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Abstract. Although imiquimod (IMQ) is widely used to 
induce psoriasis‑like inflammation in mouse models, its 
direct effects on dendritic cells (DCs) and their capacity to 
drive T cell polarization remain poorly defined. The systemic 
complexity of in vivo models hinders the ability to delineate 
the direct, cell‑intrinsic effects of IMQ. To address this gap, 
an in vitro DC‑CD4+ T cell co‑culture system was established 
using bone marrow‑derived DCs and naïve CD4+ T cells 
isolated from OT‑II mice, enabling precise evaluation of the 
direct immunomodulatory effects of IMQ. IMQ treatment 
markedly upregulated maturation markers (CD40, CD80, 
CD86 and major histocompatibility complex class II), and 
increased IL‑12 and IL‑6 secretion in a dose‑dependent 
manner. These effects were significantly attenuated by NF‑κB 
inhibitors (caffeic acid phenethyl ester and Bay 11‑7082), 
indicating a critical role for NF‑κB signaling in DC activa‑
tion. When co‑cultured with naïve CD4+ T cells, IMQ‑treated 
DCs promoted robust differentiation toward T helper (Th)1 
and Th17 subsets. Neutralization of IL‑12 and IL‑6 in the 
co‑culture system significantly reduced the frequencies of 
Th1 and Th17 cells and their cytokine output, confirming 
that these responses were mediated by DC‑derived cytokines. 
Collectively, the present findings demonstrated that IMQ 
directly activated DCs via NF‑κB signaling and induced 
pathogenic Th cell responses through IL‑12 and IL‑6 produc‑
tion. By eliminating confounding in vivo factors, the present 
study provided evidence for the DC‑intrinsic effects of IMQ 
and offered mechanistic insights into the cellular pathways 

linking innate immune sensing to adaptive T cell responses 
in psoriasis.

Introduction

Psoriasis is a common, chronic autoimmune skin disease 
affecting approximately 2‑3% of the global population. 
Beyond its cutaneous manifestations, psoriasis imposes a 
considerable burden on patients' quality of life and increases 
the risk of systemic comorbidities, making it a pressing public 
health concern (1‑6). Immunologically, the disease is driven by 
a dysregulated interplay between innate and adaptive immune 
responses (7). Among immune cell populations, dendritic cells 
(DCs) are central players in the initiation and amplification 
of inflammation by activating effector T cells and producing 
pro‑inflammatory mediators (8). This process creates a patho‑
genic feedback loop that leads to persistent skin inflammation 
and keratinocyte hyperproliferation (5‑8).

Imiquimod (IMQ) is widely used to induce psoriasis‑like 
skin inflammation in both murine models and human studies. 
IMQ is a well‑known agonist of Toll‑like receptor 7 (TLR7), 
and its immunostimulatory effects are predominantly medi‑
ated through TLR7 signaling (9‑12). Topical application of 
IMQ results in DC activation and subsequent polarization of 
CD4+ T cells into various Th subsets, aggravating the inflam‑
matory response (12,13). While the IMQ‑induced model has 
provided key insights into psoriasis pathogenesis and thera‑
peutic responses, the interpretation of in vivo findings is often 
complicated by systemic immune interactions. Most studies 
using IMQ have been conducted in vivo, where the involve‑
ment of diverse immune cell populations and systemic factors 
may make it difficult to dissect the direct effects of IMQ on 
dendritic cells (12,13). Thus, the direct immunomodulatory 
effects of IMQ on DCs under controlled in vitro conditions 
remain poorly defined. Psoriasis remains clinically chal‑
lenging to manage due to its heterogeneous immune landscape 
and chronic inflammatory nature (14). In this context, DCs and 
CD4+ T cells represent critical immunological hubs driving 
disease progression  (4). A more precise understanding of 
how IMQ directly influences DC activation and the down‑
stream differentiation of naïve CD4+ T cells could inform the 
development of targeted immunotherapies.

DCs serve as professional antigen‑presenting cells (APCs) 
and are essential for initiating adaptive immune responses. 
Upon antigen encounter, they undergo phenotypic maturation, 
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characterized by the upregulation of co‑stimulatory molecules 
(CD40, CD80, and CD86), major histocompatibility complex 
(MHC) molecules, and the production of pro‑inflammatory 
cytokines  (8,15). These mature DCs migrate to secondary 
lymphoid organs where they present antigens to naïve CD4+ 
T cells, initiating lineage‑specific T cell polarization (16,17). 
Aberrant activation or dysregulation of this process is impli‑
cated in several autoimmune diseases, including psoriasis (18), 
rheumatoid arthritis (19), and multiple sclerosis (20). Among 
the molecular pathways involved, the nuclear factor kappa 
B (NF‑κB) pathway plays a pivotal role in orchestrating DC 
activation and cytokine production (21). IL‑12 secreted by 
activated DCs promotes Th1 differentiation (22,23), whereas 
IL‑6 and IL‑23 are essential for Th17 development via acti‑
vation of STAT3 and RORγt (24,25). Nevertheless, whether 
IMQ induces DC activation through NF‑κB signaling and 
how these activated DCs modulate T cell fate in vitro remains 
unclear. In addition to the well‑characterized roles of Th1 
and Th17 cells, recent evidence suggests that Th9 cells may 
also contribute to psoriatic inflammation (26), highlighting 
the need for broader evaluation of pathogenic Th subsets in 
IMQ‑induced responses.

