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Introduction: Dendritic cells (DCs) play a crucial role in orchestrating immune
responses by bridging innate and adaptive immunity. /In vitro generation of DCs
from mouse and human tissues such as bone marrow and peripheral blood
monocytes, has been widely used to study their immunological functions. In
chicken, DCs have mainly been derived from bone marrow cell cultures, with
limited characterization from blood monocytes.

Methods: The present study takes advantage of newly available chicken
immunological tools to further characterize chicken monocyte-derived
dendritic cells (MoDCs), focusing on their phenotype, and functions, including
antigen capture and T-cell stimulation, and response to live Newcastle disease
virus (NDV) stimulation.

Results: Adherent chicken PBMCs were cultured with recombinant chicken
granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-
4 (IL-4), for 5 days, leading to the upregulation of putative CD11c and MHCII,
markers of DC differentiation. Subsequent stimulation with lipopolysaccharide
(LPS) or 24 h triggered phenotypic maturation of MoDCs, characterized by the
increased surface expression of MHCII and co-stimulatory molecules CD80 and
CD40, and elevated IL-12p40 secretion. This maturation reduced endocytic
capacity but enhanced the allogenic stimulatory activity of the chicken MoDCs.
Upon NDV stimulation for 6 h, MoDCs upregulated antiviral pathways, including
retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), melanoma
differentiation-associated protein 5 (MDA5) and laboratory of genetics and
physiology 2 (LGP2), alongside increased production of type | interferons
(IFNs), and the pro-inflammatory cytokines tumor necrosis factor-o. (TNF-o),
IL-1B, and IL-6. However, these responses were downregulated after 24 hours.

Conclusion: These findings provide a comprehensive characterization of
chicken MoDCs and suggest their potential as a model for studying host-
pathogen interactions.
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Introduction

Dendritic cells are uniquely capable of capturing, processing, and
presenting exogenous antigens to T cells, rendering them the most
effective antigen-presenting cells (1, 2). In steady state, DCs generally
reside in peripheral tissues as immature cells with high endocytic and
phagocytic capacities, constantly detecting microbial invasion through
various pattern recognition receptors (PRRs) such as Toll-like receptors
(TLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs),
and C-type lectin receptors (CLRs). PRRs activation by “danger
signals,” either associated with pathogens or directly derived from
tissue injury damage-associated molecular patterns, triggers DC
maturation. During this process, DCs undergo significant
morphological changes, reduce their ability to uptake and process
antigens, upregulate the expression of major histocompatibility
complex (MHC) molecules, together with CD40, CD80, and CD86
costimulatory molecules, and produce cytokines that enhance and
modulate immune responses (3, 4). Maturation is also associated with
DC migration through afferent lymph vessels into the T-cell areas of
secondary lymphoid organs, guided by the chemokine receptor CCR7,
whose expression is upregulated in mature DCs (5-7). Consequently,
mature DCs are highly efficient in antigen presentation in the context
of MHC classes I (MHCI) and II (MHCII) molecules, leading to the
priming of antigen-specific naive CD8+ and CD4+ T cells respectively
(2, 8, 9). Mature DCs are essential as accessory cells in generating
primary antibody responses (10). Therefore, the activation of DCs is
crucial for initiating the adaptive immune response.

Isolating large amounts of DCs can be challenging due to their
low abundance in the peripheral blood and tissues. To address this
limitation, methods have been developed in humans to generate
large numbers of DCs by culturing precursor cells such as CD34+
bone marrow progenitor cells and CD14+ peripheral blood
monocytes, in the presence of growth factors, particularly
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
interleukin-4 (IL-4) (11-14). Human monocyte-derived DCs
(MoDCs) have been widely used in various applications,
including for testing vaccine and adjuvant immunogenicity and
assessing compounds with immunosensitizing effects (15-20).

In chickens, the in vitro generation of functional DCs was first
demonstrated by culturing bone marrow cells supplemented with
chicken GM-CSF and IL-4 (21). The resulting chicken bone
marrow-derived DCs (BmDCs) exhibited the typical morphology
of DCs and expressed high levels of MHCII and putative CD11c,
moderate levels of CD40, low levels of CD86, and no expression of
DEC205, a CLR that has been shown to be abundantly expressed by
mouse and human DCs (21-23). In addition, immature chicken
BmDCs also expressed chemokine receptors 6 and 7 (CCR6 and
CCR?7) (24). Upon activation with lipopolysaccharide (LPS) or
CD40 ligand (CD40L), the expressions of CD40, CD86, and
DEC205 were upregulated (21). Furthermore, LPS-stimulated
chicken BmDCs showed a decreased capacity to uptake FITC-
dextran and fluorescent beads and displayed an enhanced ability
to stimulate both allogenic and syngeneic Mixed Lymphocyte
Reaction (MLR), as well as increased expression of Thl-
promoting gamma interferon (IFN-y) and interleukin-12 (IL-12)
(21). The activation of chicken BmDCs is also accompanied by the
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downregulation of CCR6 and upregulation of chicken CCR7
expression (24). A recent study revealed that the chicken BmDC
cultures are heterogeneous and consist of MHCIT'" and MHCII™&"
cell subsets, corresponding to DCs at different maturation states
(25). The MHCII"®" subset of chicken BmDCs exhibited a more
mature phenotype, characterized by higher surface expression of
CD40 and CD80 and upregulation of mRNA levels of CCR7 and
CD83. Furthermore, this subset showed increased expression of
MRCILB, the chicken homolog of mammalian mannose receptor c-
type 1 (MRCI; also known as CD206) (25, 26). Additional studies
have demonstrated that chicken BmDCs mature upon stimulation
with highly pathogenic avian influenza viruses (HPAIV) (27) and
inactivated infectious bursal disease virus (IBDV) (28).

This present study aimed to characterize the phenotype and
function of under-studied chicken MoDCs. Unlike BmDCs, DCs
derived from chicken peripheral blood monocytes offer the advantage
of being a more accessible and minimally invasive source of cells.
Chicken BmDCs and MoDCs have previously been generated and the
differences in surface marker, TLRs, cytokine, and chemokine gene
expression patterns have been examined between both cell
populations following LPS stimulation (29). Upon LPS stimulation,
the mRNA levels of surface markers CD40, CD80, CD83, CD86, and
MHCII, pro-inflammatory cytokines IL-1b, IL-6, and TNF-a,
chemokine CXCli2, and TLR4 and TLR15 were significantly
upregulated in mature MoDCs. Similarly, gene expression analysis
has been used to assess the differential responses of chicken MoDCs
exposed to low pathogenic avian influenza viruses (LPAIV), HPAIV
(30), Salmonella Gallinarum, and Salmonella Typhimurium (31).

Here, an in-depth analysis of chickens MoDCs was performed
to evaluate their abilities in antigen capture and T-cell activation,
and investigate their antiviral responses to Newcastle disease virus
(NDV) stimulation.

Materials and methods

Chickens

Specific pathogen-free (SPF) White Leghorn chickens hatched
from eggs purchased from VALO BioMedia'" (Osterholz-
Scharmbeck, Germany). All birds were housed in biosecurity level 3
isolators (Montair, The Netherlands), with feed and water provided
ad libitum.

Generation and maturation of chicken
monocyte-derived dendritic cells

Blood was collected under aseptic conditions from the brachial
wing vein of 10- to 16-week-old SPF chickens and diluted with an equal
volume of RPMI 1640 medium (Gibco, 52400025) containing heparin
(Sigma-Aldrich, H-0878) at a concentration of 1000 units/mL of blood.
Blood was transferred into 15 mL SepMateTM tubes (Stemcell
Technologies, 85415) containing ficoll histopaque 1083 density
gradient medium (Sigma-Aldrich, 10831) and centrifuged at 1200 x
g for 10 min at room temperature (RT). The top layer was poured into
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15 mL polypropylene conical tubes (BD, 352097), and the peripheral
blood mononuclear cells (PBMCs) were washed twice in complete
medium composed of RPMI medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Biowest, S1860) and 50 pg/mL
penicillin-streptomycin (Gibco, 15140122) by centrifugation at 300 x g
for 8 min at RT. The cells were then resuspended in complete medium,
and 2 x 10 cells per well were seeded in sterile flat-bottomed 6-well
culture plates (NunclonTM, 140675). Chicken blood monocytes were
enriched by plastic adherence, by incubating PBMCs for two h at 41°C
under 5% CO2. Non-adherent cells were then removed and discarded,
and adherent cells were incubated for 5 days at 41°C in non-
supplemented complete medium or complete medium supplemented
with 10 ng/mL recombinant chicken granulocyte-monocyte colony-
stimulating factor (GM-CSF) (KingFisher Biotech, RP0290C-025) and
10 ng/mL recombinant chicken interleukin-4 (IL-4) (KingFisher
Biotech, RP0110C-025). The cells were incubated for 5 days at 41°C.
On day 3, half of the culture medium was replaced with complete
medium supplemented with GM-CSF and IL-4. On day 5, the culture
medium was refreshed, and 500 ng/mL lipopolysaccharide (LPS)
(Sigma-Aldrich, L4516) or 10 ug/mL live NDV LaSota strain
(Lohmann Animal Health GmbH, Germany) was added for 6 or 24
h to induce cell maturation. Unstimulated cells were used as negative
controls. The cells were harvested by gentle scraping with a cell scraper
(TPP, 99002).

