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Abstract
Background  Flagellin, a potent mucosal adjuvant administered via the intranasal route, has been widely recognized 
for its capacity to enhance immune responses against diverse pathogens. However, the effects and the underlying 
mechanisms by which flagellin modulates CD4+ T cell differentiation remain incompletely understood.

Methods  Recombinant flagellin proteins, including full-length flagellin (SF) and a TLR5-binding deficient 
variant (SFΔ90–97), were produced and purified. An OT-II derived CD4+ T cell adoptive transfer model, a classical 
intranasal immunization model and dendritic cell (DC)-CD4+ T co-culturing system were used. The proliferation 
and differentiation of CD4+ T cells were analyzed using flow cytometry analysis. RNA sequencing and neutralizing 
antibody blocking experiments were performed to determine the essential cytokines involved in flagellin modulated 
Th17 differentiation.

Results  Flagellin preferentially promotes Th17 cells differentiation. Respiratory epithelial cells (RECs), acting as 
sentinel cells, are the first to encounter exogenous stimuli during intranasal immunization. Flagellin stimulates 
the secretion of various soluble cytokines by binding to TLR5 on the surface of RECs, with GM-CSF facilitating the 
functional activation of airway DCs. GM-CSF-conditioned DCs exhibit upregulated IL-6 expression which in turn drives 
the polarization of naïve CD4+ T cells toward the Th17 phenotype. Furthermore, TLR5-regulated REC-derived IL-6 
synergizes with TLR5-modulated DCs to amplify Th17 polarization signals, thereby enhancing the Th17 induction.

Conclusion  Flagellin preferentially induced a Th17-enhanced immune response and RECs were highlighted its 
essential roles during this process through both indirect and direct pathways. For indirect pathway, RECs modulate DC 
function through GM-CSF. Moreover, RECs directly contribute to Th17 differentiation by secreting IL-6.
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Introduction
Most pathogens invade the host via the mucosal route, 
making mucosal immunity the host’s first line of defense 
[1]. Mucosal vaccines can establish an effective immune 
response both at the mucosal surfaces and systemically 
[2]. In general, non-replicating subunit vaccines are safer 
than live attenuated vaccines but typically require adju-
vants for successful antigen-specific immune responses.

As an immune booster, mucosal adjuvants not only 
enhance the immunogenicity of antigens and promote 
the host’s immune response, but also improve vaccine 
safety and reduce costs by lowering the required anti-
gen dosage and the number of administrations. Flagel-
lin, the primary structural protein of bacterial flagellar 
filaments, is a distinct pathogen-associated molecular 
pattern (PAMP) [3]. The intranasal adjuvant activity of 
flagellin has been extensively documented, showing that 
it can significantly enhance both mucosal and systemic 
antigen-specific antibody responses, as well as increase 
the protective efficacy of vaccines against various patho-
gens including Streptococcus mutans, influenza virus, 
respiratory syncytial virus, SARS-CoV-2, Streptococcus 
pneumoniae and Zika virus, etc.

Effective activation of CD4+ T cells is critical for main-
taining long-term vaccine-induced immunity. CD4+ T 
helper (Th) cells, as key components of the immune sys-
tem, play a critical role in coordinating adaptive immune 
responses. These cells are a highly heterogeneous popula-
tion that differentiates into various subsets upon receiv-
ing relevant signals from antigen-presenting cells [4]. Th1 
cells, defined by the master transcription factor T-bet 
and the lineage cytokine IFN-γ, can prevent cells from 
being attacked by intracellular bacteria and viruses. Th2 
cells, defined by the master transcription factor GATA3 
and the characteristic cytokines IL-4, IL-5, and IL-13, 
are mainly involved in the immune response against 
helminths. Th17 cells, defined by the master transcrip-
tion factor RORγt and the characteristic cytokine IL-17, 
are responsible for both intracellular and extracellu-
lar immune responses against fungi and bacteria [5–7]. 
Vaccination effectively induces the proliferation and 
differentiation of specific CD4+ T cells subsets, high-
lighting their central role in immune defense [8]. There 
is a notable variation in the Th subsets elicited by flagel-
lin under distinct experimental routes. Systemic immu-
nization with flagellin induce a Th2-polarized immune 
response against the co-administrated antigen or Th1 
polarization targeted the fusion antigen [9]. However, via 
intranasal immunization route, flagellin promoted Th17 
dominated differentiation or a mixed Th1/Th17 immune 
response [6, 10, 11]. Thus, the effects of flagellin, acted as 

an intranasal adjuvant, on the differentiation of CD4+ T 
cells warrant further investigation. Moreover, the under-
lying mechanism of flagellin modulated Th polarization 
remains to be elucidated.

The majority of research investigating the adjuvant 
properties of flagellin focuses on dendritic cells (DCs), 
which serve as a crucial link between innate and adap-
tive immune responses [12]. Systemic administration 
of flagellin promotes the recruitment and activation 
of CD103+ cDC2, enhancing the secretion of IL-2 and 
IL-4, which subsequently induces a Th2-type immune 
response [13]. Moreover, flagellin delivered via the gas-
trointestinal mucosa directly stimulates TLR5 on DCs, 
triggering the secretion of IFN-γ to initiate a Th1-type 
immune response [14]. In contrast, respiratory DCs 
exhibit significantly low TLR5 expression, rendering 
them poorly responsive to flagellin administered through 
the nasal route [15, 16]. Therefore, it remains to be 
explored how flagellin as an intranasal adjuvant modulate 
DCs to induce certain Th responses.

Another pivotal role that cannot be ignored when fla-
gellin exerts its unique effects as an intranasal adjuvant 
is respiratory epithelial cells (RECs). RECs express a vari-
ety of pattern recognition receptors and modulates the 
local immune response in the respiratory tract through 
cytokine secretion or cell-cell interaction [17–19]. Unlike 
intestinal DCs, which abundantly express TLR5, respira-
tory DCs exhibit low levels of TLR5 expression [16]. In 
our and other’s previous studies, it has been evidenced 
that respiratory DCs were indirectly activated by flagellin 
via GM-CSF secreted by TLR5-activated RECs [15, 16, 
20]. Whether RECs-derived GM-CSF is also essential for 
flagellin to modulate DCs to induce certain Th response 
remains unclear. Additionally, since TLR5-activated 
RECs secret various other kinds of cytokines, whether 
RECs directly participate in flagellin-modulated Th dif-
ferentiation needs to be determined.

In this study, we sought to elucidate the effect and 
mechanism of intranasal adjuvant flagellin modulation 
on CD4+ T cell response. It was found that intranasal 
adjuvant flagellin enhance preferentially a Th17 immune 
response and RECs play essential roles during this pro-
cess via both indirect and direct pathways. For indirect 
pathway, TLR5 activated RECs modulate DCs’ potential 
via secretion of GM-CSF. On the other hand, RECs play 
direct roles in modulating Th17 response through IL-6 
production. Furthermore, IL-6 was identified as an essen-
tial cytokine for flagellin-modulated DCs-directed Th17 
response.
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Materials and methods
Mice
C57BL/6 mice aged 6–8 weeks (18–20 g per mouse) were 
obtained from the Hunan Laboratory Animal Research 
Center and housed under Specific Pathogen Free (SPF) 
conditions at the Wuhan University of Science and 
Technology Laboratory Animal Center. TLR5 knockout 
(Tlr5−/−), OT-II, and CD45.1 mice on a C57BL/6 back-
ground, sourced from Jackson Laboratory, were also 
housed under specific pathogen-free (SPF) conditions 
at the Wuhan University of Science and Technology 
Laboratory Animal Center. All animals were randomly 
assigned to groups before experiment.

