectopically expressing two allogeneic HLA-C*08:02-restricted TCRs

targeting KRAS G12D neoantigens were injected into the patient with

metastatic PC and regressed the visceral metastases of the patient (37).
Neoantigen-based vaccines in
pancreatic cancer

In recent years, immunotherapeutic strategies including various

immune-checkpoint blockage, chimeric antigen receptor T-cell

therapies are well studied in the treatment of multiple cancer types

including PC. Importantly, as a novel cancer immunotherapy, the

development and application of the personalized vaccines based on

tumor-specific neoantigens attracted increasing attention in treating

diverse cancers by enhancing the endogenous repertoire of tumor-

specific T cells (38). Given that the neoantigens are expressed only on

the tumor cells but not normal cells and they are unique epitopes of

somatic mutations, the neoantigen-based vaccines could avoid the

“off-target” damage to normal cells and prevent the T-cell central

tolerance caused by self-epitopes and subsequently induce the tumor-

specific T-cell response (38). Early studies showed that the

neoantigen-based personalized cancer vaccines proved promising

outcomes in prolonging the overall survival (OS) of cancer patients.

The advances of next-generation sequencing and the bioinformatics

for the prediction of major histocompatibility complex class I (MHC

I)–binding epitopes promote the identification of tumor-specific

mutations and the generation of personalized therapeutic cancer

vaccines based on neoantigens.

Notably, the feasibility, safety, and immunogenicity of neoantigen-

based personalized cancer vaccines were fully measured in patients with

melanoma and glioblastoma (39, 40). The effect of iNeo-Vac-P01, a

personalized neoantigen-based peptide vaccine, was examined in the

treatment of PC, and the iNeo-Vac-P01 could enhance the clinical

efficacy of PC (41). Recently, Li L et al. combined next-generation

sequencing, novel predictive modeling techniques, and computational
TABLE 1 The list of mutated genes and the related pathways in pancreatic cancer (PC).

Pathway Mutated Gene Global Frequency (%)

KARS KRAS, MAPK4 92

Cell Cycle TP53, CDKN2A 78

TGF-beta Signaling SMAD3, TGFBR1, ACVR1B, SMAD4, TGFBR2, ACVR2A 47

DNA Repair BRCA1, BRCA2, PALB2, ATM, ATF2 17

Chromatin MLL2, MLL3, KDM6A, SETD2 26

SWI/SNF ARID1A, ASD1B. PBRM1, SMARCA4 20

Notch Signaling JAG1, BCORL1, NF2, FBXW7 10

WNT Signaling RNF43, MARK2, TLE4 5

RNA Processing RBM10, SF3B1, U2AF1 15

ROBO SLIT Pathway ROBO1, ROBO2, SLIT2, MYCBP2 5
The table is modified from the paper (18). The top frequent drivers of pancreatic tumorigenesis are indicated in bold.
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algorithms based on bioinformatics to build and optimize a DNA

vaccine platform to target multiple neoantigens in a metastatic

pancreatic neuroendocrine tumor (42). In their study, the positive

effect of the optimized polyepitope neoantigen DNA vaccine on the

induction of antitumor immune responses and neoantigen-specific

TCRs were confirmed in preclinical and clinical trials. Moreover, their

findings also suggested that the neoantigen DNA vaccine can target

multiple neoantigens at the same time and the longer epitope fragments

could markedly extend the immune responses. Importantly, they found

that the addition of a neoantigen-tagging mutant marker on the end of

the epitope could dramatically enhance the immune responses (42). A

neoantigen-targeted vaccine was generated using the synthesized 20-mer

peptides according to the mutation of 12 genes: Myo1g, Ace, Glb1L12,

Map2k5, Rasa3, Clcn7, Notch2, Bsg, Pnpla7, Ppp2r3a, Tg, and Ttn (43).