Morphological analysis

The harvested cells were cytocentrifuged onto microscope slides
for 5 min at 230 x g and fixed with 100% methanol (Merck,
1.06009.2511) for 3 min. After fixation, the slides were air-dried
and stained for 20 min with Giemsa’s Azur eosin methylene blue
staining solution (Sigma-Aldrich, 1.09204.0500) diluted 20X in
deionized water. After incubation, the slides were washed twice

TABLE 1 List of antibodies.
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with phosphate-buffered saline solution (PBS) (Gibco, 11503387)
for 1 min and air-dried. The morphology of the differentiated
MoDCs was examined by phase contrast microscopy, and images
were obtained using the Leica Application Suite LAS V.4 program
(Leica Microsystems Belgium BVBA, Diegem, Belgium).

Flow cytometry

To characterize MoDCs, the cells were labeled with the antibodies
listed in Table 1. Antibodies CD40, CD80, and DEC205 were
purchased from the Veterinary Immunological Toolbox (Pirbright
Institute), and the putative anti-chicken CD11c antibody (8F2 clone)
antibody was kindly provided by Prof. Bernd Kaspers of the
University of Munich. After stimulation, the cells were harvested,
washed in PBS, and stained with fluorescence-conjugated specific
primary antibodies or the corresponding isotype control in 50 pL of
PBS for 30 min at 4°C. Indirect staining was performed to investigate
the expression of CD1lc, CD40, CD80, and DEC205. The cells
stained with unlabeled primary antibodies were washed twice with
PBS, centrifuged at 400 x g for 5 min, and labeled with fluorescence-
conjugated secondary antibodies for 30 min at 4°C. The cells were
then washed and fixed using BD CytoﬁxTM Fixation Buffer (Thermo
Scientific, 554655). LIVE/DEAD® Fixable Near-IR Dead Cell Stain
Kit (Invitrogen, L34975) was used for dead cell exclusion, according
to the manufacturer’s instructions. Events were acquired using a BD
FACSVerse' ™ flow cytometer (BD Biosciences). Data analysis was
performed using Flow]oTM software (version 10).

Quantification of cytokine production

Supernatants of unstimulated MoDCs and LPS- or live
NDV-stimulated MoDCs were harvested after 6 or 24 h of culture

Antibody Isotype Conjugate Identifier Source Dilution
Mouse anti-chicken CD3 (Clone CT-3) 1gGlx PACBLU (Pacific BlueTM) = 8200-26 Southern Biotech 20 pg/mL
Mouse anti-chicken CD4 (Clone EP97) IgMx BIOT (Biotin) 8255-09 Southern Biotech 1 ug/mL
Mouse putative anti-chicken CD11c (Clone 8F2) = IgG1 UNLB (Unlabeld) 8F2 University of Munich 10 pg/mL
Mouse anti-chicken CD40 (Clone 1G8) IgG2a UNLB AV79 The Pirbright Institute = 10 pg/mL
Mouse anti-chicken CD80 (Clone DC7) IgG2a UNLB AV82 The Pirbright Institute = 10 pg/mL
Mouse anti-chicken DEC205 (Clone FG9) IgG1 UNLB FG9 The Pirbright Institute = 10 pg/mL
Mouse anti-chicken MHCII (Clone 2G11) 1gG1 FITC 8350-02 Southern Biotech 10 pug/mL
Mouse anti-chicken MRC1LB (Clone KULO1) IgG1 AF647 (Alexa Fluor® 647) | 8420-31 Southern Biotech 2 ug/mL
Mouse IgG1 isotype control (Clone P3.6.2.8.1) IgG1 UNLB 14-4714-82 eBioscience 5 pg/mL
Mouse IgG2a isotype control (Clone eBM2a) IgG2a UNLB 14-4724-82 eBioscience 5 pg/mL
Goat anti-mouse IgG1 (Polyclonal) Goat IgG FITC 1070-02 Southern Biotech 10 pg/mL
Goat anti-mouse IgG2a (Polyclonal) Goat IgG2 AF647 (Alexa Fluor® 647) | 1082-31 Southern Biotech 5 pg/mL
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and stored at -20°C until analysis. IL-12p40 concentrations
were determined by sandwich ELISA using the chicken IL-12
p40 ELISA Kit (Invitrogen, ECH4RB) according to the
manufacturer’s instructions.

FITC-dextran uptake assay

The endocytic activity of unstimulated and LPS- or NDV-
stimulated MoDCs was assessed using flow cytometry. After 6 or
24 h of stimulation, 2 x 10° MoDCs were incubated with 1 mg of
40 kDa molecular weight FITC-dextran (Sigma-Aldrich, FD40S)
for 2 h at 41°C. Nonspecific FITC-dextran binding to the cell
surface was assessed by incubating cells at 4°C for 1 h. The cells
were washed with ice-cold PBS and fixed with BD CytoﬁxTM
Fixation Buffer.

Allogeneic mixed lymphocyte
reaction assay

Chicken MoDCs were either left unstimulated or treated with
LPS for 6 h and were used as stimulator cells. Cultured MoDCs were
harvested, washed twice with PBS, counted, and resuspended in
complete culture medium. Responder CD4+ T cells were isolated
aseptically from the spleens of allogeneic chickens, and cell
suspensions were prepared as described previously (32). CD4+
cell enrichment was performed using positive immunomagnetic
cell separation. Splenocytes were stained with 1 pg/mL biotinylated
anti-chicken CD4 antibody (Southern Biotech, 8255-08) for 30 min
at 4°C, labeled with 50 uL of Streptavidin Particles Plus - DM (BD
IMagTM, 557812) for 30 min at 4°C, and separated using a cell
separation magnet (BD IMagTM, 552311) according to the
manufacturer’s instructions.

To assess cell proliferation, 2 x 107 cells/mL were labeled with 5
UM 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) (BD
HorizonTM, 565082) at RT for 10 min and washed twice with PBS
containing 5% heat-inactivated FBS. MLR was performed by co-
culturing 2 x 10* stimulator MoDCs with 2 x 10° responder CD4+
cells in 96-well tissue culture plates (stimulator: responder cells ratio
of 1:10) for 5 days at 41°C. CFSE-labeled cells unstimulated or
stimulated with 10 pg/mL Concanavalin A (ConA) (Sigma-Aldrich,
C5275-5MG) were used as negative and positive controls,
respectively. The proliferation of T cells was determined using
CFSE dilution gated on live CD3+ cells.

RNA extraction and real-time reverse
transcription-PCR

MoDC RNA extraction, cDNA synthesis, and analysis of the
relative expression of TNFa, IL-6, IL-1B (33), MDAS5, LGP2, IFN-0,
and IFN-B were performed according to a previously published
protocol (34). The stability of three reference genes was checked in
the 30 samples, and the data obtained was analyzed using GeNorm
(CellCarta). RT-PCR data were normalized against the three most
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stable genes, ie., hprtl, hmbs, and tbp (35). Normalized gene
expression was quantified as the fold change relative to non-
stimulated MoDCs at each time point.

Statistical analyses

All statistical analyses were performed using GraphPad Prism
version 9.5.0 (San Diego, CA, USA). Experimental groups and
conditions were compared using a two-tailed Paired Student’s t-
test and One-way ANOVA test. If normality and homogeneity of
variance were not demonstrated, the non-parametric Wilcoxon
matched-pairs signed and Friedman tests were used. Statistical
significance was set at p < 0.05. The asterisks in the figures
indicate statistical significance (*p<0.05, **p<0.01, **p<0.001,
and ****p<0.0001).