In this study, we aimed to elucidate the direct effects of 
IMQ on DC maturation and its downstream influence on CD4+ 
T cell polarization using a reductionist in vitro co‑culture 
model. Unlike previous studies that focused on complex in vivo 
outcomes, this approach allowed us to isolate cell‑intrinsic 
effects of IMQ on DCs and define a clear mechanistic link to 
Th1 and Th17 differentiation via the NF‑κB pathway. Our find‑
ings address a key gap in understanding the DC‑T cell axis in 
psoriasis and provide a foundation for targeted immunotherapy 
development.

Materials and methods

Mice. Female C57BL/6N mice (7‑10 weeks old) were procured 
from Orient Bio, and ovalbumin (OVA)‑specific OT‑II trans‑
genic mice on a C57BL/6 background were obtained from 
Jackson Laboratory. All mice were maintained under specific 
pathogen‑free conditions. Mice were euthanized by gradually 
introducing CO2 at a flow rate that displaced 30‑50% of the 
chamber vol/min, following the AVMA Guidelines for the 
Euthanasia of Animals (2020 Edition). Following the cessation 
of respiration, CO2 exposure was continued for at least 1 min, 
and the absence of both breathing and cardiac activity was 
used to confirm death. Femurs, tibias, and lymph nodes were 
then collected for further analysis. All animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of Korea University (KUIACUC‑2021‑0094) and 
were performed in accordance with institutional guidelines.

Generation of bone marrow‑derived dendritic cells. Bone 
marrow‑derived dendritic cells (DCs) were obtained from 
C57BL/6N mice and cultured according to the protocol 
outlined by Inaba et al (27). Briefly, bone marrow cells were 
isolated from the femurs and tibias of mice and cultured in 
RPMI-1640 medium (Corning, 10‑043‑CVR) supplemented 
with 10% fetal bovine serum (Gibco, 16000‑044), 20 ng/ml 
granulocyte/macrophage colony‑stimulating factor (GM‑CSF), 
HEPES (Corning, 25‑060‑CI), penicillin/streptomycin solution 

(Corning, 30‑002‑CI), and 50 µM 2‑mercaptoethanol (Sigma, 
M6250‑10M). The culture medium was refreshed by replacing 
half of it every alternate day. On day 7, the semi‑adherent 
cells were gently pipetted and harvested for use as immature 
GM‑CSF‑derived dendritic cells. To generate Flt3L‑derived 
dendritic cells, bone marrow (BM) cells were resuspended at 
6x106 cells/ml in RPMI-1640 medium containing 200 ng/ml of 
human recombinant FMS‑like tyrosine kinase 3 ligand (Flt3L, 
BioLegend, 550602). Subsequently, the cell suspensions were 
seeded at 5 ml per well in 6 well plates and incubated for 
9 days without adding additional media.

CD4+ T cell isolation and in vitro polarization of CD4+ T cells 
with DCs. For in vitro syngeneic co‑culture of CD4+ T cells 
and DCs, the DCs (5x105 cells/well) cultured for 7 days were 
pulsed with 20 ng/ml OVA323‑339 peptide for 2 h. Following this, 
the DCs were treated for 6 h with imiquimod (IMQ, 1 µg/ml), 
lipopolysaccharide (LPS, 100 ng/ml) or not. Subsequently, 
CD4+ T cells (1x106  cells/well) were co‑cultured with 
OVA323‑339 peptide‑pulsed DCs or OVA323‑339 peptide‑pulsed 
IMQ‑ or LPS‑stimulated DCs at a 1:10 ratio. After 3 days, the 
cells were harvested to analyze the T cell population, and the 
supernatant was collected to detect levels of IFN‑γ, IL‑17A, 
IL‑9, and IL‑10. CD4+ T cells were isolated from the lymph 
nodes of OT‑II mice. The whole lymph nodes were minced 
using a slide glass and then filtered using a 40 µm cell strainer 
(Falcon, 352340). Subsequently, CD4+ T cells were purified 
using a CD4 (L3T4) microbead purification kit (Miltenyi 
Biotec, 130‑117‑043), ensuring a purity level of over 95%. 
Purified CD4+ T cells were then stimulated with anti‑CD3 Ab 
(1 µg/ml) and anti‑CD28 Ab (1 µg/ml) for 3 days.

