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Flagellin, a major structural protein of the flagellum found in all 
motile bacteria, activates the TLR5- or NLRC4 inflammasome-
dependent signaling pathway to induce innate immune 
responses. Flagellin can also serve as a specific antigen for 
the adaptive immune system and stimulate anti-flagellin 
antibody responses. Failure to recognize commensal-derived 
flagellin in TLR5-deficient mice leads to the reduction in anti-
flagellin IgA antibodies at steady state and causes microbial 
dysbiosis and mucosal barrier breach by flagellated bacteria 
to promote chronic intestinal inflammation. Despite the 
important role of anti-flagellin antibodies in maintaining the 
intestinal homeostasis, regulatory mechanisms underlying the 
flagellin-specific antibody responses are not well understood. 
In this study, we show that flagellin induces interferon-β 
(IFN-β) production and subsequently activates type I IFN 
receptor signaling in a TLR5- and MyD88-dependent manner 
in vitro and in vivo. Internalization of TLR5 from the plasma 
membrane to the acidic environment of endolysosomes was 
required for the production of IFN-β, but not for other pro-
inflammatory cytokines. In addition, we found that anti-
flagellin IgG2c and IgA responses were severely impaired 
in interferon-alpha receptor 1 (IFNAR1)-deficient mice, 
suggesting that IFN-β produced by the flagellin stimulation 
regulates anti-flagellin antibody class switching. Our findings 
shed a new light on the regulation of flagellin-mediated 
immune activation and may help find new strategies to 

promote the intestinal health and develop mucosal vaccines.
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INTRODUCTION

Flagellin is a major structural protein which polymerizes to 

form a flagellum of bacteria (Lowy and McDonough, 1964). 

Having a highly conserved structure and being widely ex-

pressed in nearly all motile bacteria, flagellin efficiently acts as 

a pathogen-associated molecular pattern (PAMP) to activate 

innate immune responses of animals and plants (Ciacci-Wool-

wine et al., 1998; Felix et al., 1999; Gomez-Gomez and 

Boller, 2000). Accordingly, a large number of studies have 

tested flagellin for its adjuvant activity and showed that it can 

be utilized as a highly potent vaccine adjuvant with minimal 

safety concerns (Hajam et al., 2017).

 The most studied mammalian receptor for flagellin is TLR5 

(Gewirtz et al., 2001; Hayashi et al., 2001). Recognition of 

extracellular flagellin by TLR5 on the cell surface leads to di-

merization of the receptor and the subsequent recruitment 

of the adaptor molecule MyD88 (Yoon et al., 2012). Immune 

cells expressing TLR5 include monocytes, neutrophils, splenic 

CD4+ dendritic cells (DCs), and intestinal CD103+CD11b+ lam-
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ina propria DCs (LP-DCs) (Shibata et al., 2012). Upon stim-

ulation with flagellin, these cells secrete pro-inflammatory 

cytokines such as interleukin (IL)-6, IL-12, tumor necrosis fac-

tor α (TNF-α), and various chemokines via a classical MyD88-

IRAK1/4-TRAF6-IKK-NF-κB signaling pathway (Vijay-Kumar 

et al., 2008). In addition, TLR5 is also highly expressed in 

intestinal epithelial cells and mediates secretion of pro-in-

flammatory cytokines and antimicrobial peptides (Gewirtz et 

al., 2001). Expression of TLR5 in the intestinal epithelium is 

limited to the basolateral surface, which prevents constitutive 

stimulation by flagellated commensal bacteria abundant on 

the apical side of the gut epithelium (Gewirtz et al., 2001). 

Unlike other cell types, intestinal epithelial cells were reported 

to require the adaptor molecule TRIF in addition to MyD88 

for TLR5-mediated activation of NF-κB, despite the in vivo rel-

evance of this finding being unclear (Choi et al., 2010). Cer-

tain bacteria such as Salmonella can deliver flagellin into the 

host cell cytoplasm via a type III secretion system. The intracel-

lular flagellin is recognized by NLR (NOD-like receptor) family 

proteins NAIP5 and NAIP6 (Kofoed and Vance, 2011; Zhao 

et al., 2011). Flagellin-bound NAIP5/6 then recruits another 

NLR family protein NLRC4 (also called Ipaf) and induces its 

polymerization, resulting in the formation of NLRC4 inflam-

masome, subsequent activation of caspase-1, maturation of 

pro-IL-1β into IL-1β, and eventual cell death via pyroptosis 

(Franchi et al., 2006; Halff et al., 2012; Hu et al., 2015; Miao 

et al., 2006; Zhang et al., 2015).