Results

The culture of adherent chicken PBMCs in
the presence of GM-CSF and IL-4 induces
CD11c and MHCII expression

One property of monocytes is to adhere spontaneously to plastic
surfaces, unlike lymphocytes (36). We utilized this property to enrich
our monocyte culture. Following this enrichment, the average
percentage of T lymphocytes assessed by flow cytometry decreased
from 25% to 1.5% (Figure 1). Monocyte-enriched PBMCs were then
cultured in the presence of GM-CSF and IL-4 to promote their
differentiation into MoDCs. After 5 days of culture, large loosely
adherent cells with cytoplasmic protrusions, typical cytological
features of DCs, were observed, while cells cultured without GM-
CSF and IL-4 remained adherent and showed a round morphology
(Figures 2A, B). Of note, cells in both conditions seemed to exhibit
macropinocytotic vacuoles (macropinosomes), suggesting that
macropinocytosis occurs in both cell types. Evaluation of cell
viability at day 5 showed a significantly higher percentage of viable
cells in monocyte-enriched PBMC cultures supplemented with GM-
CSF and IL-4 compared to untreated cells (Supplementary Figure S2).
Furthermore, these cytokines promote the differentiation of cells
expressing putative CDI11c and MHCII, two markers classically
used to define DCs (Figures 3A-E).

LPS-stimulation of chicken MoDCs
increases MHCII and co-stimulatory
molecules expression

Next, we investigated whether chicken MoDCs can mature
following an inflammatory stimulus. At 5 days, cells were cultured
with LPS, commonly used to trigger DC maturation. We found similar
frequencies of cells expressing MHCII in unstimulated versus
LPS-stimulated cultures. However, the analysis of the median
fluorescence intensity (MFI) determined in MHCII+ cells increased
in the presence of LPS (Figures 4A, B). Additionally, the expression of
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Analysis of monocyte population enrichment following plastic adherence of PBMCs. (A) Gating strategy for flow cytometry analysis of CD3+ and
MRC1LB+ cells. The mononuclear cell population was gated based on forward scatter (FSC)-A and side scatter (SSC)-A parameters and singlets were
selected from the FSC-A versus FSC-H. Dead cells were excluded using a viability dye (B) Representative flow cytometry dot plots of CD3 expression
by live PBMCs and adherent PBMCs (n = 3). Numbers indicate the percentage of positive cells.

both co-stimulatory molecules CD80 and CD40 was significantly
higher following LPS stimulation (Figures 4C, D), indicating a
mature DC phenotype. Following TLR activation, DCs secrete
inflammatory cytokines, including IL-12, to generate an adequate
immune response against the invading pathogens (4). In this context,
we quantified the production of IL-12p40, a common subunit of the
bioactive cytokines IL-12 and IL-23, by ELISA. LPS-stimulated MoDCs
produced high levels of IL-12p40 compared to unstimulated
cells (Figure 4E).

LPS-stimulation induces functional
maturation of chicken MoDCs

The ability of chicken MoDCs to mature following LPS
stimulation was further characterized by evaluating their capacity
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for antigen capture by assessing FITC-dextran uptake. Chicken
MoDCs stimulated for 24 h with LPS demonstrated significantly
lower uptake of FITC-dextran than unstimulated chicken MoDCs,
indicating a decrease in endocytic capacity. However, no difference
in FITC-dextran uptake was observed between unstimulated and
LPS-stimulated MoDCs at the 6-hour time point (Figure 5A). C-
type lectins, such as MRC1 and DEC205, have been implicated in
the uptake of carbohydrate-conjugated antigens by DCs.
Additionally, the MRC1 has been identified as the major receptor
responsible for MoDC FITC-dextran uptake (37). We next
evaluated the expression of MRCILB, the chicken homolog of
human MRCI, and chicken DEC205 following the stimulation of
chicken MoDCs with LPS. It was found that both the frequency of
MRCI1LB-expressing cells and MRCILB MFI in MRCILB+ cells
were significantly reduced in LPS-stimulated chicken MoDCs
compared to unstimulated controls (Figures 5C, D). In contrast,
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GMCSF/IL-4

FIGURE 2

Morphology of chicken adherent PBMCs cultured 5 days in the presence of GM-CSF and IL-4. Representative images are of adherent cells cultured
with non-supplemented complete medium (left) or supplemented with GM-CSF and IL-4 (right) at (A) 40x and (B) 100X magnification. The red
arrows point to elongated differentiated DCs, and the red star indicates round cell morphology characteristic of monocytes.

the C-type lectin receptor DEC205 was upregulated after LPS
stimulation (Figures 5B, D).

The functional properties of GM-CSF/-IL-4-differentiated
chicken MoDCs were finally characterized by assessing their
ability to stimulate the proliferation of allogeneic T cells in a
mixed lymphocyte reaction (MLR). CFSE-labeled allogeneic
spleen CD4+ T cells were co-cultured with unstimulated or
MoDCs stimulated with LPS for 6 h. The results showed a
significant expansion of the T-cell population when cultured with
LPS-stimulated MoDCs (Figures 6A, B), demonstrating their
allostimulatory capacity.

Newcastle disease virus promotes
maturation and activates the antiviral
program of chicken MoDCs

To investigate the type of responses induced by MoDCs generated
in vitro following stimulation by a chicken virus, cells were cultured
with live NDV for 6 h and 24 h. Following a 6 h exposure to NDV, the
chicken MoDCs exhibited a characteristic DC morphology indicated
by the formation of non-adherent cell aggregates displaying multiple
elongated cytoplasmic projections. These cell clusters became larger

Frontiers in Immunology

after 24h of NDV stimulation (Supplementary Figure S5A). Notably,
chicken MoDCs viability remained comparable to that of the
unstimulated control after culturing with NDV, whereas it was
significantly reduced after 24h incubation with the virus
(Supplementary Figure S5B). The expression of costimulatory
molecules CD80 and CD40 was significantly upregulated after 6 h of
stimulation with NDV (Figures 7A-C), which correlated with a slight
increase in MHCII expression (Supplementary Figure S7).
Additionally, chicken MoDCs exhibited a reduced FITC-Dextran
uptake capacity, accompanied by a downregulation of MRCILB,
while DEC205 expression was upregulated at 24 h (Figures 7D-J).
These results indicate that NDV-triggered chicken MoDCs undergo
phenotypic and functional maturation.

Using qRT-PCR, we quantified the gene expression of several
molecules involved in the antiviral response, including MDA5 and
LGP2, which are cytosolic RNA helicases responsible for
recognizing viral RNA, including NDV. In particular, MDA5 and
LGP2 are known to play crucial roles in the induction of type I IFN
(38, 39). A significant upregulation of MDAS5 and LGP2 mRNA
levels was observed 6 h post-NDV stimulation, while their
expression was not significantly different from that observed in
the unstimulated condition at 24 h (Figures 8A, B). Similarly, the
expression of type I IFN-o. and IFN-B mRNAs was significantly
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Phenotype analysis of chicken adherent PBMCs cultured 5 days in presence of GM-CSF and IL-4. (A) Gating strategy for flow cytometry analysis of
chicken MoDCs based on FSC and SSC properties and singlets were selected from the FSC-A versus FSC-H. Dead cells were excluded using a
viability dye. (B) Representative histograms of putative CD11c expression in adherent PBMCs incubated for 5 days only with non-supplemented
complete medium (white) or in the presence of GM-CSF and IL-4 (blue). The background staining was evaluated using an isotype control (grey).
Numbers on histograms represent the percentage of putative CD11c+ among live cells. (C) Boxplot of the percentage of putative CD11lc+ cells
among viable cells. Each symbol (circle or square) represents an individual chicken in the corresponding condition (n = 8). **p < 0.005, two-tailed
paired t-test. (D) Representative contour plots of MHCII expression in adherent PBMCs incubated for 5 days with non-supplemented complete
medium or in the presence of GM-CSF and IL-4. Numbers represent the percentage of MHCII+ cells among viable cells. (E) Boxplot of the
percentage of MHCII+ cells among viable cells. Each symbol (circle or square) represents an individual chicken in the corresponding condition (n=8).
A non-parametric Wilcoxon matched-pairs signed rank test was used to determine statistical differences (**p < 0.005).

upregulated at 6 h in NDV-incubated MoDCs, with no statistical
difference observed at 24 h (Figures 8C, D). The upregulation of
type I IFN expression was confirmed by the significantly increased
production of IFN-a. protein in the supernatant of NDV-stimulated
MoDCs at both 6 and 24 h (Supplementary Figure S8).