Expression, purification, and identification of Recombinant 
proteins
Large-scale expression cultures of E. coli BL21 (DE3) 
cells containing recombinant flagellin constructs were 
prepared. These constructs included full-length Salmo-
nella flagellin (SF), its truncated variants SFΔ90–97 (with 
a deletion in the TLR5-binding domain QRVRELAV), the 
HIV-1 core antigen P24, and the fusion protein SF-P24. 
These recombinant proteins containing a 6-His Tag at 
the C-terminus were prepared and purified using affin-
ity chromatography on a Ni-NTA column (Qiagen) and 
dialyzed against phosphate-buffered saline (PBS) at 4 °C. 
Contaminating lipopolysaccharides (LPS) were removed 
by liquid phase separation using Triton X-114, which 
preserves the physical integrity and biological activity 
of the proteins and is safe for experimental animals. The 
purified proteins were filtered through Acrodisc syringe 
filters (Pall) and stored at -80  °C. The quantification of 
purified proteins was performed using the Bradford 
assay. Residual LPS content was measured using the Lim-
ulus assay (Associates of Cape Cod) to ensure that the 
LPS content in the protein was less than 2 EU/mg. The 
TLR5 activity of SF and SF-P24 was verified in vitro as 
in our previous study. Briefly, human intestinal epithelial 
Caco-2 cells were grown and seeded into 48-well plates 
and cultured at 37  °C with 5% CO2 for 5 days. After an 
overnight culture in medium without fetal bovine serum 
(FBS), the cells were stimulated with SF and SF-P24 or 
the control protein SF△90–97 and P24 for 6  h at the 
indicated concentrations. The supernatants were then 
collected and quantified for IL-8 with the ELISA kit 
(BioLegend).

Tissue lymphocyte isolation
Tissue lymphocyte isolation was performed as follows: 
For cervical lymph nodes (CLNs), CLNs were digested 
in serum-free RPMI 1640 medium containing 1 mg/mL 
collagenase D (sigma) and 50  µg/mL DNase I (sigma) 
at 37  °C for 30  min. The lymphocyte suspensions were 
then obtained by grinding the tissue through a 70  μm 

cell sieve at the end of digestion. For spleens, lymphocyte 
suspensions can be obtained by lysing erythrocytes after 
grinding the spleen directly through a 70  μm cell sieve. 
For lungs, the clipped lungs were digested in serum-
free RPMI 1640 medium containing 2  mg/mL collage-
nase type I (sigma) and 0.4 mg/mL DNase I at 37 °C for 
35  min. After digestion, the cells were ground through 
70  μm cell sieve and resuspended in 40% Percoll (GE 
Healthcare), which was then slowly added dropwise to 
80% Percoll. After centrifugation at 2500 rpm for 30 min, 
the cells at the interface between 40% and 80% Percoll 
were carefully and slowly collected as lung lymphocytes.

Adoptive transfer experiment
OT-II-derived CD44−CD62L+ naïve CD4+ T cells were 
obtained through negative selection using magnetic bead 
separation (Miltenyi Biotec). The naïve CD4+ T cells 
labeled with carboxyfluorescein diacetate succinimidyl 
ester (CFSE, Thermo Fisher Scientific) were transferred 
to CD45.1 mice at 3–5 × 106 cells per mouse. The fol-
lowing day, the transferred mice were intranasally (i.n.) 
immunized with 40 µg OVA in combination with 10 µg 
SF or SFΔ90–97, in a total volume of 10µL. Five days 
after immunization, the recipient mice were euthanized, 
and the CLNs and spleens were isolated and processed 
into single lymphocyte suspensions for flow cytometry 
assays. Cells from the CLNs of two mice were combined 
and divided into two parts. One part was used directly for 
proliferation detection of OT-II derived CD45.2+CD4+ 
T cells by the flow cytometry assay, and the other part 
was plated in 48-well plates. After stimulation with the 
specific peptide OVA323 − 339 and the irrelevant peptide 
HBC129 − 140 for 48 h, the cell supernatants were collected 
for IFN-γ, IL-4 and IL-17 A by ELISA (BioLegend, USA).

Classical intranasal immunization experiment
Female wild-type (WT) C57BL/6 or Tlr5−/− mice were 
anesthetized and then immunized intranasally with 5 µg 
of P24 alone or an equivalent molar amount of SF-P24, 
administered in a volume of 10 µL, three times at 
3-week intervals. One week after the final immunization, 
mucosal secretions and serum were collected. Follow-
ing euthanasia, lungs and CLNs were collected to iso-
late lymphocytes. Samples were collected and prepared 
as follows. Mouse blood samples were collected from 
the retro-orbital plexus and then centrifuged to isolate 
serum. Saliva samples were collected after intraperitoneal 
injection of carbachol. Vaginal lavage fluid was obtained 
by rinsing the genital tract three times with 40 µL of ster-
ile PBS. Clipped lung tissue was enzymatically digested, 
and the supernatant was collected to obtain lung homog-
enates. All post-immunization sera and mucosal secre-
tions were collected and used to detect P24-specific IgA 
and IgG. Lymphocytes from lungs and CLNs were plated 
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in 96-well plates. The cells were stimulated with 2 µg/mL 
of anti-CD28 and the specific antigen P24 or OVA used 
as irrelevant antigen control for 48  h, after which the 
supernatants were collected for IFN-γ, IL-4 and IL-17 A 
by ELISA (BioLegend, USA). For antigen-specific cyto-
kine data analysis, all test samples were calculated as 
background subtracted data, where the linear averages of 
the OVA background signal from duplicate wells of the 
same sample were subtracted from the stimulated signal 
(signal–“Neg” OVA background).

Phenotype assays for DCs in CLNs of mice after intranasal 
immunization
6-8-week-old female C57BL/6 mice were anesthetized 
and immunized intranasally with 70  µg OVA-AF647 
(Thermo Fisher Scientific) alone or in combination with 
10 µg SF or SFΔ90–97. Mice were euthanized 18 h after 
immunization. CLNs were collected, and individual 
lymphocytes were isolated and assayed by flow cytom-
etry to evaluate antigen-loading and phenotypic changes 
including activation marker CD80, CD86 and chemo-
kine receptor CCR7 on DCs after Fc blocking via anti-
CD16/32 incubation (BioLegend, USA).

DC ex vivo co-culture with Naïve OT-II Naïve CD4+ T cells
Female C57BL/6 mice were anesthetized and immunized 
intranasally with 40  µg OVA alone or in combination 
with 10 µg SF or SFΔ90–97. Eighteen hours post immu-
nization, the mice were euthanized. CLNs were collected 
and processed for positive sorting using magnetic beads 
to obtain CD11c+ DCs (Miltenyi Biotec, Germany). The 
sorted CD11c+ DCs were plated in 96-well plates with 
CFSE-labeled OT-II-derived naïve CD4+ T cells at a 
ratio of 1:5. The cells were collected after 5 days of co-
cultivation, transferred to 96-well plates pre-coated with 
1  µg/mL anti-CD3, and cultured at 37℃ with the addi-
tion of Brefeldin A (BFA) and monensin. Five hours later, 
the cells were harvested for flow cytometry analysis of 
the proliferation and differentiation of CD3+CD4+ T 
cells. For IL-6 neutralization, 20  µg/mL of IL-6 specific 
neutralizing antibody (BioXcell, MP5-20F3) or isotype 
control antibody (BioXcell, HRPN) were added to the co-
culture system.