Flow cytometric analysis. The dendritic cells (1x106 cells/well) 
were washed with PBS and harvested using FACS buffer (0.5% 
FBS and filtered 0.05% NaN3 in PBS). The purity of BMDCs 
was assessed by flow cytometry using CD11c staining, with 
>90% of cells gated as CD11c+. Subsequently, DCs were blocked 
with mouse IgG (Sigma, I5381) for 20 min at 4˚C to minimize 
nonspecific binding. Following this, the cells were stained with 
APC‑conjugated anti‑mouse CD11c antibody (eBioscience, 
17‑0114‑82), PE‑conjugated anti‑mouse CD40 (eBiosci‑
ence, 12‑0401‑81) and CD80 (BD PharmingenTM, 553769), 
FITC‑conjugated anti‑mouse CD86 (eBioscience, 11‑0862‑82) 
and MHCII (eBioscience, 11‑5322‑82) for 20 min at 4˚C while 
protected from light. For intracellular staining, CD4+ T cells 
(1x106 cells/well) were re‑stimulated with PMA (50 ng/ml), 
ionomycin (1 µg/ml), and GolgiPlug containing Brefeldin A 
(BD sciences, 555029) for 5 h. The cells were harvested using 
FACS buffer and incubated with FITC‑conjugated anti‑mouse 
CD4 RM4‑5 (eBioscience, 11‑0042‑82) for 20 min at 4˚C. The 
T cells were fixed and permeabilized using Cytofix/Cytoperm 
solution (BD sciences, 51‑2090KZ). Intracellular cytokines 
were stained with PE‑conjugated anti‑IFN‑γ XMG1.2 (eBio‑
science, 12‑7311‑82) and anti‑IL‑17A eBio17B7 (eBioscience, 
12‑7177‑81), APC‑conjugated anti‑mouse IL‑9 RM9A4 
(BioLegend, 514105) and anti‑mouse Foxp3 FJK‑16s (eBio‑
science, 17‑5773‑82) for 1 h at 4˚C. The labeled cells were 
analyzed using a FACSymphony™ A1 flow cytometer (BD 
Sciences), and the FCS data were analyzed using FlowJo soft‑
ware (BD Sciences).
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Reverse transcription polymerase chain reaction. Total 
mRNA was extracted from DCs (1x106  cells/well) using 
RiboEX reagent (GeneAll, 301‑001), following the manufac‑
turer's protocol. RNA purity was assessed using a NanoDrop™ 
2000/2000c spectrophotometer (Thermo Fisher Scientific, 
Inc.), with A260/A280 ratios above 1.8 considered pure. The 
isolated total RNA was then reverse transcribed into cDNA 
using RocketScript Reverse Transcriptase (Bioneer). The 
cDNA was subsequently amplified by PCR. Following PCR 
amplification, the products were resolved on 1.5% agarose 
gels and visualized with ethidium bromide staining. The 
sequences of the RT‑PCR primers used in this study were as 
follows: mouse TNF‑α forward, 5'‑GGC​AGG​TCT​ACT​TTG​
GAG​TC‑3' and reverse, 5'‑ACA​TTC​GAG​GCT​CCA​GTG​
AA‑3'; mouse IL‑12p40 forward, 5'‑TGT​GGA​ATG​GCG​
TCT​CTG​TC‑3' and reverse, 5'‑CCT​TTG​CAT​TGG​ACT​TCG​
GTA​G‑3'; mouse IL‑12p35 forward, 5'‑TCA​GCG​TTC​CAA​
CAG​CCT​C‑3' and reverse, 5'‑CCA​AGG​CAC​AGG​GTC​ATC​
ATC​A‑3'; mouse IL‑1β forward, 5'‑CTG​AAG​CAG​CTA​TGG​
CAA​CT‑3' and reverse, 5'‑ACA​GGA​CAG​GTA​TAG​ATT​C‑3'; 
mouse IL‑6 forward, 5'‑TGA​ACA​ACG​ATG​ATG​CAC​TT‑3' 
and reverse, 5'‑CGT​AGA​GAA​CAA​CAT​AAG​TC‑3'; mouse 
TGF‑β forward, 5'‑TAT​AGC​AAC​AAT​TCC​TGG​CGT‑3' 
and reverse, 5'‑TCC​TAA​AGT​CAA​TGT​ACA​GCT‑3'; mouse 
GAPDH forward, 5'‑ACA​TCA​AGA​AGG​TGG​TGA​AG‑3' and 
reverse, 5'‑ATT​CAA​GAG​AGT​AGG​GAG​GG‑3'.

Enzyme‑linked immunosorbent assay. The levels of IL‑12p40, 
IL‑12p70, IL‑6, TNF‑α, IL‑1β, IL‑17A, IL‑9, and IL‑10 in the 
culture supernatants were detected using ELISA kits (eBio‑
science). The concentration of IFN‑γ was measured using a 
specific mouse anti‑IFN‑γ R4‑6A2 (BD sciences, 554430) 
capture antibody and biotinylated anti‑IFN‑γ XMG1.2 (BD 
sciences, 554410) detection antibody. A standard curve was 
established using recombinant mouse IFN‑γ (BD sciences, 
554587). The wells were washed with PBST (0.05% Tween‑20 
in PBS), and then o‑phenylenediamine (OPD) containing 
citrate and H2O2 was added to each well and incubated for 
15 min at room temperature. To stop the reaction, 2 N H2SO4 
was added to each well. Detection limits for all cytokines were 
as specified by the manufacturers' protocols.

Immunofluorescent staining assay. The DCs (1x106 cells/well) 
were gently washed with serum‑free medium. Then, the DCs 
were fixed with 4% paraformaldehyde (PFA) and permeabi‑
lized using 0.1% Triton X‑100. After permeabilization, the 
cells were washed with 0.1% BSA in PBS and then blocked 
with 0.5% BSA in PBS for 30 min at room temperature. The 
cells were incubated with rabbit anti‑mouse NF‑κB p65 (1:100 
dilution) at 4˚C overnight, and subsequently stained with 
Alexa Fluor 488‑conjugated anti‑rabbit IgG Ab (1:300 dilu‑
tion) for 1 h at room temperature. Nuclei were counterstained 
with DAPI (Molecular Probes, 3 µM) for 3 min and imaged 
using a confocal laser scanning microscope (LSM 800, Carl 
Zeiss).