Upon activation by exposure to viral pathogens and bacterial
products, DCs produce a range of cytokines that play crucial roles in
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modulating immune response. In this study, the expression of
proinflammatory cytokines, including TNF-o,, IL-1f, and IL-6, was
analyzed in chicken MoDCs in response to 6 or 24 h of NDV
stimulation using QRT-PCR. The mRNA levels of TNF-q, IL-1f3, and
IL-6 were significantly upregulated 6 h after NDV stimulation, but no
differences were observed after 24 h of stimulation. (Figures 8E-G).
Additionally, the production and secretion of IL-12p40 quantified by
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FIGURE 4

LPS stimulation increased MHCII and co-stimulatory molecules expressions, and I1L-12p40 secretion. Flow cytometry was used to analyze
unstimulated and LPS-stimulated MoDCs for their expression of MHCII, CD80, and CD40 after 6 and 24 h (A) Representative contour plots of MHCII
with numbers on plots representing the percentage of MHCII+ cells gated on live cells and the MFI of MHCII+ cells. (B) The upper panel represents
the percentage of MHCII+ cells among viable cells. Each circle represents an individual chicken in the corresponding condition. A non-parametric
Wilcoxon matched-pairs signed rank test was used to determine statistical differences (ns, not significant). The lower panel represents MHCII MFI
determined on viable MHCII+ cells. Each circle represents an individual chicken in the corresponding condition. A two-tailed paired t-test was used
to determine statistical differences (****p<0.0001). (C) Representative flow cytometry histograms of CD80 (left panel), and CD40 (right panel)
expressions in unstimulated cells (blue), LPS-stimulated MoDCs (orange), and isotype control (grey) after 6 and 24 h Numbers on histograms indicate
the MFI values of the corresponding marker. (D) Boxplot of CD80 (upper panel) and CD40 (bottom panel) expression measured as MFI normalized
to the isotype control. Each circle represents an individual chicken in the corresponding condition. A two-tailed paired t-test and a non-parametric
Wilcoxon matched-pairs signed rank test were used to determine statistical differences (**p<0.01; ***p<0.001). The data from 3 independent
experiments are displayed (n=14). (E) The production of IL-12p40 was quantified in the supernatants of unstimulated or LPS-stimulated MoDCs at 6
and 24 h by ELISA. Data are presented as boxplots with individual chicken values represented by circles. A two-tailed paired t-test was used to
determine statistical differences (***p<0.001; ****p<0.0001). Data from two independent experiments (n=8) are displayed.

ELISA was significantly increased in the supernatants of both 6 and
24 h NDV-stimulated MoDCs (Figure 8H).

Discussion

The main objective of this study was to deepen the phenotypic
and functional characterization of chicken MoDCs. In vitro-
generated chicken BmDCs have been previously defined by
typical DC morphology, and MHCII and putative CDI11c
expression (21). In addition, chicken BmDCs were defined by
their ability to undergo maturation upon stimulation, a key
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feature of DCs (3, 21, 25). Previous studies have evaluated the
chicken MoDCs differentiation in vitro based on their morphology
and the CD14 and CD83 mRNA levels (29, 31). Using similar
culture protocol, this study demonstrated that adherent chicken
PBMCs cultured with GM-CSF and IL-4 for five days displayed
high surface expression of putative CD11c, using 8F2 antibody, and
MHCI], along with typical DC morphology. Of note, although 8F2
is widely known as putative anti-chicken CD1l1c, it was recently
suggested that its primary target is CD11d, which interacts with
integrin beta 2 (CD18) (40). Our results are consistent with
previous report on chicken BmDCs cultured with GM-CSF and
IL-4 (21). These findings suggest that chicken MoDCs likely
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FIGURE 5

LPS stimulation decreased endocytic receptors expressions and endocytosis capacities. FITC-Dextran uptake and expression of receptors associated
with endocytosis by unstimulated and LPS-stimulated MoDCs were analyzed after 6 and 24 h Representative flow cytometry histograms of FITC-
dextran uptake (A) and DEC205 expression (B) of unstimulated (blue), LPS-stimulated (orange), and 4°C control/isotype control (grey). Numbers on
histograms indicate the MFI values of the corresponding marker. (C) Representative contour plots of MRCILB with numbers on plots representing
the percentage of MRCLB+ cells gated on live cells and the MFI of MRC1LB+ cells. (D) Boxplot MFI of dextran-FITC+ cells, DEC205 expression
measured as MFI normalized to the isotype control, the percentage of MRC1LB+ cells among live cells, MRC1LB MFI determined on viable MRC1LB+
cells are displayed. Each circle represents an individual chicken in the corresponding condition. A two-tailed paired t-test or a non-parametric
Wilcoxon matched-pairs signed rank test (24 h) was used to determine statistical differences (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001); ns, not

significant). The data from two independent experiments are displayed (n=

differentiate from monocytes within adherent PBMC populations,
similarly to the previously demonstrated in vitro DC generation
from human CD14+ monocytes (41-43).

The phenotypic characterization of chicken MoDCs maturation
has so far been constrained by the limited availability of
immunological tools such as monoclonal antibodies (44). Earlier
studies have documented increased gene expression of MHCII or
costimulatory molecules such as CD86, CD80, and CD40 following
LPS stimulation (29, 31). Using newly available monoclonal
antibodies, we found that LPS stimulation induced phenotypic
maturation in chicken MoDCs, as evidenced by increased surface
expression of MHCII and CD80 and CD40. These findings are
consistent with prior reports showing increased surface expression
of MHCII and costimulatory molecules on chicken BmDCs upon

Frontiers in Immunology

09

14).

LPS stimulation (21). Additionally, the enhanced secretion of
IL12p40, suggests that chicken MoDCs differentiated from
peripheral blood cells can produce cytokines playing an
important role in the regulation of T-cell activation (33, 45-48).
Furthermore, DCs are known for their potent ability to stimulate
naive T cells in primary MLR (49, 50). LPS stimulation has been
previously shown to enhance the allostimulatory capacity of
chicken BmDCs (21). Similarly, recent findings have shown that
the stimulation of chicken MoDCs with Salmonella Typhimurium
significantly increased allogeneic chicken T-cell proliferation (31).
Consistent with these findings, the present study revealed that LPS
stimulation increased the allostimulatory capacity of chicken
MoDCs, indicating functional maturation. LPS-stimulated
chicken MoDCs also showed reduced FITC-dextran
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FIGURE 6

LPS-stimulated chicken MoDCs induced the proliferation of autologous T cells. Splenocytes from naive chickens were isolated and CD4 T cells were
enriched by magnetic selection. The CD4 T cells were then CFSE-labelled and co-cultured with allogeneic unstimulated or 6 h LPS-stimulated
MoDCs. (A) Flow cytometry gating strategy. CFSE-stained cells were selected. The mononuclear cell population was gated based on FSC-A and
SCC-A parameters and singlets were selected from the FSC-A versus FSC-H. Dead cells were excluded using a viability dye and CD3+ cells were
gated based on CD3 versus FSC-H. (B) Representative histograms of unstimulated and LPS-stimulated CFSE-labeled T cells proliferation. Numbers
on histograms indicate the percentage of proliferating T cells. (C) Proportions of proliferating T cells. A two-tailed paired t-test was used to
determine statistical differences (*p<0.01). The data from two independent experiments are displayed (n=8).

accumulation, reflecting a decrease in endocytic capacities, a
hallmark of DC maturation (3). Endocytic receptors are typically
downregulated during DC maturation (51, 52). The expression of
the mannose receptor MRC1, a key receptor of FITC-dextran
endocytosis, is downregulated in mature human MoDC (52). Due
to its homology to mammalian MRC1, chicken MRC1L-B has been
suggested to play a role in carbohydrate recognition and uptake
(26). However, its involvement in dextran uptake has not been
demonstrated. Here, downregulation of the surface expression of
MRCILB correlates with a reduction in FITC-dextran uptake
capacity of LPS-stimulated chicken MoDCs. Interestingly, mature
chicken MoDCs displayed a distinct upregulation of DEC205
expression pattern when compared to MRCI1LB. This increase in
DEC205 expression was previously reported at both protein and
mRNA levels in mature human MoDCs, and it was postulated that
DEC205 has a non-endocytic function in mature dendritic cells
(22, 53, 54). Despite downregulation of endocytosis, the
upregulation of DEC205 may also suggest that mature chicken
MoDCs retain some capacity for antigen uptake, as previously
observed in mouse BmDCs (55).