The effect of the triple immunotherapeutic strategy, the combined

administration of neoantigen-targeted vaccine PancVAX, anti-PD-1,

and agonist OX40 antibodies, was investigated on the treatment of

xenograft mice bearing pancreatic adenocarcinoma (Panc02) cells (43).

The results indicated that PancVAX led to the transient regression of the

tumor by inducing markedly the tumor infiltration of neoepitope-

specific T cells. The addition of anti-PD-1 and agonist OX40

antibodies decreased the exhausted T-cell number, induced a durable

tumor regression, and prolonged the survival time (43). Furthermore,

TG01, the first injectable antigen-specific tumor immunotherapy

targeting KRAS mutations, was designed by including seven synthetic

RAS peptides that covered seven KRAS common mutations that

occurred in codon 12 and 13 (44). The design aimed to activate both

MHC-I CD8+ and MHC-II CD4 T-cell functions because the activation

of CD4+ cells plays important roles in promoting the DC- meditated

cross-presentation of neoantigens and TAAs on the tumor surface and

further enhances the antitumor effect of CD8+ T cells (44, 45).

Moreover, the safety, immunological responses, and clinical effect for

TG01 in combination with recombinant human granulocyte

macrophage–colony-stimulating factor and gemcitabine (GEM)

chemotherapy were firstly examined on the resected pancreatic

adenocarcinoma by Daniel H. Palmer et al., and the result indicated

that the vaccination strategy can be well tolerated and trigger remarkable

immune responses (45).

Currently, different personalized neoantigen-based cancer

vaccines for the treatment of patients with PC are in the clinical

trials (Table 2). With the advanced development of tumor mutation

identification tools, neoantigen-prediction algorithms, vaccine

delivery platforms, novel immunogenomic tools, and other

bioinformatics technologies, the more effective, long-lasting

personalized neoantigen-based immunotherapeutic strategies,

especially the neoantigen-based vaccines, will be explored and

benefit the patients with PC.
Dendritic cell vaccines of
pancreatic cancer

DC–mediated antigen presentation plays essential roles in

modulating immune responses. The dysregulation of antigen

processing and presentation is a critical mechanism facilitating

tumor escape from the immune surveillance by the immune

system. However, it was reported that DCs and other antigen-
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processing and -presenting molecules such as human leukocyte

antigen (HLA) class I and transporter for antigen presentation

(TAP) were downregulated in PCs (46). Moreover, accumulating

evidence indicated that tumor antigen–based DC vaccines exhibited

effectiveness to induce the T-cell-mediated adaptive cytolytic immune

responses in PC (46).The development of DCs vaccines aimed to

connect the DCs with TAA to present the antigen and subsequently

activate cytotoxic T cells. Currently, various types of DC-based

vaccines were developed and in the clinical trial stage (47).

In a phase I study, the effect of allogeneic tumor lysate–loaded

autologous monocyte-derived DCs was evaluated in the treatment of

resected PDAC and the vaccination treatment indicated a feasible and

safe immune reactivity induction capability (48).The prophylactic DC

vaccination strategy used DC vaccines generated by ex vivo

differentiation, and the maturation of bone marrow–derived

precursors was investigated in PDAC tumor mice models and

exhibited a significant effect in inhibiting recurrent tumor growth

and extending the survival time (49). It was well known that in PCs,

the telomerase [human telomerase reverse transcriptase (hTERT)] is a

promising target antigen and it mainly expresses in cancer stem cells

that are difficult to eliminate by common therapeutic strategies (50).

PC patients who received the vaccination of DCs transfected with

hTERT full-length mRNA exhibited an induction of hTERT-specific

immune responses but have not experienced serious adverse issues.

This study therefore provided positive evidence for the generation of

DC vaccines loaded with mRNA for a specific antigen with clinical

relevance by inducing the antigen-specific immune responses (51).