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 8.4.3 (GraphPad Software, Inc.). One‑way 
ANOVA followed by the Bonferroni post hoc test was used 
to compare multiple groups. Results with P‑values <0.05 were 

considered statistically significant. Data are presented as 
mean ± SD from three independent experiments.

Results

IMQ enhances the activation and maturation of bone 
marrow‑derived DCs. When immature dendritic cells (iDCs) 
undergo maturation, they acquire the capacity to activate and 
direct the differentiation of CD4+ T cells through various 
mechanisms, including co‑stimulatory molecules, MHC 
class molecules, and the secretion of cytokines (28,29). To 
investigate whether imiquimod (IMQ) affects the activation 
and maturation of bone marrow‑derived dendritic cells in a 
dose‑dependent manner, iDCs were cultured for 20 h in the 
presence or absence of IMQ. The expression levels of cell 
surface molecules were subsequently analyzed using flow 
cytometry to confirm the impact of IMQ on the modulation of 
crucial DCs maturation markers such as CD40, CD80, CD86, 
and MHC class II. As illustrated in Fig. 1, IMQ markedly 
increased the expression of co‑stimulatory molecules CD40, 
CD80, and CD86 on CD11c+ BMDCs in a dose‑dependent 
manner. Additionally, MHC class II expression also increased 
upon treatment with IMQ (Fig. 1). The high expression of 
these key surface markers suggests that IMQ significantly 
enhances the activation and maturation processes of DCs. 
CD40, CD80, CD86, and MHC class II are critical surface 
molecules involved in the interaction between DCs and CD4+ 
T cells. Overall, these results indicate that IMQ significantly 
enhanced the activation and maturation of GM‑CSF‑DCs.

The activation and maturation of DCs is intricately linked 
to the modulation of pro‑inflammatory cytokines, presenting a 
crucial aspect of immune response orchestration. Upon activa‑
tion, DCs undergo a transformation that involves heightened 
expression of co‑stimulatory molecules and the secretion of 
various cytokines, including pro‑inflammatory mediators (29). 
Therefore, to evaluate whether IMQ induces an elevation in the 
cytokine gene expression levels of DCs, DCs were treated with 
IMQ, and the cytokine expression levels were assessed at both 
mRNA and protein levels. The mRNA levels of pro‑inflamma‑
tory cytokines, such as IL‑12p35, IL‑12p40, IL‑6, TNF‑α, and 
IL‑1β were upregulated in IMQ‑treated DCs (Fig. 2A and B). 
IMQ treatment generally increased the secretion of IL‑12p40, 
IL‑12p70, IL‑6, TNF‑α, and IL‑1β, with varying degrees of 
responsiveness among cytokines (Fig. 2C). Collectively, these 
results suggest that IMQ increases the mRNA levels and 
secretion levels of pro‑inflammatory cytokines by activating 
and maturing DCs, similar to the increase observed in surface 
marker data.

Recent studies have highlighted the distinct strategies for 
generating DCs using GM‑CSF or Flt3L, resulting in different 
DC subsets. GM‑CSF‑derived DCs, often referred to as inflam‑
matory DCs, lack the cDC1 subset and are characterized by 
their robust inflammatory responses. In contrast, Flt3L‑derived 
DCs represent a steady‑state DC population that includes both 
pDCs and cDCs, playing critical roles in maintaining immune 
homeostasis (30‑33). In our study, we examined the effects of 
IMQ on both GM‑CSF‑derived DCs and Flt3L‑derived DCs to 
comprehensively understand its impact on various DC subsets. 
Consistent with our findings in GM‑CSF‑derived DCs, IMQ 
treatment of Flt3L‑derived DCs also resulted in a significant 
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dose‑dependent increase in the expression of co‑stimulatory 
molecules (CD40, CD80, and CD86) and MHC class II, as 
well as the secretion levels of pro‑inflammatory cytokines, 
except for IL‑12p40 (Fig. S1).

Nuclear factor‑kappa B (NF‑κB) signaling pathway is 
involved in the imiquimod‑induced activation and matura‑
tion of DCs. Nuclear factor‑kappa B (NF‑κB) signaling plays 
a central role in dendritic cell (DC) activation by regulating 
the expression of cytokines, co‑stimulatory molecules, and 
immune response mediators. This pathway is closely associ‑
ated with the induction of adaptive immunity via T cell 
activation and polarization (34‑36). Although IMQ is known 

to activate the NF‑κB pathway and promote DC maturation, 
the precise molecular components involved in this process 
remain poorly characterized. In particular, no prior study has 
evaluated the expression of DC surface molecules using flow 
cytometry in vitro following NF‑κB inhibition and subsequent 
IMQ stimulation.