The antiviral response of chicken MoDCs was investigated
through their infection with the NDV LaSota strain. In chickens,
RNA viruses like NDV are sensed through the PPRs, including TLR3
and TLR7, and the RLRs such as MDA5, and LGP2 (56, 57). The
activation of these pathways triggers type I IFN production and the
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release of pro-inflammatory cytokines (58). Previous studies
indicated that the NDV LaSota strain triggered robust type I IFN
and pro-inflammatory cytokine expressions in vivo in chickens (59)
and in vitro in human tumor cell lines (60). In mature chicken
BmDC:s, 6 h of infection with NDV LaSota was shown to increase the
expression of MDA5, LGP2, TLR3, TLR7, and type I IFN IFN-o and
IFN-B (61). Unlike chicken BmDCs, little is known regarding the
ability of chicken MoDCs to respond to NDV stimulation. In
contrast, the effects of NDV on MoDCs have been characterized in
humans due to its oncolytic properties (62). A recombinant NDV
(rNDV) expressing GFP has been shown to induce maturation of
human MoDCs (63). INDV infection upregulated the expression of
CD40, CD80, MHCI, and MHCII and increased the production of
IFN-@, IL-6, and TNF-0. (63). MEDI5395, a recombinant attenuated
Newcastle disease virus engineered to express a human granulocyte-
macrophage colony-stimulating factor transgene, was also shown to
induce the activation of human MoDCs by upregulating MHC I,
CD86, and CD83 (64). In addition, human MoDCs infected with
MEDI5395 showed increased allogeneic T-cell activation (64).
Consistent with these results, we showed that NDV stimulation for
6 h activated MDA5 and LGP2 in chicken MoDCs, leading to robust
production of type I IFNs, and proinflammatory cytokines, including
IL-12p40, IL-1, and IL-6. This response was, however, strongly
downregulated after 24 h, which is in accordance with previous
studies showing decreased gene expression of type I IFN-otand IFN-f3
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FIGURE 7
NDV stimulation induced maturation of chicken MoDCs. (A) Representative histograms of CD80 (left panel) and CD40 (right panel) expressions in
unstimulated cells (blue), NDV-stimulated MoDCs (purple), and isotype control (grey) after 6 and 24 h Numbers on histograms indicate the MFI
values of the corresponding marker. Boxplot of CD80 (B) and CD40 (C) expression measured as MFI normalized to the isotype control. Each circle
represents an individual chicken in the corresponding condition. A two-tailed paired t-test and a non-parametric Wilcoxon matched-pairs signed
rank test were used to determine statistical differences (*p<0.05; ns, not significant). The data from two independent experiments are displayed
(n=8). (D) Representative histograms of dextran-FITC uptake of unstimulated (blue), NDV-stimulated (purple) MoDCs, and 4°C negative control (grey)
after 6 h (upper panel) or 24 h stimulation (bottom panel). Numbers on histograms indicate the MFI of the fluorescent tracer. (E) Boxplot of dextran-
FITC uptake measured as MFI after 6 h (upper panel) or 24 h stimulation (bottom panel). Each circle represents an individual chicken in the
corresponding condition (n=5). A two-tailed paired t-test and a non-parametric Wilcoxon matched-pairs signed rank test were used to determine
statistical differences (*p<0.05; ns, not significant). (F) Representative histograms DEC205 expression in unstimulated cells (blue), NDV-stimulated
MoDCs (purple), and isotype control (grey) after 6 and 24 h Numbers on histograms indicate the MF| values of the corresponding marker.

(G) Boxplot of DEC205 expression measured as MFI normalized to the isotype control. Each circle represents an individual chicken in the
corresponding condition. A two-tailed paired t-test and a non-parametric Wilcoxon matched-pairs signed rank test were used to determine
statistical differences (*p<0.05; **p<0.01; ns, not significant). Data from two independent experiments (n=8) are displayed. (H) Representative
contour plots of MRCI1LB expression. The numbers on the plots represent the percentage of MRC1LB+ cells gated on viable cells and the MFI of
MRC1LB+ cells. Boxplot of the percentage of MRC1LB+ cells among viable cells and MFI determined on viable MRCI1LB+ cells after 6 h () or 24h

(J) NDV stimulation. Each circle represents an individual chicken in the corresponding condition. A two-tailed paired t-test and a non-parametric
Wilcoxon matched-pairs signed rank test were used to determine statistical differences (***p<0.001; ****p<0.0001; ns, not significant). The data
from two independent experiments are displayed (n=8).
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and proinflammatory molecules IL-18, IL-6, and IL-8 in chicken
BmDCs stimulated with NDV LaSota (61). Similar suppression of
type I IFN and proinflammatory cytokines has been reported
previously following NDV infection (65, 66). It has been suggested
that the mechanism used by NDV to evade host detection involves
the structural V protein, which promotes the degradation of key
antiviral signaling molecules like MAVS and phospho-STAT1,
thereby suppressing RLR-mediated type I IFN production (65, 66).
Additionally, the V protein of various paramyxoviruses, including
NDV, has been shown able to bind MDAS5 and LGP2, preventing
their activation and the subsequent production of type I IEN (67, 68).
Additionally, NDV-stimulated MoDCs exhibited phenotypical
changes indicative of T-cell activation capacity. Our findings align
with previous reports of increased surface MHCII and costimulatory
molecule expression upon NDV LaSota stimulation in human
MoDCs (63) and murine BmDCs (69). However, after 24 h, the
MHCII expression declined, along with a reduction in endocytic
activity and MRCILB expression. The observed downregulation of
MHC II and antigen uptake capacity following activation supports
the concept that during maturation, DCs prioritize antigen
presentation over antigen capture, optimizing their ability to
stimulate T-cells (70).
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Taken together, these data suggest that adherent chicken
peripheral blood cells cultured with GM-CSF and IL-4
differentiate into bona fide dendritic cells capable of maturing in
response to microbial stimuli, with upregulated expression of
molecules playing a critical role in regulating T-cell activation.
Further studies could be carried out to examine gene expression
profiles during various stages of chicken MoDCs differentiation
from monocytes to immature MoDCs and in responses to diverse
stimuli. The present study also highlights the advantages of using in
vitro generated chicken MoDCs over in vivo models. The
abundance of monocyte precursors in peripheral blood combined
with minimally invasive isolation methods, offers an ethical and
scalable approach for generating large number of chicken MoDCs.
This model holds promise for studying host-pathogen interactions,
evaluating pathogenicity of infectious organisms, and testing
immunostimulatory agents such as vaccines and adjuvants.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1517697
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ngantcha Tatchou et al.

Ethics statement

The animal study was approved by Biosafety and Bioethics
Committees of Sciensano (Brussels, Belgium; bioethics authorization
no. 20180221). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

EN: Writing - original draft, Writing - review & editing,
Conceptualization, Investigation, Methodology. RM: Investigation,
Methodology, Writing — review & editing. GO: Conceptualization,
Methodology, Validation, Writing - review & editing. BL:
Conceptualization, Funding acquisition, Methodology, Project
administration, Resources, Supervision, Validation, Writing -
original draft, Writing — review & editing. FI: Conceptualization,
Methodology, Project administration, Validation, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Sciensano, Belgium.

Acknowledgments

The authors thank Fabienne Andris and Anne Op De Beek for
fruitful discussions, and Christophe Delgrange and Sander Van
Hees for their technical support.