However, although DCs are well known for their antigen presentation

function in the immune system and could induce the TCR specific to

tumor antigens, the immunotherapeutic efficacy of DCs in combating

PCs is still limited. Therefore, the combination immunotherapy of

DC vaccines with other therapies to improve the efficacy of DC

vaccination is a promising research topic. In line with this notion, the

efficacy of peptide-pulsed DC vaccines in combination with the Toll-

like receptor (TLR)-3 agonist poly-ICLC was tested in the murine

orthotopic Panc02 cell models. The combination vaccination method

showed a significant antimetastatic effect via CD8+ T-cell activation

(52). The DC vaccines could also dramatically induce the cytotoxic T-

lymphocyte (CTL) responses and block the migration of PC (53).

Given that numerous antitumor strategies including checkpoint

inhibitor treatments are less sensitive to PDAC, the combined

therapeutic method by inducing tumor-specific T cells via DC

vaccination and remodeling the desmoplasia of the tumor

microenvironment (TME) via CD40-agonistic antibody

administration could reduce the tolerance to PDAC. Therefore, the

effect of mesothelioma-lysate loaded DCs coupled with FGK45 (CD40

agonist) was tested in immune-competent PDAC mice models and

the novel approach induced a significant change in the tumor

transcriptome including the inhibitory markers on CD8 +T cells

and dramatically enhanced patient survival (54). Notably, the survival

of patients with advanced pancreatic carcinoma who received the DC-

based immunotherapy combined with GEM and/or S-1 was

dramatically prolonged by the administration of lymphokine-

activated killer (LAK) cell therapy. However, immunotherapy alone

could increase the number of cancer antigen–specific cytotoxic T cells

and reduce the regulatory T cells (55). The antitumor effect of DCs

loaded with alpha-galactosylceramide (alpha-GalCer) was evaluated
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in PC C57BL/6 mice models, and tumor growth was inhibited, which

might be correlated with the increased number of IFNg-producing
NKT cells (56).

Currently, most of the efforts of DC-based vaccination were

focused on MUC1, WT1, and KRAS antigens. The TAA MUC1, a

glycoprotein, is ubiquitously expressed in PC cells. The effect of

MUC1-DCs vaccine that was generated by transfecting the

liposomal MUC1 cDNA into DCs was investigated in PC patients,

and the result indicated that MUC1-DC vaccination was well

tolerated and enhanced the CTL response (57). However, MUC1

peptides-loaded/pulsed DC vaccines were well tolerated in treating

PCs in two separate studies but the clinical benefit is controversial,

which might be caused by the different patients (58, 59). Importantly,

the efficacy of triple therapy for MUC1-mRNA-transfected DCs in

combination with MUC1-CTLs and GEM was examined in PCs and
Frontiers in Immunology 05132
the addition of MUC1-DCs and MUC1-CTLs dramatically prolonged

the survival time (60). TheWilms tumor gene (WT1) is overexpressed

in many PCs, and WT1 peptide–pulsed DC vaccines were reported to

dramatically prolong the median OS of PC patients in combination

with standard chemotherapy (61).
Neoantigen-based dendritic cell
vaccines in pancreatic cancer

Generally, neoantigens belong to antigens, but they are specific

novel antigens to each patient’s cancer and produced by random

mutations in the cancer genome. Therefore, DCs still own the

capability to present the neoantigens to T cells and subsequently

induce a specific immune response to each patient with related
TABLE 2 Clinical trials of neoantigen-based therapies on PC.