To investigate this gap in knowledge, we utilized two NF‑κB 
pathway inhibitors, Caffeic Acid Phenethyl Ester (CAPE) and 
Bay 11‑7082 (BAY), each targeting distinct molecular steps 
within the NF‑κB cascade. CAPE inhibits NF‑κB activation 
by preventing the phosphorylation and degradation of IκB, 
thereby blocking the nuclear translocation of NF‑κB (37). 
In contrast, BAY acts upstream by inhibiting the IκB kinase 

Figure 1. IMQ increases the expression of surface molecules in bone marrow‑derived dendritic cells. (A) Flow cytometry analysis of CD40, CD80, CD86 and 
MHCII on CD11c+ cells following IMQ or LPS treatment. (B) Bar graphs showing fold changes in MFI relative to medium‑treated controls. Data are presented 
as the mean ± SD (n=3; biological replicates). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. medium group; as determined using one‑way ANOVA followed 
by the Bonferroni post hoc test. IMQ, imiquimod; LPS, lipopolysaccharide; MFI, mean fluorescence intensity; MHC, major histocompatibility complex.
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Figure 2. IMQ induces release of pro‑inflammatory cytokines in DCs. (A) Reverse transcription‑PCR was used to assess mRNA expression levels of IL‑12p35, 
IL‑12p40, IL‑6, TNF‑α and IL‑1β following IMQ or LPS stimulation. (B) Bar graphs depicting the fold ratio of mRNA expression relative to the medium‑treated 
group. (C) ELISAs quantified the secretion levels of pro‑inflammatory cytokines in the supernatants. Data are presented as the mean ± SD (n=3; biological 
replicates). Statistical significance was assessed using one‑way ANOVA followed by the Bonferroni post hoc test; *P<0.05, **P<0.01 and ****P<0.0001 compared 
with the medium‑treated DCs. DC, dendritic cell; IMQ, imiquimod; LPS, lipopolysaccharide; M, media.
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(IKK) complex, which is responsible for IκB phosphoryla‑
tion and subsequent degradation, effectively preventing 
NF‑κB signaling (38). To assess the role of this pathway in 
IMQ‑induced DC maturation, DCs were pre‑treated with 
CAPE or BAY and then stimulated with IMQ. The expres‑
sion levels of DC surface markers and pro‑inflammatory 
cytokines were subsequently analyzed using flow cytometry 
and ELISA. The surface molecules associated with DC acti‑
vation and maturation, including co‑stimulatory molecules 
CD40, CD80 and CD86, were significantly suppressed by 

CAPE. Conversely, BAY significantly reduced CD40 expres‑
sion on DCs compared with the IMQ group, while showing a 
non‑significant trend toward decreased expression of CD80 
and CD86. Neither treatment significantly affected MHC 
class  II expression on DCs (Fig. 3A and B). Additionally, 
both inhibitors significantly decreased the secretion levels of 
IL‑12p40 and IL‑6 in a dose‑dependent manner, which are 
two key cytokines involved in the polarization of CD4+ T 
cells into Th1 and Th17 subsets (Fig. 3C and D). In conclu‑
sion, these data demonstrate that IMQ induces the activation 

Figure 3. IMQ increases expression levels of surface markers and pro‑inflammatory cytokine secretion in DCs via the NF‑κB signaling pathway. (A) CD11c+ 
DCs were pre‑treated with CAPE or BAY (1 µM) for 30 min, followed by IMQ (1 µg/ml) for 20 h. Flow cytometry was performed to examine CD40, CD80, 
CD86 and MHCII expression. (B) Quantification of the MFI for the markers shown in (A), presented as fold changes relative to medium‑treated controls. 
(C) DCs were pre‑treated with varying doses of CAPE, an NF‑κB inhibitor, before IMQ treatment, and IL‑6 and IL‑12p40 levels in the supernatant were 
assessed using ELISAs. (D) DCs were pre‑treated with varying doses of BAY, another NF‑κB inhibitor, before IMQ treatment, and IL‑6 and IL‑12p40 levels 
were measured using ELISAs. Data are presented as the mean ± SD (n=3; biological replicates). ***P<0.001 and ****P<0.0001 vs. medium group; ##P<0.01, 
###P<0.001, and ####P<0.0001 vs. IMQ group, as determined using one‑way ANOVA with the Bonferroni post hoc test. BAY, Bay 11‑7082; CAPE, caffeic acid 
phenethyl ester; DC, dendritic cell; IMQ, imiquimod; MFI, mean fluorescence intensity; MHC, major histocompatibility complex.
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and maturation of DCs via the NF‑κB‑dependent signaling 
pathway.

NF‑κB p65 nuclear translocation is a key step in pathway 
activation and serves as a hallmark of immune stimulus‑induced 
transcriptional activity. As shown in Fig. 3, the expression of 
DC surface molecules and secretion of IL‑12p40 and IL‑6 were 
substantially diminished when NF‑κB signaling was inhibited 
during IMQ treatment, supporting a central role for NF‑κB 
p65. To directly confirm whether IMQ‑induced DC activa‑
tion is accompanied by NF‑κB p65 nuclear translocation, we 
performed an immunofluorescence (IF) assay. Following IMQ 
exposure, NF‑κB p65 was detected in the nucleus of DCs, 
confirming translocation (Fig. 4). Taken together, our findings 
provide a deeper understanding of the molecular mechanisms 
underlying IMQ‑induced DC activation, clarifying the roles of 
NF‑κB pathway components targeted by CAPE and BAY, and 
revealing the direct activation of DCs by IMQ in vitro.