References

1. Wang Y, Xiang Y, Xin VW, Wang X-W, Peng X-C, Liu X-Q, et al. Dendritic cell
biology and its role in tumor immunotherapy. J Hematol Oncol. (2020) 13:107.
doi: 10.1186/s13045-020-00939-6

2. Yin X, Chen S, Eisenbarth SC. Dendritic cell regulation of T helper cells. Annu Rev
Immunol. (2021) 39:759-90. doi: 10.1146/annurev-immunol-101819-025146

3. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu Y-J, et al.
Immunobiology of dendritic cells. Annu Rev Immunol. (2000) 18:767-811.
doi: 10.1146/annurev.immunol.18.1.767

4. Cabeza-Cabrerizo M, Cardoso A, Minutti CM, Pereira da Costa M, Reis e Sousa C.
Dendritic cells revisited. Annu Rev Immunol. (2021) 39:131-66. doi: 10.1146/annurev-
immunol-061020-053707

5. Sallusto F, Schaerli P, Loetscher P, Schaniel C, Lenig D, Mackay CR, et al. Rapid
and coordinated switch in chemokine receptor expression during dendritic cell
maturation. Eur ] Immunol. (1998) 28:2760-9. doi: 10.1002/(SICI)1521-4141
(199809)28:09<2760::AID-IMMU2760>3.0.CO;2-N

6. Russo E, Teijeira A, Vaahtomeri K, Willrodt A-H, Bloch JS, Nitschke M, et al.
Intralymphatic CCL21 promotes tissue egress of dendritic cells through afferent
lymphatic vessels. Cell Rep. (2016) 14:1723-34. doi: 10.1016/j.celrep.2016.01.048

7. Rodriguez-Fernandez JL, Criado-Garcia O. The chemokine receptor CCR7 uses
distinct signaling modules with biased functionality to regulate dendritic cells. Front
Immunol. (2020) 11:528. doi: 10.3389/fimmu.2020.00528

8. Chudnovskiy A, Pasqual G, Victora GD. Studying interactions between Dendritic
Cells and T cells in vivo. Curr Opin Immunol. (2019) 58:24-30. doi: 10.1016/
j.€01.2019.02.002

Frontiers in Immunology

13

10.3389/fimmu.2025.1517697

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1517697/full#supplementary-material

9. Hilligan KL, Ronchese F. Antigen presentation by dendritic cells and their
instruction of CD4+ T helper cell responses. Cell Mol Immunol. (2020) 17:587-99.
doi: 10.1038/541423-020-0465-0

10. Steiner TM, Heath WR, Caminschi I. The unexpected contribution of
conventional type 1 dendritic cells in driving antibody responses. Eur ] Immunol.
(2022) 52:189-96. doi: 10.1002/€ji.202149658

11. Bender A, Sapp M, Schuler G, Steinman RM, Bhardwaj N. Improved methods
for the generation of dendritic cells from nonproliferating progenitors in human blood.
J Immunol Methods. (1996) 196:121-35. doi: 10.1016/0022-1759(96)00079-8

12. Caux C, Dezutter-Dambuyant C, Schmitt D, Banchereau J. GM-CSF and TNEF-
alpha cooperate in the generation of dendritic Langerhans cells. Nature. (1992)
360:258-61. doi: 10.1038/360258a0

13. Lanzavecchia A SF. Efficient presentation of soluble antigen by cultured human
dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus
interleukin 4 and downregulated by tumor necrosis factor alpha. J Exp Med. (1994)
179:1109-18. doi: 10.1084/jem.179.4.1109

14. de Vries IJM, Eggert AAO, Scharenborg NM, Vissers JLM, Lesterhuis W7,
Boerman OC, et al. Phenotypical and functional characterization of clinical grade
dendritic cells. J Immunother. (2002) 25:429-38. doi: 10.1097/00002371-200209000-
00007

15. Bahrami AA, Bandehpour M, Kazemi B, Bozorgmehr M, Mosaffa N, Chegeni R.
Assessment of a poly-epitope candidate vaccine against Hepatitis B, C, and poliovirus
in interaction with monocyte-derived dendritic cells: An ex-vivo study. Hum Immunol.
(2020) 81:218-27. doi: 10.1016/j.humimm.2020.02.010

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1517697/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1517697/full#supplementary-material
https://doi.org/10.1186/s13045-020-00939-6
https://doi.org/10.1146/annurev-immunol-101819-025146
https://doi.org/10.1146/annurev.immunol.18.1.767
https://doi.org/10.1146/annurev-immunol-061020-053707
https://doi.org/10.1146/annurev-immunol-061020-053707
https://doi.org/10.1002/(SICI)1521-4141(199809)28:09%3C2760::AID-IMMU2760%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-4141(199809)28:09%3C2760::AID-IMMU2760%3E3.0.CO;2-N
https://doi.org/10.1016/j.celrep.2016.01.048
https://doi.org/10.3389/fimmu.2020.00528
https://doi.org/10.1016/j.coi.2019.02.002
https://doi.org/10.1016/j.coi.2019.02.002
https://doi.org/10.1038/s41423-020-0465-0
https://doi.org/10.1002/eji.202149658
https://doi.org/10.1016/0022-1759(96)00079-8
https://doi.org/10.1038/360258a0
https://doi.org/10.1084/jem.179.4.1109
https://doi.org/10.1097/00002371-200209000-00007
https://doi.org/10.1097/00002371-200209000-00007
https://doi.org/10.1016/j.humimm.2020.02.010
https://doi.org/10.3389/fimmu.2025.1517697
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ngantcha Tatchou et al.

16. Bodewes R, Geelhoed-Mieras MM, Heldens JGM, Glover ], Lambrecht BN,
Fouchier RAM, et al. The novel adjuvant CoVaccineHT™ increases the
immunogenicity of cell-culture derived influenza A/H5N1 vaccine and induces the
maturation of murine and human dendritic cells in vitro. Vaccine. (2009) 27:6833-9.
doi: 10.1016/j.vaccine.2009.09.015

17. Carrio R, Zhang G, Drake DR, Schanen BC. A novel dendritic cell-based direct
ex vivo assay for detection and enumeration of circulating antigen-specific human T
cells. Cytotechnology. (2018) 70:1325-35. doi: 10.1007/s10616-018-0222-8

18. Chirkova T, Ha B, Rimawi BH, Oomens AGP, Hartert TV, Anderson LJ. In vitro
model for the assessment of human immune responses to subunit RSV vaccines. PloS
One. (2020) 15:€0229660. doi: 10.1371/journal.pone.0229660

19. Dos Santos GG, Reinders J, Ouwehand K, Rustemeyer T, Scheper RJ, Gibbs S.
Progress on the development of human in vitro dendritic cell based assays for
assessment of the sensitizing potential of a compound. Toxicol Appl Pharmacol.
(2009) 236:372-82. doi: 10.1016/j.taap.2009.02.004

20. Morgan H, Tseng S-Y, Gallais Y, Leineweber M, Buchmann P, Riccardi S, et al.
Evaluation of in vitro assays to assess the modulation of dendritic cells functions by
therapeutic antibodies and aggregates. Front Immunol. (2019) 10:601. doi: 10.3389/
fimmu.2019.00601

21. Wu Z, Rothwell L, Young JR, Kaufman J, Butter C, Kaiser P. Generation and
characterization of chicken bone marrow-derived dendritic cells: Generation and
characterization of chicken bone marrow-derived DCs. Immunology. (2010)
129:133-45. doi: 10.1111/§.1365-2567.2009.03129.x

22. Kato M, McDonald KJ, Khan S, Ross IL, Vuckovic S, Chen K, et al. Expression of
human DEC-205 (CD205) multilectin receptor on leukocytes. Int Immunol. (2006)
18:857-69. doi: 10.1093/intimm/dx1022

23. Swiggard WJ, Mirza A, Nussenzweig MC, Steinman RM. DEC-205, a 205-kDa
protein abundant on mouse dendritic cells and thymic epithelium that is detected by
the monoclonal antibody NLDC-145: purification, characterization, and N-terminal
amino acid sequence. Cell Immunol. (1995) 165:302-11. doi: 10.1006/cimm.1995.1218

24. Wu Z, Hu T, Kaiser P. Chicken CCR6 and CCR?7 are markers for immature and
mature dendritic cells respectively. Dev Comp Immunol. (2011) 35:563-7. doi: 10.1016/
j.dci.2010.12.015

25. van den Biggelaar RHGA, Arkesteijn GJA, Rutten VPMG, van Eden W, Jansen
CA. In vitro Chicken Bone Marrow-Derived Dendritic Cells Comprise Subsets at
Different States of Maturation. Front Immunol. (2020) 11:141. doi: 10.3389/
fimmu.2020.00141

26. Staines K, Hunt LG, Young JR, Butter C. Evolution of an expanded mannose
receptor gene family. PloS One. (2014) 9. doi: 10.1371/journal.pone.0110330

27. Vervelde L, Reemers SS, van Haarlem DA, Post ], Claassen E, Rebel JM], et al.
Chicken dendritic cells are susceptible to highly pathogenic avian influenza viruses
which induce strong cytokine responses. Dev Comp Immunol. (2013) 39:198-206.
doi: 10.1016/j.dci.2012.10.011