NCT
Number

Intervention/
treatment

Phase Start
date

Completion
date

Enrollment Status Sponsor

NCT03645148 iNeo-Vac-P01 + GM-CSF I 10/24/
2017

04/01/2021 7 completed Zhejiang Provincial People’s
Hospital

NCT05111353 Neoantigen peptide vaccine: Poly-ICLC I 10/10/
2022

12/31/2027 30 Recruiting Washington University School
of Medicine

NCT03122106 Personalized neoantigen
DNA vaccine

I 01/05/
2018

08/13/2022 15 Terminated Washington University School
of Medicine

NCT03956056 Neoantigen peptide vaccine: Poly-ICLC I 02/13/
2020

06/21/2023 12 Active, not
recruiting

Washington University School
of Medicine

NCT04810910 iNeo-Vac-P01 + GM-CSF I 03/30/
2021

03/30/2025 20 Recruiting Zhejiang Provincial People’s
Hospital

NCT03558945 Personalized neoantigen
vaccine

I 04/02/
2018

04/30/2023 60 Recruiting Changhai Hospital

NCT04799431 Neoantigen vaccine with Poly-ICLC
adjuvant: retifanlimab

I 01/01/
2023

01/01/2028 12(estimated) Not yet
recruiting

Sidney Kimmel Comprehensive
Cancer Center at Johns Hopkins

NCT04161755 Personalized tumor vaccines (PCVs) + PD-
L1 blocker: atezolizumab + mFOLFIRINOX

I 12/13/
2019

11/01/2023 29 Active, not
recruiting

Memorial Sloan Kettering
Cancer Center

NCT03953235 GRT-C903/GRT-R904 + nivoluma/
ipilimumab

I/II 07/18/
2019

12/00/2023 144 Recruiting Gritstone bio, Inc.

NCT03871790 Peptide-based immunization N/A 04/01/
2019

11/01/2021 100
(estimated)

N/A CENTOGENE GmbH Rostock

NCT03662815 iNeo-Vac-P01 + GM-CSF I 02/07/
2018

12/30/2022 30(estimated) Active, not
recruiting

Sir Run Run Shaw Hospital

NCT05013216 KRAS peptide vaccine
Hiltonol® (Poly-ICLC)

I 04/11/
2022

05/01/2026 25(estimated) Recruiting Sidney Kimmel Comprehensive
Cancer Center at Johns Hopkins

NCT03468244 Personalized mRNA tumor vaccine N/A 05/01/
2018

12/31/2020 24(estimated) N/A Changhai Hospital

NCT05292859 Neoantigen-specific TCR-T-cell drug
product

N/A 09/00/
2022

06/00/2039 180
(estimated)

Not yet
recruiting

Alaunos Therapeutics

NCT04117087 KRAS peptide vaccine, nivolumab,
ipilimumab

I 05/29/
2020

06/01/2024 30(estimated) Recruiting Sidney Kimmel Comprehensive
Cancer Center at Johns Hopkins

NCT05194735 Neoantigen-specific TCR-T-cell drug
product + aldesleukin (IL-2)

I/II 04/04/
2022

03/00/2029 180
(estimated)

Recruiting Alaunos Therapeutics

NCT02600949 Synthetic tumor-associated peptide vaccine:
imiquimod

I 05/11/
2016

05/31/2025 150
(estimated)

Recruiting M.D. Anderson Cancer Center
All clinical trial data were collected from ClinicalTrials.gov by the keywords neoantigen and pancreatic cancer (https://clinicaltrials.gov/ct2).
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mutations. The high level of neoantigen expression is positively

correlated with pathogenic TCR and PDAC progression. The

dysregulation of conventional DCs (cDCs) is highly correlated with

abnormal immune surveillance and hampered the response of early

TH1 and CTL to the neoantigens of PDAC (62). Moreover, the function

and amount of cDCs in PDAC could be considered as a biomarker for

the adaptive immune responses to tumor neoantigens in PDAC (63).

Therefore, DCs may play essential roles in neoantigen presentation and

inducing the neoantigen-specific TCR because the neoantigen-loaded

DC vaccines can directly present neoantigens to T cells.