 Not only can flagellin stimulate innate immune responses 

via TLR5 and NLRs, it can also effectively induce specific CD4+ 

T cell responses and a high affinity, class-switched antibody 

production due to its proteinaceous nature, a characteristics 

which is generally absent in other bacteria-derived PAMPs 

such as LPS and peptidoglycans (McSorley et al., 2002; 

Sanders et al., 2006). Though flagellin-specific CD4+ T cell 

activation can occur in the absence of TLR5, the endocytosis 

of flagellin-bound TLR5 enhances MHC class II-mediated pre-

sentation of flagellin epitopes and promotes the optimal ac-

tivation of flagellin-specific CD4+ T cells (Letran et al., 2011). 

Interestingly, MyD88 was not required for robust induction of 

flagellin-specific CD4+ T cells. Instead, Syk activity in DCs was 

essential for the optimal presentation of flagellin to CD4+ T 

cells both in vitro and in vivo (Atif et al., 2015). These results 

suggest the possibility that internalization of TLR5—similar to 

the LPS-induced TLR4 endocytosis (Zanoni et al., 2011)—may 

be more dependent on the Syk-mediated signaling pathway 

than the classical MyD88-mediated signaling. However, this 

remains to be formally tested.

 In the case of flagellin-specific antibody responses, 

anti-flagellin IgG2c and IgA responses were TLR5- and 

MyD88-dependent, whereas the IgG1 isotype was induced 

in the absence of TLR5 and MyD88 (Lopez-Yglesias et al., 

2014). Accordingly, deficiency of TLR5 results in the reduced 

levels of anti-flagellin IgA antibodies in the gut at the steady 

state and causes microbial dysbiosis as well as mucosal bar-

rier breach by flagellated bacteria (Cullender et al., 2013). 

Especially, the inability to control Proteobacteria was shown 

to promote chronic intestinal inflammation in TLR5-deficient 

mice (Carvalho et al., 2012). Despite the important roles of 

anti-flagellin antibodies in maintaining the intestinal homeo-

stasis, regulatory mechanisms underlying the flagellin-specific 

antibody responses are not well understood. 

 In this study, we found that the flagellin-mediated acti-

vation of TLR5 leads to interferon-β (IFN-β) production in a 

MyD88-dependent manner and the subsequent type I IFN 

receptor signaling is necessary for anti-flagellin IgG2c and IgA 

responses. 

MATERIALS AND METHODS

Mice
Wild-type (WT) C57BL/6 mice were purchased from Jackson 

Laboratory. UNC93B1 knock-out (KO) mice were obtained 

from the Knockout Mouse Project Repository (University of 

California at Davis, USA). TLR4 KO (Hoshino et al., 1999), 

TLR5 KO (Uematsu et al., 2006), MyD88 KO (Adachi et al., 

1998), TRIF KO (Yamamoto et al., 2003), IFNAR1 KO (Muller 

et al., 1994), and IFN-β-YFP reporter (mob) mice (Scheu et 

al., 2008) were previously described. All mice were bred 

and housed in specific pathogen-free facilities at Pohang 

University of Science and Technology (POSTECH, Korea) and 

Korea Advanced Institute of Science and Technology (KAIST, 

Korea). For the flagellin immunization experiments, mice at 6 

to 8 weeks of age and the littermate controls were used. All 

animal experiments were approved by the Institutional Ani-

mal Care and Research Committees of POSTECH (POSTECH-

2016-0072-R1) and KAIST (KA2018-10).