IMQ‑treated DCs can induce the polarization of naïve CD4+ 
T cells into pathogenic CD4+ T cells. DCs play a crucial role 
in the immune system by capturing and presenting antigens 
to T cells, thereby initiating adaptive immune responses. 
Upon activation and maturation, DCs upregulate surface and 
co‑stimulatory molecules, enhancing their antigen‑presenting 
capabilities and enabling more effective interactions with 
T cells. As a result, the interaction between mature DCs and 
naïve CD4+ T cells leads to increased T cell activation and 
differentiation into various Th cell subsets, including Th1 and 
Th17 (22‑25,39‑43). This enhanced antigen‑presenting cell 
(APC) function of DCs is essential for mounting a robust and 
targeted immune response. As previously shown in Fig. 2C, 
IMQ‑treated DCs increased the secretion of IL‑12p40 and 
IL‑6, which are critical for Th1 and Th17 polarization. To 
investigate whether IMQ‑stimulated DCs polarize naïve CD4+ 
T cells into various effector Th subsets, including Th1, Th17, 
Th9, and Treg, DCs were incubated with ovalbumin (OVA) 
(10 ng/ml) for 2 h. Subsequently, they were treated with IMQ 

(1 µg/ml) for 6 h and then co‑cultured with naïve CD4+ T 
cells isolated from OT‑II mice for 3 days. The population 
of Th subsets was assessed by flow cytometry. As depicted 
in Fig. 5A and B, IMQ‑treated DCs notably increased the 
percentage of CD4+ IFN‑γ+ T cells (Th1) and CD4+ IL‑17A+ 
T cells (Th17).

Recent studies have highlighted the involvement of other 
Th subsets, such as Th9 cells, in autoimmune diseases like 
psoriasis and rheumatoid arthritis. Th9 cells, characterized 
by IL‑9 production, have been implicated in the pathogenesis 
of several autoimmune diseases (44‑46). Building on these 
studies, we observed a significant increase in the population 
of CD4+ IL‑9+ T cells (Th9) when IMQ‑treated DCs were 
co‑cultured with naïve OT‑II CD4+ T cells. IL‑9 secretion 
tended to increase but was not statistically significant. 
Additionally, IMQ‑treated DCs induced an increase in 
the population of CD4+ Foxp3+ Tregs and IL‑10 secretion; 
however, these changes were not statistically significant 
(Fig. S2).

IFN‑γ and IL‑17A are well‑recognized signature cytokines 
predominantly secreted by Th1 and Th17 cells, respectively. To 
confirm whether IMQ‑stimulated DCs enhance the production 
of IFN‑γ and IL‑17A in co‑cultured CD4+ T cells, cytokine 
production levels in the supernatants of the co‑cultures were 
determined using ELISA. IMQ‑stimulated DCs increased 
IFN‑γ and IL‑17A production in co‑cultured OT‑II CD4+ T 
cells (Fig. 5C). Additionally, IMQ‑treated DCs notably tended 
to increase IL‑9 secretion in co‑cultured OT‑II CD4+ T cells, 
with IL‑10 exhibiting a similar trend (Fig. S2C). These results 
are the first to demonstrate that IMQ‑treated DCs can polarize 
naïve CD4+ T cells into specific effector T helper cell subsets, 
such as Th1, Th17, and Th9. The substantial increase in IL‑9 
secretion, along with elevated Th9 population levels, suggests 
a key role for IL‑9 in Th9 differentiation. This novel finding 
highlights the unique capability of IMQ‑activated DCs to 
influence T cell differentiation, providing a new perspective 
on the immunomodulatory effects of IMQ.

IMQ promotes Th1 and Th17 responses via DC‑derived IL‑12 
and IL‑6. DCs secrete cytokines essential for T cell polar‑
ization. Specifically, IL‑12 and IL‑6 are key drivers of Th1 
and Th17 cell differentiation, respectively. These cytokines 
direct the differentiation of naïve CD4+ T cells and shape 
adaptive immune responses. To determine whether IL‑12 
and IL‑6 secreted from IMQ‑stimulated DCs contribute to 
the enhancement of Th1 and Th17 responses, neutralizing 
antibodies against IL‑12 and IL‑6 were added to co‑cultures 
of IMQ‑treated DCs and naïve CD4+ T cells isolated from 
OT‑II transgenic mice. The frequencies of Th1 and Th17 cells, 
along with IFN‑γ and IL‑17A production, were subsequently 
analyzed. As illustrated in Fig. 6A and B, blockade of IL‑12 or 
IL‑6 led to a significant reduction in the frequencies of CD4+ 
IFN‑γ+ (Th1) and CD4+ IL‑17A+ (Th17) cells. Consistent with 
these findings, IFN‑γ and IL‑17A levels in culture superna‑
tants were also decreased (Fig. 6C). In contrast, IgG isotype 
control antibodies had no effect on these responses. These 
data demonstrate that IMQ‑activated DCs promote Th1 and 
Th17 polarization via IL‑12 and IL‑6 secretion, underscoring 
the critical role of these cytokines in mediating the immuno‑
modulatory effects of IMQ. This novel finding highlights the 