RECs conditioned medium Preparation
Nasal epithelial cells, serving as surrogates of RECs in 
our study, were separated and cultured until polarization 
as previously described [15]. Female WT C57BL/6 mice 
were euthanized, and the nose was isolated by removing 
the visible connective and muscular tissues. The turbi-
nate and midline on each side were incised to expose the 
internal structure of the nose, which was then digested 
in serum-free DMEM/F12 medium containing 1.4  mg/
mL pronase (sigma) and 0.1 µg/mL DNase I at 37 °C with 

5% CO2 for 30  min. At the end of digestion, additional 
mucosal epithelial cells were dissociated by turning the 
tissue up and down 12 times. The cells in the supernatant 
of the digested solution were collected by centrifugation 
at 21  °C, 120  g, for 5 minutes, resuspended in DMEM/
F12 containing 10% FBS, and seeded into 100 mm dishes 
for 2 h to remove excess fibroblasts. The collected non-
adherent cells were then filtered through a 70  μm cell 
sieve to obtain the RECs. The cells were plated in tran-
swell chambers at 8 × 105 cells per well, and got polarized 
around 7–10 days after plating. Medium supplemented 
with PBS, SF, or SFΔ90–97 at a final concentration of 
1  µg/mL was added to the apical side of the polarized 
RECs. Conditioned medium from the apical (REC-M, 
REC-SF, REC-SFΔ90–97) and basal compartments was 
collected after 24  h of stimulation and stored at -80  °C 
for subsequent DC conditioning and cytokine assays. The 
procedure was illustrated in Fig. S3.

Production of bone marrow DCs (BMDCs)
Female Tlr5−/− mice (to exclude the direct stimulation 
effect of flagellin) were euthanized. Femurs and tibias 
were isolated to collect bone marrow, and the cells were 
resuspended in 5 mL of RPMI 1640 containing 100 ng/
mL FLT3L (PeproTech) (including 1% penicillin-strep-
tomycin, 50 µM β-mercaptoethanol, 1% non-essential 
amino acids, 1% sodium pyruvate, and 10% FBS) after fil-
tration through a 70 μm cell sieve. On the third day, the 
5 mL of cells were divided into two parts, each supple-
mented with 2.5 mL of RPMI 1640 containing 100 ng/
mL FLT3L. This procedure was repeated on the sixth day. 
The cells were ready for use on the ninth day when differ-
entiation was completed.

DC-T cell co-culture in vitro
REC apical conditioned medium was pre-incubated with 
or without 20 µg/mL anti-GM-CSF (BioXcell, MP1-22E9) 
or isotype Ab (BioXcell, BE0089) for 1 h at 37 °C and 5% 
CO2. The apical-conditioned medium was used for the 
BMDC conditioning assay due to its significantly higher 
cytokine concentrations compared to basal-conditioned 
medium, which makes it more appropriate for assessing 
the impact of epithelial signaling on immune cells. After 
pre-incubation, BMDCs derived from Tlr5-/- mice were 
exposed to REC apical conditioned medium for 24 h. A 
portion of the cells was used for DC activation detection 
by flow cytometry analysis. After extensive washing, the 
remaining cells were incubated with 2 µg/mL OVA323 − 339 
peptide for 2 h. After another round of extensive washing, 
conditioned BMDCs were co-cultured with CFSE-labeled 
OT-II mice-derived naïve CD4+ T cells at a ratio of 1:20 
in round-bottom 96-well plates. In some instances, addi-
tional REC-conditioned medium REC-M or REC-SF were 
added to the co-culture system to evaluate the direct 
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effect of these conditioned medium on the CD4+ T cell 
response. In this setting, to block additional stimulating 
effect of DCs by GM-CSF in the conditioned medium, 
the conditioned medium was pre-incubated with anti-
GM-CSF neutralizing antibodies at 37℃ for 1 h. For IL-6 
neutralization, α-IL-6 neutralizing antibody or isotype 
control antibody was added to the co-culture. The final 
concentration of α-GM-CSF, α-IL-6 or control IgG in the 
co-culture system was 20 µg/mL. The cells were collected 
after 5 days of co-cultivation, transferred to 96-well plates 
pre-coated with 1 µg/mL of anti-CD3, and cultured at the 
presence of BFA and monensin. Five hours later, the cells 
were harvested for flow cytometry analysis of the pro-
liferation and differentiation of CD3+CD4+ T cells. The 
procedure was illustrated in Fig. S3a.

Flow cytometry analysis
Mouse tissue lymphocyte suspensions or in vitro cell 
cultures were prepared as described above. Fc receptors 
were blocked with anti-CD16/32 Fc blocker (2.4 G2; BD 
Biosciences) for 15 min at 4℃ before cell staining. Cells 
were then stained with a dead cell discrimination marker 
(Fixable Viability Dye eFluor 506, FVD; Thermo Fisher 
Scientific) and specific antibodies at 4 °C: CD11c (N418), 
I-Ab (M5/114.15.2), CD80 (16-10A1), CD86 (GL-1), CD4 
(GK1.5), CD45.2 (104). For cytokine assays, cells were 
fixed with fixation/permeabilization buffer (eBioscience) 
overnight, and intracellular cytokine staining was per-
formed after Fc receptor blockade. The intracellular anti-
bodies are as follows: IL-17  A (TC11-18  H 10.1), IFN-γ 
(XMG1.2), IL-4 (11B11), CD3 (145-2C11) or the cor-
responding isotype control: mouse IgG2a (MOPC-173), 
rat IgG2b (RTK4530), rat IgG1 (RTK2071, eBRG1). The 
fluorescence conjugated antibodies were all from BioLe-
gend (USA). A BD FACSCelesta flow cytometer was used 
to assess the stained cells and data were analyzed using 
FlowJo V10.0. The gating strategy was shown in Fig. S4.

RNA sequencing
Polarized RECs were stimulated with PBS or 1 µg/mL SF 
for 3 h. The cells were then collected, and 1 mL of Trizol 
was added before sending them for sequencing. RNA 
sequencing was performed by BGI Genomics (China). 
Clean reads were mapped to reference sequences using 
Bowtie2, and gene expression levels for each sample were 
quantified with RSEM. Differentially expressed genes 
(DEGs) between samples were identified using DESeq2. 
KEGG pathway enrichment analysis was conducted 
on DEGs with a Log2 fold change ≥ 1, utilizing the web-
accessible program Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID). A p-value of 
< 0.05 was considered statistically significant for pathway 
enrichment.

Quantitative RT-PCR analysis
Total RNA from cells was extracted with RNA extraction 
(Takara, Japan). 1 µg of extracted total RNA was reverse 
transcribed into cDNA fragments (Toyobo, USA). These 
products were then diluted and amplified using Hieff 
qPCR SYBR Green Master Mix (Yeasen Biotechnology, 
China) in the Bio-Rad CFX384 Real-Time PCR Detec-
tion System to quantify gene expression. Relative mRNA 
expression was calculated using the 2−ΔΔct method and 
normalized to relevant housekeeping gene (β-actin). 
Primer used as following: IL-6-s 5‘ ​T​G​T​A​T​G​A​A​C​A​A​C​G​
A​T​G​A​T​G​C​A​C​T​T 3’ IL-6-as 5‘ ​A​C​T​C​T​G​G​C​T​T​T​G​T​C​T​
T​T​C​T​T​G​T​T​A​T​C​T 3’ IL-1β-s 5‘ ​A​T​G​C​C​A​C​C​T​T​T​T​G​A​
C​A​G​T​G​A​T​G 3’ IL-1β-as 5‘ ​A​A​G​G​T​C​C​A​C​G​G​G​A​A​A​G​A​
C​A​C 3’ IL-23-s 5‘ ​C​A​C​C​A​G​C​G​G​G​A​C​A​T​A​T​G​A​A​T​C​T 3’ 
IL-23-as 5‘ ​G​G​A​G​G​T​G​T​G​A​A​G​T​T​G​C​T​C​C​A 3’ IL-27-s 
5‘ ​T​C​A​T​T​G​C​C​A​C​T​T​A​C​A​G​G​C​T​C​G 3’ IL-27-as 5‘ ​T​T​T​
A​G​C​A​T​G​T​A​G​G​G​C​A​C​C​G​T 3’ β-actin-s 5‘ ​C​A​G​C​C​T​T​C​
C​T​T​C​T​T​G​G​G​T​A​T 3’ β-actin-as 5‘ ​T​G​G​C​A​T​A​G​A​G​G​T​
C​T​T​T​A​C​G​G 3’.