28. Liang J, Yin Y, Qin T, Yang Q. Chicken bone marrow-derived dendritic cells
maturation in response to infectious bursal disease virus. Veterinary Immunol
Immunopathology. (2015) 164:51-5. doi: 10.1016/j.vetimm.2014.12.012

29. Kalaiyarasu S, Bhatia S, Mishra N, Sood R, Kumar M, SenthilKumar D, et al.
Elevated level of pro inflammatory cytokine and chemokine expression in chicken bone
marrow and monocyte derived dendritic cells following LPS induced maturation.
Cytokine. (2016) 85:140-7. doi: 10.1016/j.cyt0.2016.06.022

30. Kalaiyarasu S, Kumar M, Kumar DS, Bhatia S, Dash SK, Bhat S, et al. Highly
pathogenic avian influenza H5N1 virus induces cytokine dysregulation with suppressed
maturation of chicken monocyte-derived dendritic cells. Microbiol Immunol. (2016)
60:687-93. doi: 10.1111/1348-0421.12443

31. Singh D, Singh M, Chander V, Sharma GK, Mahawar M, Teeli AS, et al.
Differential responses of chicken monocyte-derived dendritic cells infected with
Salmonella Gallinarum and Salmonella Typhimurium. Sci Rep. (2021) 11:17214.
doi: 10.1038/541598-021-96527-w

32. Rauw F, Gardin Y, Palya V, van Borm S, Gonze M, Lemaire S, et al. Humoral,
cell-mediated and mucosal immunity induced by oculo-nasal vaccination of one-day-
old SPF and conventional layer chicks with two different live Newcastle disease
vaccines. Vaccine. (2009) 27:3631-42. doi: 10.1016/j.vaccine.2009.03.068

33. Larsen FT, Guldbrandtsen B, Christensen D, Pitcovski J, Kjerup RB, Dalgaard
TS. Pustulan activates chicken bone marrow-derived dendritic cells in vitro and
promotes ex vivo CD4+ T cell recall response to infectious bronchitis virus. Vaccines
(Basel). (2020) 8:E226. doi: 10.3390/vaccines8020226

34. Ingrao F, Duchatel V, Rodil IF, Steensels M, Verleysen E, Mast J, et al. The
expression of hemagglutinin by a recombinant Newcastle disease virus causes structural
changes and alters innate immune sensing. Vaccines. (2021) 9:758. doi: 10.3390/
vaccines9070758

35. Staines K, Batra A, Mwangi W, Maier HJ, Borm SV, Young JR, et al. A versatile
panel of reference gene assays for the measurement of chicken mRNA by quantitative
PCR. PLoS One. (2016) 11:¢0160173. doi: 10.1371/journal.pone.0160173

36. Bennett WE, Cohn ZA. The isolation and selected properties of blood
monocytes. ] Exp Med. (1966) 123:145-60. doi: 10.1084/jem.123.1.145

37. Kato M, Neil TK, Fearnley DB, McLellan AD, Vuckovic S, Hart DNJ. Expression
of multilectin receptors and comparative FITC-dextran uptake by human dendritic
cells. Int Immunol. (2000) 12:1511-9. doi: 10.1093/intimm/12.11.1511

Frontiers in Immunology

14

10.3389/fimmu.2025.1517697

38. Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in RNA
sensing. Nat Rev Immunol. (2020) 20:537-51. doi: 10.1038/s41577-020-0288-3

39. Sun Y, Ding N, Ding SS, Yu S, Meng C, Chen H, et al. Goose RIG-I functions in
innate immunity against Newcastle disease virus infections. Mol Immunol. (2013)
53:321-7. doi: 10.1016/j.molimm.2012.08.022

40. Deeg CA, Degroote RL, Giese IM, Hirmer S, Amann B, Weigand M, et al. CD11d
is a novel antigen on chicken leukocytes. ] Proteomics. (2020) 225:103876. doi: 10.1016/
j.jprot.2020.103876

41. Ebner S, Hofer S, Nguyen VA, Fiirhapter C, Herold M, Fritsch P, et al. A novel
role for TL-3: human monocytes cultured in the presence of IL-3 and IL-4 differentiate
into dendritic cells that produce less IL-12 and shift Th cell responses toward a Th2
cytokine pattern. J Immunol. (2002) 168:6199-207. doi: 10.4049/jimmunol.168.12.6199

42. Ohradanova-Repic A, Machacek C, Fischer MB, Stockinger H. Differentiation of
human monocytes and derived subsets of macrophages and dendritic cells by the
HLDA10 monoclonal antibody panel. Clin Transl Immunol. (2016) 5:e55. doi: 10.1038/
cti.2015.39

43. Marzaioli V, Canavan M, Floudas A, Wade SC, Low C, Veale DJ, et al.
Monocyte-derived dendritic cell differentiation in inflammatory arthritis is regulated
by the JAK/STAT axis via NADPH oxidase regulation. Front Immunol. (2020) 11:1406.
doi: 10.3389/fimmu.2020.01406

44. Entrican G, Lunney JK, Wattegedera SR, Mwangi W, Hope JC, Hammond JA.
The veterinary immunological toolbox: past, present, and future. Front Immunol.
(2020) 11:1651. doi: 10.3389/fimmu.2020.01651

45. Kobayashi M, Fitz L, Ryan M, Hewick RM, Clark SC, Chan §, et al. Identification
and purification of natural killer cell stimulatory factor (NKSF), a cytokine with
multiple biologic effects on human lymphocytes. ] Exp Med. (1989) 170:827-45.
doi: 10.1084/jem.170.3.827

46. Oppmann B, Lesley R, Blom B, Timans JC, Xu Y, Hunte B, et al. Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities similar as well as
distinct from IL-12. Immunity. (2000) 13:715-25. doi: 10.1016/51074-7613(00)00070-4

47. Floss DM, Moll JM, Scheller J. IL-12 and IL-23—Close relatives with structural
homologies but distinct immunological functions. Cells. (2020) 9:2184. doi: 10.3390/
cells9102184

48. Kamble NM, Jawale CV, Lee JH. Activation of chicken bone marrow-derived
dendritic cells induced by a Salmonella Enteritidis ghost vaccine candidate. Poultry Sci.
(2016) 95:2274-80. doi: 10.3382/ps/pew158

49. Steinman RM, Witmer MD. Lymphoid dendritic cells are potent stimulators of
the primary mixed leukocyte reaction in mice. Proc Natl Acad Sci U S A. (1978)
75:5132-6. doi: 10.1073/pnas.75.10.5132

50. Steinman R, Gutchinov B, Witmer M, Nussenzweig M. Dendritic cells are the
principal stimulators of the primary mixed leukocyte reaction in mice. ] Exp Med.
(1983) 157:613-27. doi: 10.1084/jem.157.2.613

51. Relloso M, Puig-Kroger A, Pello OM, Rodriguez-Fernandez JL, de la Rosa G,
Longo N, et al. DC-SIGN (CD209) expression is IL-4 dependent and is negatively
regulated by IFN, TGF-B, and anti-inflammatory Agentsl. J Immunol. (2002)
168:2634-43. doi: 10.4049/jimmunol.168.6.2634

52. Sallusto F, Cella M, Danieli C, Lanzavecchia A. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macromolecules in the
major histocompatibility complex class II compartment: downregulation by cytokines
and bacterial products. J Exp Med. (1995) 182:389-400. doi: 10.1084/jem.182.2.389

53. Tel]J, Benitez-Ribas D, Hoosemans S, Cambi A, Adema GJ, Figdor CG, et al. DEC-205
mediates antigen uptake and presentation by both resting and activated human plasmacytoid
dendritic cells. Eur ] Immunol. (2011) 41:1014-23. doi: 10.1002/€ji.201040790

54. Butler M, Morel A-S, Jordan WJ, Eren E, Hue S, Shrimpton RE, et al. Altered
expression and endocytic function of CD205 in human dendritic cells, and detection of
a CD205-DCL-1 fusion protein upon dendritic cell maturation. Immunology. (2007)
120:362-71. doi: 10.1111/j.1365-2567.2006.02512.x

55. Platt CD, Ma JK, Chalouni C, Ebersold M, Bou-Reslan H, Carano RAD, et al.
Mature dendritic cells use endocytic receptors to capture and present antigens. Proc
Natl Acad Sci U.S.A. (2010) 107:4287-92. doi: 10.1073/pnas.0910609107