Due to the unclear mutational load of specific cancers, the large

amount of DC vaccines was designed to induce the immune response

by targeting predetermined and universal antigens. However, the

neoantigen-based DC vaccine is considered a personalized DC

vaccine because the patient-specific neoantigens could be identified

through novel genomic sequencing technologies and bioinformatics

(64). Given that PC is characteristic for lower tumor burden and a

limited number of neoantigen and DCs, the effect of neoantigen-

pulsed DC vaccines was firstly examined in other cancers including

melanoma and lung cancer. The induction of the neoantigen-specific

TCR repertoire of neoantigen-pulsed DC vaccination was firstly

investigated in advanced melanoma (65). Moreover, the feasibility,

safety, immunogenicity, and efficacy of a peptide vaccine targeting 20

predicted neoantigens were further investigated in melanoma

patients, which provided a newly possible rationale to optimize the

neoantigen-based vaccine and the development of novel therapeutic

strategy in combination with commonly used immunotherapies (39).

Notably, the effect of neoantigen-pulsed DC vaccines on the patients

with advanced NSCLC was evaluated in a trial in 2021 (11). They

generated the personalized DC vaccines based on the 13-30 peptide of

the neoantigens identified in the tumor tissues of 12 patients. Upon

the personalized neoantigen-pulsed DC vaccine treatment, 25% of

patients responded to the vaccination and 75% of patients showed a

disease inhibition, which indicated a favorable therapeutic outcome

for the vaccination strategy (11). Furthermore, Changbo Sun et al.

found and designed a neoantigen short peptide L82 based on the

result from the whole-exome and RNA sequencing on the LLC1 cell

line. This candidate neoantigen short peptide L82 can both trigger

CD8+ T-cell responses and suppress the LLC1 growth in vivo. THE

L82-pulsed DC vaccination in combination with anti-CD38 antibody

treatment effectively inhibited the tumor growth by reducing the

tumor- infiltrated regulatory T cells (66). Furthermore, the effect of

the combination of DC-loaded with MART-1 peptide vaccine with

tremelimumab and the anti-CTLA-4 antibody was tested in

melanoma, and the treatment strategy achieved a stronger and

durable tumor response than each treatment alone (67). Moreover,

the patients with metastatic gastric cancer have received the

administration of neoantigen-pulsed DC (Neo-MoDC) vaccines

combined with immune checkpoint inhibition (ICI). Although the

Neo-MoDC vaccine alone could trigger neoantigen-specific CD4+

and CD8+ TCRs, the combination therapy induced a higher immune

response and significant elimination of tumors (68). Notably, a phase

Ib trial (CHUV-DO-0017_PC-PEPDC_2017) was also conducted on

a DC vaccine pulsed with personalized neoantigen peptides (PEP-

DC) coupled with the treatment of chemotherapy and the anti-PD-1

antibody. The study comprehensively evaluated the feasibility, safety,
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immunogenicity, and efficacy of the combination therapy of the DC

vaccine in PCs (69). Therefore, these findings suggested that the

neoantigen-based DC vaccine combined with other therapeutic

strategies enhanced the effects of cancer treatment by inducing

highly patient-specific immune responses and provided novel

therapeutic opportunities for cancer treatment.

In a phase I pilot study, the feasibility and efficacy of a DC vaccine

pulsed with the Wilms tumor gene-1 (WT1) peptide in combination

with GEM were evaluated in the treatment of advanced PC as a first

line of treatment. The WT1 peptide–pulsed DCGEM is feasible and

effective in triggering the antitumor TCRs but showed less effect in

treating the PC with live metastasis and elevated levels of

inflammatory markers (70). Furthermore, a phase Ib trial (CHUV-

DO-0017_PC-PEPDC_2017) was conducted to test the safety,

immunogenicity, feasibility, and efficacy of the DC vaccine pulsed

with personalized neoantigen peptides (PEP-DC) in PDAC and the

efficacy of combination with aspirin, nivolumab, and adjuvant

chemotherapy was further evaluated (69). NeoDisc, a novel

proteogenomics antigen discovery pipeline, was used to find and

optimize the candidate neoantigen in PDAC, and, furthermore, the

long peptides of relative neoantigens were designed. Due to the

possibility of low immunogenic capability, the p53 (TP53), mucin-1

(MUC1), prolyl endopeptidase FAP (FAP), TAAmesothelin (MSLN),

outer dense fiber protein 2 (ODF2), coiled-coil domain-containing

protein 110 (CCDC110), and the testis-specific protein bromodomain

testis-specific protein (BRDT) were excluded in the design of the DC

vaccine (69). Shikhar Mehrotra et al. generated a DC vaccine pulsed

with three specific A2-restricted peptides: 1) hTERT (TERT572Y), 2)