Statistical analysis
Data are presented as mean ± SD. All data analyses were 
performed with one way ANOVA. When the P value was 
significant at the 0.05 level, further pairwise comparisons 
between the experimental group and control conditions 
were made using Bonferroni’s test. Statistical analysis was 
carried out with GraphPad Instat software, version 10.0. 
P values of < 0.05 were considered significant.

Results
Intranasal TLR5 activation preferentially promotes Th17 
responses
To determine the effects of flagellin as intranasal adju-
vants on CD4+ T cell response, both an OT-II mice 
derived naïve CD4+ T cell transfer model and a classical 
intranasal immunization model were used. To achieve 
the aim above, series of recombinant proteins including 
the full length of flagellin (SF), TLR5-signmalling defi-
cient variant SFΔ90–97, HIV-1 core protein P24, and the 
fusion protein of SF and P24 (i.e. SF-P24), were obtained 
using affinity chromatography on a Ni-NTA column. The 
purity and TLR5 activity of the proteins were verified by 
SDS-PAGE and Caco-2 stimulation assay, respectively 
(Fig. S1).

The results in the transfer model showed that the pro-
portion of proliferating CD4+ T cells induced by SF was 
1.5-fold higher than that induced by antigen with the 
addition of SFΔ90–97 (Fig.  1a-d), which indicated that 
flagellin strongly stimulated the proliferation of antigen-
specific CD4+ T cells in a TLR5-dependent manner. To 
distinguish the influence of flagellin on the differen-
tiation of antigen-specific CD4+ T cells, cells prepared 
from CLNs were restimulated with the specific peptide 
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OVA323 − 339 or irrelevant peptide HBC129 − 140 for 48  h 
and IL-17  A, IFN-γ, IL-4, the surrogate cytokine of 
Th17, Th1 and Th2 were quantified using ELISA. The 
antigen-specific cytokine production was calculated as 
follows: the amounts stimulated by OVA323 − 339 minus 
those stimulated by HBC129 − 140. As shown in Fig.  1e-g, 
cells isolated from the CLN of OVA plus SF immunized 
mice exhibited a marginal IL-17  A and IFN-γ produc-
tion to the irrelevant peptide HBC129 − 140, whereas they 
showed a significant response to the specific peptide 
OVA323 − 339, indicating that cytokine production is highly 
specific. The results show that IL-17 A production in the 
OVA + SF group was significantly higher than that in the 
OVA + SFΔ90–97 groups (Fig.  1e), while the IFN-γ and 
IL-4 production was comparable between two groups 
(Fig.  1f-g). The data above suggested that flagellin pref-
erentially enhances Th17 immune response in a TLR5-
dependent manner while have little effect on Th1 and 
Th2 response.

To further confirm the flagellin mediated modulation 
of flagellin on CD4+ T cell response, a classical intra-
nasal immunization model in which P24, the core anti-
gen of HIV-1 used as model antigen, was performed. In 
agreement with previous studies, flagellin has shown 
TLR5-dependent powerful intranasal adjuvanticity as 
demonstrated by SF-P24 induced much higher P24 spe-
cific IgG and IgA titers in serum and mucosal fluids in 
contrast to P24 alone in WT but not in Tlr5−/− mice (Fig. 
S2a-f ). Meanwhile, lymphocytes from draining lymph 
nodes, CLNs and effector sites, lungs were acquired, 
restimulated with specific antigen P24 or irrelevant anti-
gen OVA and Th surrogate cytokine were assayed by 
ELISA. In line with the adoptive transfer model, com-
pared with P24 alone, SF-P24 induced significantly higher 
production of IL-17 A in both cells from CLNs and lung 
tissues (Fig. 1h and k). Nevertheless, there was no signifi-
cant difference of IFN-γ production between SF-P24 and 
P24 immunized groups (Fig. 1i and l). Besides, IL-4 pro-
duction was below the low limit of detection (2 pg/mL) 
(Fig. 1j and m).

Taking the data in the transferred model and classical 
intranasal immunization model into account, it indicated 
that as an intranasal adjuvant, flagellin facilitate a Th17 
immune response.

TLR5 activated RECs modulate respiratory DCs to facilitate 
the differentiation of Th17 cells
Previous studies have shown that DCs are essential for 
the adjuvant activity of i.n. flagellin [16]. After ascertain-
ing that flagellin exhibits a propensity to elicit a Th17 
immune response, our next step revolves around elu-
cidating the alterations in respiratory DCs. To this end, 
we first dissected the migration and activation mode of 
DCs induced by i.n. flagellin. Mice were i.n. immunized 

with the fluorescent tracer antigen OVA-AF647 alone 
or in combination with SF or SFΔ90–97. The propor-
tion of OVA+ DCs in the CLN of SF-immunized mice 
was 10-fold higher compared to mice immunized with 
OVA-AF647 alone or in combination with SFΔ90–97 
(Fig.  2a). Correspondingly, the SF significantly upregu-
lated the expression of CCR7, a major chemokine recep-
tor involved in migration of DCs into secondary lymph 
nodes (Fig. 2b). Meanwhile, in contrast to the OVA alone 
or with the addition of SFΔ90–97, SF coadministration 
elevated both CD80 and CD86 expression on CLN DCs 
(Fig. 2c-d).

To further confirm the ability of flagellin-modulated 
DCs to promote T cell proliferation and differentiation, 
CD11c+ DCs were isolated from the CLNs of immu-
nized mice by magnetic sorting and co-cultured with 
OT-II mice-derived naïve CD4+ T cells. The results 
demonstrated that DCs from OVA + SF-immunized 
mice (OVA + SF-DC) significantly enhanced the pro-
liferation of CD4+ T cells compared with those from 
OVA or OVA + SFΔ90–97 mice (Fig. 2e). In keeping with 
the results of the transfer and classical i.n. immuniza-
tion models, OVA + SF-DC induced a higher frequency 
of IL-17  A+ cells (Fig.  2f and i). Additionally, the fre-
quency of IFN-γ+ cells remained similar across the three 
conditions while IL-4+ cells were nearly undetectable 
(Fig. 2g-i).

Taken together, these results suggest that i.n. flagel-
lin promoted the TLR5-dependent migration of acti-
vated DCs to the CLN, and these modulated DCs elicit 
a preferential promotion of the Th17 immune response 
direction.

TLR5-activated RECs facilitate Th17 cell response by 
modulation of DCs potential via secretion of GM-CSF
The respiratory epithelium, an immune-active bar-
rier, senses respiratory changes and coordinates with 
immune cells to fortify frontline defenses [17]. Our and 
other’s previous studies have highlighted the central 
role of RECs in the intranasal adjuvant effect of flagellin 
including bridging the activation of respiratory DCs via 
secretion of GM-CSF [15, 16, 20, 21]. We speculate that 
RECs indirectly take roles in Th17 differentiation through 
modulation of DCs via GM-CSF secretion. To clarify 
this, a BMDC-conditioned and co-cultured model was 
established (Fig. S3a). In accordance with our previous 
study, TLR5-activated RECs prompted the secretion of 
GM-CSF (Fig. 3a) and the activation of BMDCs induced 
by the conditioned medium from SF-activated RECs was 
blocked by the addition of GM-CSF neutralizing anti-
body (Fig. 3b).