Figure 4. IMQ promotes activation and maturation of DCs via the 
NF‑κB‑dependent signaling pathway. Immature DCs were treated with 
IMQ (1 µg/ml) or LPS (100 ng/ml) for 1 h. (A) Confocal laser scanning 
microscopy was used to detect nuclear translocation of NF‑κB p65 in 
IMQ‑treated DCs. Scale bar, 10 µm. (B) Bar graph showing the fold ratio 
of fluorescence intensity of nuclear p65 compared with the medium group. 
Data are presented as the mean ± SD (n=3; biological replicates). **P<0.01 
vs. medium group, analyzed by one‑way ANOVA with the Bonferroni post 
hoc test. DC, dendritic cell; IMQ, imiquimod; LPS, lipopolysaccharide; MFI, 
mean fluorescence intensity.
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therapeutic potential of targeting DC‑derived IL‑12 and IL‑6 
pathways to modulate pathogenic T cell responses.

Discussion

Psoriasis is a common chronic autoimmune disorder char‑
acterized by significant dysregulation of both innate and 
adaptive immune responses (7). A critical factor in psoriasis 
pathogenesis is the activation and maturation of DCs, which 
play a pivotal role in initiating and sustaining inflammatory 
responses (8). IMQ, an immunomodulatory agent, is widely 
used to induce psoriasis‑like skin inflammation in mouse 
models. Topical IMQ application in in vivo activates DCs 
and drives CD4+ T cell differentiation into Th subsets, exac‑
erbating skin inflammation (12,13). However, whether these 
effects result from direct DC activation by IMQ or complex 
immune interactions in in vivo environment remains unclear.

Our study demonstrates that IMQ markedly enhances the 
expression of maturation markers such as CD40, CD80, CD86, 

and MHC class II on GM‑CSF‑ and Flt3L‑derived DCs in a 
dose‑dependent manner. This upregulation is crucial for both 
the phenotypic and functional maturation of DCs, enabling 
effective antigen presentation and Th cell activation. Activated 
DCs secrete cytokines that direct the differentiation of naïve 
CD4+ T cells into various effector subsets, including Th1 and 
Th17 cells. Th1 cells, characterized by their production of 
IFN‑γ (22,23), and Th17 cells, which produce IL‑17 (24,25), 
are both considered pathogenic T cell subsets in autoimmune 
diseases (39‑42). Both subsets play crucial roles in maintaining 
the chronic inflammatory environment in psoriasis and other 
autoimmune conditions (43).

The direct effects of IMQ on DC maturation and IL‑12/IL‑6 
production were clearly demonstrated in in vitro experiments. 
Pharmacological inhibition of the NF‑κB signaling pathway 
significantly reduced IMQ‑mediated DC maturation and 
the production of IL‑12 and IL‑6, highlighting the central 
role of NF‑κB in these processes. Moreover, recent studies 
showed that topical thioredoxin alleviates IMQ‑induced skin 

Figure 5. IMQ‑treated DCs induce polarization of OT‑II naive CD4+ T cells to pathogenic Th1 and Th17 subsets. Immature DCs were treated with ovalbumin 
(20 ng/ml) for 2 h, followed by IMQ (1 µg/ml) or LPS (100 ng/ml) stimulation for 6 h. The DCs were then co‑cultured with OT‑II CD4+ T cells at a 1:10 ratio for 
3 days. (A) Flow cytometry was used to assess IFN‑γ+ and IL‑17A+ CD4+ T cells. (B) Frequency of IFN‑γ+ and IL‑17A+ CD4+ T cells is shown as the mean ± SD 
(n=3; biological replicates). (C) IFN‑γ and IL‑17A secretion was measured using ELISAs. *P<0.05 and **P<0.01 vs. medium group; one‑way ANOVA with the 
Bonferroni post hoc test. DC, dendritic cell; IMQ, imiquimod; LPS, lipopolysaccharide; Th, T helper.
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inflammation by inhibiting NF‑κB‑mediated IL‑6 produc‑
tion (47), supporting the therapeutic potential of targeting this 
pathway in psoriasis. Furthermore, immunofluorescence anal‑
ysis confirmed that IMQ treatment induced the translocation 
of the NF‑κB p65 subunit to the nucleus, directly activating the 
NF‑κB pathway in DCs. These findings demonstrate that IMQ 
directly influences DC behavior, bypassing the confounding 
factors present in in vivo systems. Furthermore, our find‑
ings suggest that IMQ‑induced DC maturation and cytokine 
production are regulated by distinct upstream components 
of the NF‑κB pathway. While CAPE and BAY effectively 
inhibited these processes, further studies targeting other 

NF‑κB pathway elements, such as alternative IKK subunits 
or non‑canonical signaling, could provide deeper insights into 
the mechanisms underlying IMQ's effects on DCs.