carcinoembryonic antigen (CEA; Cap1-6D), and 3) survivin

(SRV.A2). The neoantigen-pulsed DC vaccine in combination with

the Toll-like receptor (TLR)-3 agonist poly-ICLC was used to treat the

metastatic or locally advanced unresectable PC (52). The results of the

study indicated that the combination therapeutic strategy is safe and

could effectively induce the tumor-specific TCR (52). Furthermore,

the MUC1 peptide-pulsed DC vaccines were used to treat the

advanced PC patients and the results indicated that the vaccination

is safe and effective to trigger the immunological response to the

tumor antigen MUC1 (58, 59).

Importantly, the effects of the mDC3/8-KRAS vaccine that

included a DC vaccine loaded with KRAS mutation peptides on the

resected PDAC patients is evaluated in the ongoing phase I study

(NCT03592888). For each vaccine dose in the trial, all subjects will

receive autologous DCs pulsed with mutant KRAS peptides

corresponding to the subject’s specific tumor mutation and HLA

type. In addition, the inclusion criteria included pathologically

confirmed KRAS(G12D-), KRAS(G12V-), KRAS(G12R-), or KRAS

(G12C-mutated) PDAC who are at a high risk of relapse and have no

evidence of disease (NCT03592888). A terminated phase II trial on a

DC vaccine against defined neoantigens expressed by autologous

cancers had been performed in patients with epithelial cancers

including PDAC, but only one patient was enrolled (NCT03300843).

Therefore, given that PDAC is one of the poorly immune-

responsive cancers and some currently used immunotherapies are

also less effective in treating PDAC, it is urgent to develop novel

therapeutic strategies including alone administration or the

combinations of chemotherapy, radiation, vaccines, and ICIs and
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the development of personalized neoantigen-pulsed DC vaccines to

fully induce antitumor TCRs.
Conclusion and outlook

Recently, immunotherapies have proven their effectiveness in

multiple types of cancers but the efficacy is limited in the treatment

of PC partially due to the immune-tolerant state, lower mutational

burden, and decreased amount of DC. The high tumor specificity and

immunogenicity make neoantigens an exciting and promising target of

tumor immunotherapy. Neoantigens, the novel and specific antigens,

could also be presented by DCs. Neoantigen-based DC vaccines

illustrated promising effects in multiple cancers, but few are

investigated in PCs, which is possibly due to low mutation burden

and limited neoantigens. Given that the feasibility, safety,

immunogenicity, and efficacy of neoantigen-based DC vaccines were

evaluated in various cancers, it is an urgent need to put more effort on

the development of suitable neoantigen-based DC vaccines for PC and

evaluate their efficacy in clinical trials, which will provide precise

treatment for more PC patients. However, high costs, longer time for

manufacturing, difficulty in large-scale DC cell maturation, the low

efficiency of DC migration, the lack of a better method for accurate

identification of immunogenic neoantigens, and a less optimized

vaccine delivery platform limited the development of personalized

immunotherapy, which warrants further in-depth investigation in the

future (38). Fortunately, with the advances and optimization in whole

exome sequencing and neoantigen-prediction algorithms, the in-depth

understanding of the molecular mechanisms underlying the immune-

tolerant state of pancreatic cancer, the development of neoantigen-

based DC vaccines will be significantly improved. The combined

immunotherapy approach using neoantigen-based DC vaccines,

chemotherapy, and ICIs showed exciting therapeutic benefits to

various cancer patients. Therefore, the novel therapeutic strategies

including combination immunotherapy for PC should also be

explored and optimized to benefit more PC patients.
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