Next, we explored the regulatory role of REC-condi-
tioned DCs on the proliferation and differentiation of 
naive CD4+ T cells. We co-cultured DCs pre-incubated 
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in REC-conditioned medium with OT-II derived naïve 
CD4+ T cells and found that REC-SF-conditioned DC 
(REC-SF-DC) significantly promoted the proliferation 
of CD4+ T cells as well as Th17 cell differentiation com-
pared to REC-M-conditioned DC (REC-M-DC) and 
REC-SFΔ90-97-conditioned DC (REC-SFΔ90-97-DC) 
(Fig.  3c-g). After GM-CSF in REC-SF-conditioned 
medium was blocked with neutralizing antibody, the pro-
liferation and Th17 differentiation of CD4+ T induced by 
REC-SF-DC were blunted to the levels similar to REC-M-
DC or REC-SFΔ90-97-DC (Fig. 3d and g). However, the 
addition of α-GM-CSF neutralizing antibody made no 
difference in the production of Th1 cells (Fig. 3e and g). 
Simultaneously, Th2 cells remained undetectable in all 
of the detected settings, irrespective of the types of DCs 
or the presence and absence of neutralizing antibodies 
(Fig.  3f-g). The results above show that RECs indirectly 
dictate flagellin-facilitated Th17 cells immune response 
by enhancing DCs’ potential via GM-CSF.

TLR5-activated RECs directly orchestrate Th17 
differentiation
Given that RECs secrete large amounts of soluble cyto-
kines in response to flagellin stimulation, we hypoth-
esized that RECs may be directly involved in the 
flagellin-facilitated Th17 cells response besides their indi-
rect roles through modulation of DCs. To this end, addi-
tional REC-M or REC-SF medium was supplemented in 
the in vitro REC-DC-CD4+ T co-culture system after the 
fulfillment of conditioning, peptide loading and exten-
sive washing of BMDCs (Fig. S3b). To block the activat-
ing effect of GM-CSF on DCs, the conditioned medium 
was pre-incubated with 20  µg/mL α-GM-CSF neutral-
izing antibody for 1  h at 37℃ before adding to the co-
culture system. In comparison to REC-SF-DC without 
supplementation, the addition of REC-M had no signifi-
cant influence on the proliferation of CD4+ T while the 
addition of REC-SF even inhibited the proliferation of 
CD4+ T cell. With respect to Th17 differentiation, the 
supplementation of REC-M did not modulate REC-SF-
DC-driven Th17 differentiation. In contrast, supplemen-
tation with REC-SF significantly elevated the frequency of 
IL-17 A+ cells. Furthermore, neither REC-M nor REC-SF 

supplementation influenced Th1 cell frequencies and 
Th2 cells consistently remain undetectable (Fig.  4a-e). 
This observation indicates that flagellin-activated RECs 
release soluble mediators, which are critically implicated 
in the direct modulation of Th17 cell differentiation.

IL-6 derived from TLR5-activated RECs play a critical role in 
the Th17 differentiation
Previous studies have shown that a series of cytokines 
including IL-6, TGF-β, IL-1β, IL-23 are involved in 
the Th17 induction [4]. To identify the critical cyto-
kines secreted by flagellin-activated RECs which was 
directly involved in the Th17 differentiation, a differen-
tially expressed genes (DEGs) analysis by transcriptome 
sequencing of REC was carried out. By sequencing, a 
total of 629 DEGs (|Log2 fold change|≥1 and p < 0.05) 
were detected between the SF-REC and M-REC cDNA 
libraries, of which 445 genes were upregulated (higher 
expression in SF-REC) and 184 genes were downregu-
lated (Fig.  5a). This result indicated the great altera-
tions in gene expression of RECs during flagellin 
stimulation. KEGG pathway analysis of the upregulated 
genes revealed that 13 genes were involved in Th17 dif-
ferentiation. Among them, IL-6, IL-1β, IL-23 and IL-27, 
which were classified as soluble factors (Fig. 5b). To con-
firm the data of the expression profiles generated using 
the RNA-Seq and DEGs analysis, RT-qPCR was applied 
to examine the expression levels of the 5 upregulated 
candidate genes listed above. As expected, the RT-qPCR 
results matched the RNA-seq results. Among them, IL-6 
exhibited the most significant change, being up-regulated 
approximately 8-fold following SF stimulation compared 
to mock and SFΔ90–97 stimulation (Fig.  5c-f ). Corre-
spondingly, SF induced a 4-fold increase in IL-6 secretion 
from RECs compared to REC-M and REC-SFΔ90–97 
(Fig. 5g).

The results above hinted that IL-6 contributed sig-
nificantly in the direct modulation of Th17 induction 
by flagellin-activated RECs. To verify the hypothesis, 
REC-SF-conditioned medium was pre-incubated with 
20  µg/mL α-IL-6 neutralizing antibody or isotype con-
trol for 1 h at 37℃ before adding to the co-culture sys-
tem (Fig. S3b). GM-CSF specific neutralizing antibody 

(See figure on previous page.)
Fig. 1  Flagellin as a potent intranasal adjuvant elicits an Th17-enhanced response. OT-II-derived naive CD4+ T cells were sorted and transferred to CD45.1 
(n = 10) mice at 3–5 × 106 cells per mouse. The next day, the transferred mice were immunized intranasally with 40 µg OVA in combination with 10 µg 
SF or SFΔ90–97. After five days of immunization, the spleens and CLNs were collected for flow cytometry assays. Cells from the CLNs of two mice were 
pooled for one detection. The proliferation of CD45.2+CD3+CD4+ T cells from the CLNs (a) and spleens (c) were analyzed using flow cytometry. (b, d) The 
representative dot plots of CFSElow in CD45.2+CD3+CD4+ T cells from CLNs and spleens. Lymphocytes from CLNs were plated in 48-well plates. After 48 h 
of stimulation with the specific peptide OVA323 − 339 and the irrelevant peptide HBC129 − 140, cell supernatants were collected for ELISA (e-g). C57BL/6 back-
ground WT or TLR5 KO (Tlr5−/-) mice were immunized intranasally with 10 µg P24 or the equivalent molars of SF-P24 three times with three weeks interval. 
After 7 days of the last immunization, the CLNs (h-j) and lungs (k-m) were collected, lymphocytes isolated from the CLNs and lungs (n = 6) were plated 
in 96-well plate. Cells were stimulated for 48 h with 2 µg/mL anti-CD28 and the specific antigen P24 or the irrelevant antigen OVA. Subsequently, the cell 
supernatants were collected for IL-17 A (h, k), IFN-γ (I, l) and IL-4 (j, m) detection by ELISA. Results are expressed as mean ± SD. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001; ns, non-significant; UD, undetectable
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was also included during the pre-incubation process to 
block its’ activation of BMDCs. Actually, IL-6 blocking 
in REC supernatants markedly attenuated Th17 differ-
entiation induced by REC-SF-DC (REC-SF-DC + REC-
SF + α-IL-6 vs. REC-SF DC + REC-SF). Specifically, the 
inhibition of IL-6 resulted in a substantial reduction in 
the Th17-inducing capacity of REC-SF supplement (REC-
SF DC + REC-SF + α-IL-6 vs. REC-SF DC + REC-SF + Ctrl 
IgG). Unexpectedly, the frequency of IL-17 A+ cells in the 
IL-6 neutralization group was even lower than that in the 
REC-M-DC group (REC-M-DC vs. REC-SF DC + REC-
SF + α-IL-6) (Fig.  5h-i). This led us to propose that IL-6 
blocking may influence the Th17 production contributed 
not only by RECs but also by DCs. In other words, IL-6 
contributes for flagellin-modulated DCs could potentially 
drive Th17 differentiation.