56. Chen S, Cheng A, Wang M. Innate sensing of viruses by pattern recognition
receptors in birds. Vet Res. (2013) 44:82. doi: 10.1186/1297-9716-44-82

57. Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, et al.
Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc Natl Acad Sci
U.S.A. (2004) 101:5598-603. doi: 10.1073/pnas.0400937101

58. Neerukonda SN, Katneni U. Avian pattern recognition receptor sensing and
signaling. Vet Sci. (2020) 7:14. doi: 10.3390/vetsci7010014

59. Rue CA, Susta L, Cornax I, Brown CC, Kapczynski DR, Suarez DL, et al. Virulent
Newcastle disease virus elicits a strong innate immune response in chickens. J Gen
Virol. (2011) 92:931-9. doi: 10.1099/vir.0.025486-0

60. Ginting TE, Suryatenggara ], Christian S, Mathew G. Proinflammatory response
induced by Newcastle disease virus in tumor and normal cells. Oncolytic Virother.
(2017) 6:21-30. doi: 10.2147/0V.S123292

61. Xiang B, Zhu W, Li Y, Gao P, Liang J, Liu D, et al. Inmune responses of mature
chicken bone-marrow-derived dendritic cells infected with Newcastle disease virus
strains with differing pathogenicity. Arch Virol. (2018) 163:1407-17. doi: 10.1007/
s00705-018-3745-6

frontiersin.org


https://doi.org/10.1016/j.vaccine.2009.09.015
https://doi.org/10.1007/s10616-018-0222-8
https://doi.org/10.1371/journal.pone.0229660
https://doi.org/10.1016/j.taap.2009.02.004
https://doi.org/10.3389/fimmu.2019.00601
https://doi.org/10.3389/fimmu.2019.00601
https://doi.org/10.1111/j.1365-2567.2009.03129.x
https://doi.org/10.1093/intimm/dxl022
https://doi.org/10.1006/cimm.1995.1218
https://doi.org/10.1016/j.dci.2010.12.015
https://doi.org/10.1016/j.dci.2010.12.015
https://doi.org/10.3389/fimmu.2020.00141
https://doi.org/10.3389/fimmu.2020.00141
https://doi.org/10.1371/journal.pone.0110330
https://doi.org/10.1016/j.dci.2012.10.011
https://doi.org/10.1016/j.vetimm.2014.12.012
https://doi.org/10.1016/j.cyto.2016.06.022
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1038/s41598-021-96527-w
https://doi.org/10.1016/j.vaccine.2009.03.068
https://doi.org/10.3390/vaccines8020226
https://doi.org/10.3390/vaccines9070758
https://doi.org/10.3390/vaccines9070758
https://doi.org/10.1371/journal.pone.0160173
https://doi.org/10.1084/jem.123.1.145
https://doi.org/10.1093/intimm/12.11.1511
https://doi.org/10.1038/s41577-020-0288-3
https://doi.org/10.1016/j.molimm.2012.08.022
https://doi.org/10.1016/j.jprot.2020.103876
https://doi.org/10.1016/j.jprot.2020.103876
https://doi.org/10.4049/jimmunol.168.12.6199
https://doi.org/10.1038/cti.2015.39
https://doi.org/10.1038/cti.2015.39
https://doi.org/10.3389/fimmu.2020.01406
https://doi.org/10.3389/fimmu.2020.01651
https://doi.org/10.1084/jem.170.3.827
https://doi.org/10.1016/S1074-7613(00)00070-4
https://doi.org/10.3390/cells9102184
https://doi.org/10.3390/cells9102184
https://doi.org/10.3382/ps/pew158
https://doi.org/10.1073/pnas.75.10.5132
https://doi.org/10.1084/jem.157.2.613
https://doi.org/10.4049/jimmunol.168.6.2634
https://doi.org/10.1084/jem.182.2.389
https://doi.org/10.1002/eji.201040790
https://doi.org/10.1111/j.1365-2567.2006.02512.x
https://doi.org/10.1073/pnas.0910609107
https://doi.org/10.1186/1297-9716-44-82
https://doi.org/10.1073/pnas.0400937101
https://doi.org/10.3390/vetsci7010014
https://doi.org/10.1099/vir.0.025486-0
https://doi.org/10.2147/OV.S123292
https://doi.org/10.1007/s00705-018-3745-6
https://doi.org/10.1007/s00705-018-3745-6
https://doi.org/10.3389/fimmu.2025.1517697
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ngantcha Tatchou et al.

62. Schirrmacher V. Oncolytic Newcastle disease virus as a prospective anti-cancer
therapy. A biologic agent with potential to break therapy resistance. Expert Opin Biol
Ther. (2015) 15:1757-71. doi: 10.1517/14712598.2015.1088000

63. Xu Q, Rangaswamy US, Wang W, Robbins SH, Harper J, Jin H, et al. Evaluation
of Newcastle disease virus mediated dendritic cell activation and cross-priming tumor-
specific immune responses ex vivo. Int J Cancer. (2020) 146:531-41. doi: 10.1002/
ijc.32694

64. Burke S, Shergold A, Elder MJ, Whitworth J, Cheng X, Jin H, et al. Oncolytic
Newcastle disease virus activation of the innate immune response and priming of
antitumor adaptive responses in vitro. Cancer Immunol Immunother. (2020) 69:1015-
27. doi: 10.1007/500262-020-02495-x

65. Sun Y, Zheng H, Yu S, Ding Y, Wu W, Mao X, et al. Newcastle disease virus V
protein degrades mitochondrial antiviral signaling protein to inhibit host type I
interferon production via E3 ubiquitin ligase RNF5. J Virol. (2019) 93:¢00322-19.
doi: 10.1128/JV1.00322-19

Frontiers in Immunology

15

10.3389/fimmu.2025.1517697

66. Qiu X, Fu Q, Meng C, Yu S, Zhan Y, Dong L, et al. Newcastle disease virus V
protein targets phosphorylated STAT1 to block IFN-I signaling. PLoS One. (2016) 11:
€0148560. doi: 10.1371/journal.pone.0148560

67. Childs K, Randall R, Goodbourn S. Paramyxovirus V proteins interact with the
RNA helicase LGP2 to inhibit RIG-I-dependent interferon induction. J Virol. (2012)
86:3411-21. doi: 10.1128/JV1.06405-11

68. Childs K, Stock N, Ross C, Andrejeva ], Hilton L, Skinner M, et al. mda-5, but not
RIG-I, is a common target for paramyxovirus V proteins. Virology. (2007) 359:190-200.
doi: 10.1016/j.virol.2006.09.023

69. Nan FL, Zheng W, Nan WL, Yu T, Xie CZ, Zhang H, et al. Newcastle disease
virus inhibits the proliferation of T cells induced by dendritic cells in vitro and in vivo.
Front Immunol. (2021) 11:619829. doi: 10.3389/fimmu.2020.619829

70. Roche PA, Furuta K. The ins and outs of MHC class II-mediated antigen
processing and presentation. Nat Rev Immunol. (2015) 15:203-16. doi: 10.1038/nri3818

frontiersin.org


https://doi.org/10.1517/14712598.2015.1088000
https://doi.org/10.1002/ijc.32694
https://doi.org/10.1002/ijc.32694
https://doi.org/10.1007/s00262-020-02495-x
https://doi.org/10.1128/JVI.00322-19
https://doi.org/10.1371/journal.pone.0148560
https://doi.org/10.1128/JVI.06405-11
https://doi.org/10.1016/j.virol.2006.09.023
https://doi.org/10.3389/fimmu.2020.619829
https://doi.org/10.1038/nri3818
https://doi.org/10.3389/fimmu.2025.1517697
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Generation and characterization of chicken monocyte-derived dendritic cells
	Introduction
	Materials and methods
	Chickens
	Generation and maturation of chicken monocyte-derived dendritic cells
	Morphological analysis
	Flow cytometry
	Quantification of cytokine production
	FITC-dextran uptake assay
	Allogeneic mixed lymphocyte reaction assay
	RNA extraction and real-time reverse transcription-PCR
	Statistical analyses

	Results
	The culture of adherent chicken PBMCs in the presence of GM-CSF and IL-4 induces CD11c and MHCII expression
	LPS-stimulation of chicken MoDCs increases MHCII and co-stimulatory molecules expression
	LPS-stimulation induces functional maturation of chicken MoDCs
	Newcastle disease virus promotes maturation and activates the antiviral program of chicken MoDCs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