In this study, IMQ treatment resulted in a significant 
increase in both mRNA expression and secretion levels of 
cytokines, including IL‑12 and IL‑6, in DCs. As described in 
the introduction, these cytokines are key drivers of Th1 and 
Th17 differentiation, both central to psoriasis pathology. This 
suggests that IMQ‑treated DCs are not only phenotypically 
mature but also primed to drive pathogenic T cell responses, 
contributing to the chronic inflammation in psoriasis. Our 
findings reveal that IMQ directly activates DCs to produce 

Figure 6. IMQ‑treated DCs promote the polarization of Th1 and Th17 subsets via IL‑12 and IL‑6 production. DCs were pulsed with ovalbumin (20 ng/ml) for 
2 h, followed by IMQ (1 µg/ml) for 6 h, and co‑cultured with OT‑II CD4+ T cells at a 1:10 ratio for 3 days in the presence of anti‑IL‑12, anti‑IL‑6 or isotype 
control antibodies (1 and 10 µg/ml). (A) Flow cytometry was used to analyze the populations of IFN‑γ+ and IL‑17A+ CD4+ T cells. (B) Percentages of IFN‑γ+ 
and IL‑17A+ CD4+ T cells are presented as the mean ± SD (n=3; biological replicates). (C) IFN‑γ and IL‑17A protein levels in supernatants were measured using 
ELISAs. **P<0.01 and ***P<0.001 vs. CD4+ T cells co‑cultured with media‑treated DCs; #P<0.05, ##P<0.01 and ###P<0.001 vs. IMQ group; one‑way ANOVA 
with the Bonferroni post hoc test. Ab, antibody; DC, dendritic cell; IMQ, imiquimod; Th, T helper.
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IL‑12 and IL‑6, leading to robust Th1 and Th17 responses. 
Our in  vitro findings are consistent with previous in  vivo 
IMQ‑induced psoriasis models, which also report elevated 
Th1/Th17 responses and increased levels of IFN‑γ and 
IL‑17A (48). These results underscore the pivotal role of the 
DC‑cytokine axis in psoriasis pathogenesis and highlight 
its potential as a therapeutic target for developing precision 
immunotherapies. While IMQ is primarily used to model 
psoriasis‑like skin inflammation, the immune pathways it acti‑
vates‑particularly the DC‑Th1/Th17 axis mediated via NF‑κB 
signaling‑are also implicated in other autoimmune diseases 
such as multiple sclerosis (MS) (49). Although IMQ itself does 
not induce MS, the cytokine profiles and pathogenic T cell 
responses observed in IMQ‑treated models offer valuable 
insights into broader autoimmune mechanisms. These findings 
suggest that therapeutic strategies targeting DC activation and 
NF‑κB signaling may be applicable not only to psoriasis but 
also to other Th1/Th17‑driven autoimmune disorders.

In addition to Th1 and Th17 cells, the growing importance 
of Th9 cells in autoimmune conditions like psoriasis has been 
increasingly recognized in recent studies (50). While our study 
primarily focused on Th1/Th17 polarization, when IMQ‑treated 
DCs were co‑cultured with naïve CD4+ T cells, the Th9 cell 
population significantly increased, accompanied by a tendency 
toward elevated IL‑9 secretion. This provides the first evidence 
that IMQ‑treated DCs can induce Th9 polarization, further 
implicating Th9 cells in psoriasis pathogenesis. These findings 
highlight a previously underappreciated role of Th9 cells in 
psoriasis and suggest that DC‑Th9 interactions may serve as 
a novel therapeutic target. These insights deepen our under‑
standing of IMQ's mechanisms and offer valuable implications 
for treating autoimmune diseases. Previous studies have shown 
that Th9 differentiation typically requires IL‑4 and TGF‑β, 
which cooperatively induce IL‑9 expression by activating 
Th9‑associated transcription factors (51). Therefore, we consider 
it unlikely that IL‑6 plays a major role in Th9 differentiation. 
Further investigation is necessary to identify the exact pathways 
responsible for the observed increase in Th9 cells, particularly 
through experiments employing IL‑4 and TGF‑β neutralization. 
Additionally, we observed an increase in the percentage of CD4+ 
Foxp3+ T cells following IMQ treatment; however, this expan‑
sion did not correspond with elevated IL‑10 production. Foxp3+ 
regulatory T cells (Tregs) are a heterogeneous population, and 
not all subsets produce IL‑10 (52). Consequently, an increase in 
Foxp3+ Tregs does not necessarily correlate with elevated IL‑10 
levels. Furthermore, the functional status of Tregs should be 
considered. Although IMQ treatment increased the population of 
CD4+ Foxp3+ Tregs, these cells may not exhibit full suppressive 
function, including IL‑10 production (53). Thus, the expansion 
of Foxp3+ Tregs does not always reflect their activation state or 
immunosuppressive capacity, which may be limited under the 
experimental conditions. Although murine GM‑CSF‑derived 
DCs are widely used as a model system, they may not fully 
recapitulate the phenotype and function of human dermal DCs. 
Therefore, caution is warranted when extrapolating our findings 
to human psoriasis.

Given that IMQ is commonly used in preclinical psoriasis 
models, its effects on DC maturation and T cell differentiation 
should also be compared with other psoriasis mouse models, 
such as IL‑23‑induced or mannan‑induced models (54,55). 

These models may induce distinct immune responses, empha‑
sizing the activation of different T helper subsets, which could 
reveal additional mechanisms contributing to psoriasis and 
help identify more specific therapeutic targets. Such compari‑
sons are essential for developing targeted therapies, ensuring 
that specific immune pathways can be modulated to improve 
clinical outcomes in psoriasis and other autoimmune diseases. 
Together, our data provide a comprehensive understanding of 
IMQ‑mediated DC activation and its downstream implications 
for Th subset‑driven inflammation in psoriasis.
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