In a nutshell, flagellin-stimulated RECs directly regu-
late Th17 differentiation and IL-6 contributed signifi-
cantly in this process.

IL-6 secreted from DCs modulated by TLR5-activated RECs 
is also critical for the Th17 differentiation
As suggested above, IL-6 may be important for flagellin-
modulated DCs-enhanced Th17 production. To elucidate 
this, we first conducted RT-qPCR on REC-conditioned 
DCs. The data revealed that IL-6 expression was mark-
edly upregulated in REC-SF-DC, showing 2-fold increase 
relative to REC-M-DC and REC-SFΔ90-97-DC. Follow-
ing GM-CSF blockade in the supernatant, IL-6 expres-
sion in DCs was significantly downregulated, even falling 
below REC-M-DC levels and exhibiting 4-fold reduc-
tion compared to REC-SF-DC (Fig.  6a). To confirm the 
reliability of the expression profiles generated using the 
RT-qPCR, ELISA was applied to examine the expression 
levels of IL-6. REC-conditioned DCs were prepared and 
stimulated with LPS (10 ng/mL) for 24 h. It was observed 
that, consistent with RT-qPCR data, BMDC conditioned 
with REC-SF medium secreted more IL-6 than those con-
ditioned with medium from REC-M or REC-SFΔ90–97 
and neutralization of GM-CSF blunted this enhanced 
production of IL-6 (Fig. 6b).

Combined the data of GM-CSF blocking induced Th17 
induction attenuation (Fig. 3d and g) with the IL-6 pro-
duction decrease of DCs (Fig. 6a-b), it was reasoned that 
IL-6 is an essential cytokine for flagellin-educated DCs 
mediated Th17 enhancement. Thus, the neutralizing 
antibody against IL-6 or the isotype control were added 
in vitro REC-DC-CD4+ T co-culture system (Fig. S3c). 
Indeed, neutralization of IL-6 led to a pronounced reduc-
tion in the frequency of Th17 cells (REC-SF-DC + Ctrl 
IgG vs. REC-SF-DC + α-IL-6) (Fig. 6c-d). We then tested 
whether IL-6 was also required for the differentiation of 
Th17 in the ex vivo DC-CD4+ T co-culture system. Con-
sistent with the REC-SF-conditioned DC, DCs isolated 

from the CLNs of OVA + SF-DC immunized mice pro-
duced significantly more IL-6 in comparison with OVA-
DC or OVA + SFΔ90-97-DC (Fig.  6e). Moreover, similar 
to what we observed in the in vitro REC-DC-CD4+ T 
co-culture system, blocking IL-6 signaling in the in vitro 
co-culture system also suppressed the induction of Th17 
cells (Fig. 6f-g).

All together, these results suggested that IL-6 derived 
from flagellin-modulated DCs is essential for the differ-
entiation of Th17 cells.

Discussion
In this study, we aimed to investigate the effects and the 
underlying mechanisms of intranasal adjuvant flagellin 
modulating CD4+ T cell response. In experimental sys-
tems involving adoptive transfer and classical immuni-
zation model, we determined flagellin facilitated a Th17 
differentiation. Furthermore, we highlighted the essential 
roles of RECs in this process. RECs synchronize flagellin-
mediated Th17 differentiation by not only modulating 
DCs’ potential via GM-CSF but also directly participating 
through IL-6 production (Fig. 7).

Various mucosal adjuvants exhibit distinct mechanisms 
and advantages in promoting CD4+ T cell responses. 
For instance, STING agonists bolster immune defense 
against viral and cellular pathogens by inducing Th1 
responses through the activation of the STING-IRF3 
pathway [22]. Protein-based mucosal adjuvants, such 
as Escherichia coli heat-stable toxin and cholera toxin; 
nucleic acid-based adjuvants, such as CpG oligodeoxy-
nucleotides; and natural product-based adjuvants, such 
as chitosan, can promote Th1, Th2, or Th17-type cellu-
lar responses by activating antigen-presenting cells that 
secrete a diverse array of cytokines [23–25].

Our previous study has reported that flagellin induced 
mixed Th1/Th17 response with the production of both 
IFN-γ and IL-17  A following intranasal immunization 
with P-KFD1, a chimeric protein of RSV phosphopro-
tein (P) and the E.-coli-K12-strain-derived flagellin vari-
ant KFD1. Moreover, these P-specific CD4+ T cells either 
reside in or migrate to the respiratory tract and mediate 
protection against RSV infection [10]. Two most recent 
studies by two independent research groups both found 
that flagellin promoted Th17-biased response via i.n. 
administration of chimeric protein of flagellin and patho-
gen virulence factor and conferred immune-protection 
against SARS-CoV-2 and pneumococcal, respectively 
[6, 11]. In this work, two mice models, adoptive transfer 
model and classical i.n. model were used. We found that 
i.n. immunization of antigen alone would induce anti-
gen-specific IFN-γ and IL-17  A production but without 
IL-4. However, irrespective the formulation of antigen 
and flagellin, mixed or chimeric, flagellin preferentially 
enhanced IL-17  A production while had no effect on 



Page 10 of 19Huang et al. Respiratory Research          (2025) 26:104 

Fig. 2 (See legend on next page.)

 



Page 11 of 19Huang et al. Respiratory Research          (2025) 26:104 

IFN-γ or IL-4 production against cognate antigen. Our 
data suggested that i.n. immunization of antigen alone 
induces mixed Th1/Th17 response, which may be deter-
mined by the characteristics of respiratory DCs. Actually, 
respiratory DCs drive naïve CD4+ T cells differentiate 
into both Th1 and Th17 as illustrated in OVA-DC in 
Fig. 2f-h. Moreover, the intranasal adjuvant flagellin have 
the capacity to promote Th17 response uniquely but do 
not affect Th1 and Th2. Th1 and Th17 are important for 
the control of respiratory infection [6, 10, 26–32], but a 
mass of studies showed that Th2 was blamed for allergy 
and asthma [33]. Therefore, the unique Th subtype 
immune-modulation feature of flagellin strengthen its 
adjuvant effect and safety again, which pave the way for 
its application used as an intranasal adjuvant.

Th17 cells are a distinct subset of CD4+ T helper cells 
characterized by the specific expression of the transcrip-
tion factor RoRγt and the secretion of IL-17. Th17 cells 
have been demonstrated to play a crucial role in protect-
ing mucosal surfaces against fungal, bacterial and certain 
virus such as respiratory syncytial virus infections [6, 10, 
26–31]. Vaccines based on Th17 cells provide robust pro-
tection against RSV, influenza and secondary bacterial 
infections [6, 34, 35]. The IL-17 cytokine family includes 
members such as IL-17 A and IL-17 F, with IL-17 A being 
the most prominent. IL-17  A enhances the recruitment 
and activation of neutrophils to the site of infection by 
inducing the expression of chemokines CXCL1 and 
CXCL2 in epithelial and other immune cells. Moreover, 
IL-17 amplifies the localized inflammatory response, 
extends neutrophil survival, and effectively establishes a 
robust local immune defense barrier.

It is well known that Immunoglobulin A (IgA) is a 
critically important effector molecule at the mucosal 
surface. In addition to its significant function in defense 
against mucosal pathogen infection, Th17 also plays 
an important role in mucosal IgA induction and secre-
tion. As the most abundant Th subtype in the intestine, 
through upregulation of IgA isotype switch and poly-
meric Ig receptor (pIgR) expression, Th17 contribute to 
intestinal homeostasis [36, 37]. Similar to the intestine, 
intranasal administration of IL-17 upregulates epithelial 
pIgR expression and promotes influx of B cells and IgA 
into the lungs [38]. Correspondingly, vaccine induced 

cognate antigen-specific Th17 cells are recruited to the 
lung parenchyma where they transform into resident 
lymphocytes that persist in the lung tissue and facilitate 
the accumulation of IgA+ B cells and rapidly increas-
ing IgA levels. Accordingly, depletion of IL-17 abrogates 
the recruitment of T cells to the lungs and significantly 
reduces the local IgA response [7]. As an intranasal adju-
vant, flagellin promotes robust IgA induction in serum 
and mucosal secretions and conferred protection against 
pathogens [14]. A recent study showed that flagellin-
promoted vaccine-specific IgA response in serum and 
mucosal fluid exhibited a robust positive correlation 
with the Th17 response [11]. Further studies will be car-
ried out to ascertain the direct roles of flagellin promoted 
Th17 response in its enhanced antibody especially IgA 
production.

DCs are highly specialized antigen-presenting cells that 
provide CD4+ T cells with dual activation signals through 
the presentation of antigens via MHC-II molecules and 
the provision of co-stimulatory signals. Additionally, DCs 
orchestrate CD4+ T cell differentiation through the secre-
tion of cytokines. Our previous study has demonstrated 
that flagellin does not impact antigen uptake by DCs. 
However, flagellin enhances the activation and migra-
tion of antigen-loaded respiratory DCs to the draining 
lymph nodes in a TLR5-dependent manner [39]. Due to 
the low expression of TLR5, respiratory DCs were indi-
rectly activated by flagellin [15, 16]. RECs, which act as 
a protective barrier between external and internal envi-
ronments, express a wide range of toll-like receptors and 
secrete numerous soluble factors upon exposure to exog-
enous stimuli. Consistently, our transcriptomic analysis 
revealed that RECs significantly upregulated the expres-
sion of various cytokines and chemokines following SF 
stimulation (Fig. 5a). Among these, GM-CSF, a hemato-
poietic growth factor that promotes the maturation of 
DCs, was evidenced as a key cytokines in flagellin medi-
ated indirect action of DCs by our and other’s previous 
work [15, 20]. Moreover, multiple genes associated with 
Th17 differentiation were also upregulated in RECs. We 
hypothesize that RECs take essential roles in flagellin-
induced Th17 differentiation through both direct and 
indirect regulatory pathways. Using an in vitro co-culture 
system, we observed that DCs educated by conditioned 

(See figure on previous page.)
Fig. 2  Flagellin facilitates the differentiation of CD4+ T cells through the modulation of DCs function. (a-d) C57BL/6 (WT, n = 8) mice were immunized 
intranasally with PBS, 70 µg OVA-AF647 alone, or in combination with 10 µg SF or SFΔ90–97. Mouse CLNs were isolated 18 h after immunization, digested 
and milled to prepare cells for flow cytometry assay. The proportion of OVA+ DCs in the total DC population (a) and the expression of CCR7 (b), CD80 (c), 
and CD86 (d) on the DCs were analyzed using flow cytometry. The upper panel of B-D, the MFI on DC population; the lower panel of b-d, representative 
histograms. (e-i) C57BL/6 mice were immunized intranasally with 40 µg OVA alone or in combination with 10 µg SF or SFΔ90–97. 18 h later, the CLNs 
were isolated, pooled, digested. CD11c+ DCs were sorted using magnetic beads, and then co-cultured with OT-II-derived naive CD4+ T cells at a ratio of 
1:5. After five days of co-culture, the cells were transferred to another 96-well plates pre-coated with 1 µg/mL anti-CD3 and stimulated for 5 h with BFA 
and monensin. Flow cytometry assay was performed to assess the proliferation (e) and differentiation of CD3+CD4+ T cells (f-h). (i) The representative dot 
plots of CFSElow, IL-17 A+, IFN-γ and IL-4+ in CD4+ T cells. Results are expressed as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant; UD, 
undetectable
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medium from flagellin activated RECs enhanced Th17 
cells production and this effect was blunted with the 
addition of α-GM-CSF neutralizing antibody (Fig.  3). 
Furthermore, REC-SF-conditioned medium supplement 
experiments indicated that RECs also directly participate 
in Th17 differentiation (Fig. 4). Taken together, our find-
ings suggest that flagellin activated RECs synergize the 
direct and indirect pathways to promote Th17 induction.

REC sequencing results regarding Th17 differentiation 
revealed that SF significantly upregulated a spectrum of 
Th17 differentiation-related genes in RECs, including IL-6, 
IL-1β, IL-23 and IL-27. Among these upregulated genes, 
IL-6, a critical mediator in the initiation of Th17 differentia-
tion, facilitated the enhanced expression of RoRγT in CD4+ 
T cells, while IL-1β and IL-23 contributed to the sustained 
maintenance of the Th17 phenotype. IL-27 is recognized for 
its role in promoting Treg cell expansion, thereby suppress-
ing Th17 differentiation. However, in the absence of IL-27, 
Th17 hyperactivity is observed, highlighting its pivotal role 
in regulating Th17 homeostasis and preventing excessive 
Th17-mediated responses [40]. Our RT-qPCR data indi-
cated that IL-6 expression was most markedly upregulated 
(Fig. 5c), leading us to infer that IL-6 is likely a pivotal cyto-
kine directly involved in REC-mediated Th17 differentia-
tion. In the conditioned medium supplement experiments, 
neutralization of IL-6 in REC-SF markedly impaired the 
Th17 inducing capacity of REC-SF-DC, with the frequency 
of IL-17 A+ cells falling even below those observed in REC-
M-DC (Fig.  5f-g). We propose that IL-6 neutralization in 
REC-SF may not only attenuate the regulatory influence of 
REC-SF on Th17 differentiation but may also inhibit the role 
of DC-derived IL-6 in modulating this process.

GM-CSF, functioning as a critical factor in flagellin-
secreted cytokines to modulate DCs function, initiates the 
downstream JAK2-STAT5 signaling cascade by binding to 
the GM-CSF receptor (GM-CSFR) on the surface of DCs. 
This activation enhances the expression of co-stimulatory 

molecules CD80 and CD86, while also triggering the pro-
duction of inflammatory signaling molecules including 
IL-6 [41]. Both ex vivo and in vitro models demonstrated a 
marked elevation in IL-6 secretion by DCs upon SF stimula-
tion (Fig. 6). Notably, the blockade of IL-6 impaired the Th17 
inducing ability of flagellin-modulated DCs, underscoring 
the pivotal role of DC-derived IL-6 as a key cytokine in this 
process. IL-6, a crucial determinant in Th17 differentiation, 
not only initiates the transcriptional machinery necessary 
for Th17 lineage commitment through STAT3 activation 
but also plays an essential role in sustaining the Th17 cell 
phenotype. Specifically, IL-6 augments the responsive-
ness of Th17 cells to IL-23 by upregulating IL-23R expres-
sion, thereby reinforcing its role in the preservation of the 
Th17 phenotype [42]. Collectively, our findings elucidate a 
dual role of RECs in synchronizing flagellin-mediated Th17 
response. On one hand, TLR5-activated RECs modulate DC 
function via GM-CSF secretion, which amplifies IL-6 pro-
duction by DCs, thereby indirectly promoting Th17 differ-
entiation; on the other hand, TLR5-induced REC-derived 
IL-6 is directly involved in facilitating Th17 differentiation.

The ability of flagellin to function as a potent mucosal 
adjuvant makes it a promising candidate for mucosal vac-
cines due to its easy preparation, high potential for modi-
fication, and low toxicity. Here, we identified the Th17 
enhancing capacity of flagellin. Taking the instrumental 
roles of Th17 for protecting the respiratory mucosa against 
bacterial, fungal and viral infection into account, flagellin 
is a favorable vaccine scaffold which not only harbor excel-
lent adjuvanticity but also enhance the immunogenicity of 
immunogen especially for low-molecular weight molecules 
by fusion. Furthermore, we also shed some light on the 
underlying mechanism by highlighting the essential roles 
of RECs, which will contribute to effectively harnessing and 
regulating the Th17 response in the design of flagellin-based 
mucosal vaccines.

(See figure on previous page.)
Fig. 3  TLR5-activated RECs indirectly modulate Th17 differentiation. RECs were cultured in the transwell chambers for two weeks. After polarization, the 
cells were stimulated with medium supplemented with PBS or with a final concentration of 1 µg/mL SF or SFΔ90–97 for 24 h. Apical and basal media 
were then collected for ELISA (a). Tlr5−/− BMDCs were stimulated with REC-apical conditioned medium for 24 h, and CD80/CD86 expression (b) was 
subsequently detected by flow cytometry assay. After treating with REC-derived conditioned medium and OVA323 − 339 peptide loading, BMDCs were co-
cultured with OT-II-derived naive CD4+ T cells at a ratio of 1:20. Five days later, the cells were collected and transferred to another 96-well plates pre-coated 
with 1 µg/mL anti-CD3, then stimulated with BFA and monensin for 5 h. The proliferation (c) and differentiation (d-f) were detected by flow cytometry 
assay. (g) The representative dot plots of CFSElow, IL-17 A+, IFN-γ and IL-4+ in CD4+ T cells. Results are expressed as mean ± SD. *, P < 0.05: **, P < 0.01; ***, 
P < 0.001; ns, nonsignificant; UD, undetectable
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Fig. 4  TLR5-activated RECs directly orchestrate Th17 differentiation. REC-M and REC-SF-conditioned medium were supplemented into the Tlr5−/− BM-
DCs-CD4+ T co-culture system. Five days later, cells were collected, restimulated with plate-coated anti-CD3 in the addition of BFA and monensin. The 
proliferation (a) and differentiation (b-d) of CD4+ T cells were analyzed by flow cytometry. (e) The representative dot plots of CFSElow, IL-17 A+, IFN-γ and 
IL-4+ in CD4+ T cells. Results are expressed as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant; UD, undetectable
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Fig. 5  Mechanistic insights into the regulation of Th17-enhanced immune responses by TLR5-activated RECs. (a-b) RNA-seq data of polarized RECs. RECs 
were cultured in the transwell chambers for two weeks. After polarization, the cells were stimulated with medium supplemented with PBS or with a final 
concentration of 1 µg/mL SF for 3 h. Then cells were collected for RNA sequencing. Differential gene counts were analyzed between SF-REC and M-REC 
(a). A heatmap of REC sequencing data illustrates the upregulation of genes involved in Th17 differentiation (b) Fluorescence quantitative PCR of Th17 
differentiation-related genes (c-) The polarized RECs were stimulated with medium supplemented with PBS or a final concentration of 1 µg/mL SF or 
SFΔ90–97 for 24 h, and apical and basal medium was collected for IL-6 detection by ELISA (g). (h-i) Influence of IL-6 blockade on DC induced CD4+ T cell 
proliferation and differentiation. Tlr5−/− BMDCs pre-stimulated with REC-SF-conditioned medium were co-cultured with naïve OT-II CD4+ T cells with the 
addition of REC-SF-conditioned medium in the absence or presence of IL-6 neutralizing antibody or isotype control. 5 days later, the co-cultures were 
collected, restimulated with plate-coated anti-CD3 in the addition of BFA and monensin. The production of Th17 cells were analyzed by flow cytometry. 
The frequencies (h) and representative dot plots (i) of IL-17 A+ in CD4+ T cells. Results are expressed as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, 
nonsignificant; UD, undetectable
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Fig. 6 (See legend on next page.)
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(See figure on previous page.)
Fig. 6  Regulatory pathways governing flagellin-modulated DC-driven Th17-enhanced immune responses. (a) RT-qPCR assay of REC-conditioned DCs. 
BMDCs derived from Tlr5−/− mice were stimulated in either REC-M or REC-SF for 24 h. Prior to stimulation, REC-SF was pre-incubated with α-GM-CSF or 
Ctrl IgG at 37 °C for one hour. After stimulation, BMDCs were harvested, and total cellular RNA was extracted and reverse-transcribed into cDNA for sub-
sequent RT-qPCR analysis. (b) IL-6 produced by REC-conditioned BMDCs. Tlr5−/− BMDCs stimulated with conditioned medium alone or in the presence of 
GM-CSF neutralizing antibody or isotype control were stimulated with 10 ng/mL LPS for 24 h and IL-6 in cell supernatants was determined by ELISA assay. 
(c-d) Influence of IL-6 blockade on DC induced Th17 production in an in vitro co-culture system. Tlr5−/− BMDCs stimulated with conditioned medium 
were co-cultured with naïve OT-II CD4+ T cells in the absence or presence of IL-6 neutralizing antibody or isotype control. Five days later, the co-cultures 
were collected, restimulated with plate-coated anti-CD3 in the addition of BFA and monensin. The production of Th17 cells were analyzed by flow cy-
tometry. The frequencies (c) and representative dot plots (d) of IL-17 A+ in CD4+ T cells. (e) IL-6 produced by CLN-DCs. DCs magnetically separated from 
CLNs of mice intranasally immunized with OVA alone or in the presence of SF or SF△90–97 were stimulated with 10 ng/mL LPS for 24 h and IL-6 in cell 
supernatants was determined by ELISA assay. (f-g) Influence of IL-6 blockade on DC induced Th17 production in an ex vivo co-culture system. DCs mag-
netically separated from CLNs of mice intranasally immunized with OVA alone or in combination with SF were co-cultured with naïve OT-II CD4+ T cells 
in the absence or presence of IL-6 neutralizing antibody or isotype control. 5 days later, the co-cultures were collected, restimulated with plate-coated 
anti-CD3 in the addition of BFA and monensin. he production of Th17 cells were analyzed by flow cytometry. The frequencies (f) and representative dot 
plots (g) of IL-17 A+ in CD4+ T cells. Results are expressed as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant; UD, undetectable

Fig. 7  The mechanistic map of the Th17 response triggered by the nasal mucosal adjuvant flagellin. Following intranasal administration, flagellin binds 
to the TLR5 receptor on the surface of RECs, thereby initiating the TLR5 signaling cascade. This signaling promotes the release of soluble cytokines such 
as GM-CSF and IL-6. GM-CSF secreted by RECs modulates the activation and function potential of respiratory DCs, evidenced by the upregulation of co-
stimulatory molecules CD80/CD86 and IL-6, ultimately transforming them into Th17-inducing DCs. These specialized DCs capture and present antigens 
to naïve CD4+ T cells through MHC-II interactions, delivering the primary activation signal. The co-stimulatory molecules CD80/CD86 on DCs provide a 
secondary signal, while the secretion of IL-6 by Th17-inducing DCs directs the polarization of naïve CD4+ T cells toward the Th17 lineage. Additionally, IL-6 
released by RECs acts synergistically to enhance Th17 differentiation, further amplifying the immune response initiated by DCs
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