Reagents
High purity flagellin (isolated from Salmonella typhimurium 

strain 14028) and MALP-2 were purchased from Enzo Life 

Sciences (USA). For use in ELISA of anti-flagellin antibodies, 

flagellin was purchased from AdipoGen Life Sciences (Swit-

zerland). LPS from Escherichia coli (026:B6), bafilomycin A1, 

depleted zymosan, and ovalbumin were purchased from 

Sigma-Aldrich (USA). CpG-ODN (1826) was from TIB Mol-

biol (Germany). Biotinylated mouse anti-TLR5 monoclonal 

antibody (clone ACT5) was a gift from Kensuke Miyake (Uni-

versity of Tokyo, Japan). For flow cytometry, following fluo-

rophore-conjugated antibodies were used: Ly6C-PB (clone 

HK1.4), Ly6G-APC (clone RB6-8C5) from eBioscience (USA); 

CD11b-PECy7 (clone M1/70), CD11c-PE (clone HL3) from BD 

Biosciences (USA); B220-PB (clone RA3-6B2) from TONBO 

Biosciences (USA); mPDCA1-APC (clone JF05-1C2.4.1) from 

Miltenyi Biotec (Germany). Following antibodies were used 

for immunoblotting: IRF3 (clone FL-425) from Santa Cruz Bio-

technology (USA); IRF7 (clone EPR4718) from Abcam (UK); 

phospho-IRF3 (clone 4D4G), phospho-IRF7 (polyclonal) from 

Cell Signaling Technology (USA). Anti-mouse CD16/32 anti-

body was purchased from BioLegend (USA). Accudenz was 

from Accurate Chemical and Scientific Corporation (USA). 

Horseradish peroxidase (HRP)-conjugated goat anti-mouse Ig 

antibodies were purchased from Southern Biotech (USA).

Cell lines
RAW264.7 (RAW) mouse macrophage cell lines were cul-

tured in DMEM media supplemented with 5% fetal bovine 

serum (FBS). KBM7 human chronic myeloid leukemia cell 

line was cultured in IMDM media supplemented with 10% 
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FBS and 55 µM 2-mercaptoethanol. Following stable cell 

lines expressing fluorescent protein-tagged TLR5, CD63, 

IFN-β reporter (IFN-β-GFP) or interferon-stimulated response 

element (ISRE) reporter (ISRE-GFP) were generated by trans-

duction of RAW and KBM7 cells with retrovirus or lentivirus 

encoding the corresponding genes: RAW/TLR5-Cherry, 

KBM7/TLR5-Cherry, RAW/TLR5-GFP, RAW/IFN-β-GFP, RAW/

IFN-β-GFP/TLR5-Cherry, KBM7/IFN-β-GFP, KBM7/IFN-β-GFP/

TLR5-Cherry, KBM7/ISRE-GFP, KBM7/ISRE-GFP/TLR5-Cher-

ry. Syk KO cells were generated by sequential transduction 

of RAW cells with Cas9-expressing retrovirus (pMSCV-flag-

NLS-Cas9) and guide RNA-expressing lentivirus (pLX-sgRNA-

mSyk). The target sequence in the exon 2 of mouse Syk is 

5’-CCGGCCCCCGGGAGTACAGCCCA-3’. Single cell clones 

were tested for Syk expression by immunoblotting and the 

mutation of the targeted sequence in the selected Syk KO 

clone was confirmed by sequencing. 

Reporter constructs
The ISRE-GFP reporter construct (pTRH1-ISRE-dscGFP) was 

prepared by replacing the NF-κB-binding sequence in pTRH1-

NF-κB-dscGFP with the ISRE sequence in pISRE-Luc. The 

IFN-β-GFP reporter construct (pTRH1-IFN-β-dscGFP) was gen-

erated by inserting the endogenous 5’-upstream sequence 

(–596 to –97) of human IFN-β gene in place of the PRD3 se-

quence in pTRH1-PRD3-dscGFP. 

Retroviral and lentiviral transduction
Preparation of retroviruses was previously described (Kim et 

al, 2013). Lentiviruses were generated in HEK293T cells by 

co-transfection of pTRH1 or pHAGE plasmid encoding the re-

porter constructs or proteins of interest along with the pack-

aging plasmids for Tet, Rev, gag/pol and VSV-G. At 30 h and 

50 h post-transfection, medium containing viral particles was 

harvested and added to RAW or KBM7 cells together with 8 

µg/ml polybrene. Cells were centrifuged at 2,200 rpm for 90 

min and were given fresh media on the following day. 

Quantitative real-time polymerase chain reaction (PCR)
Total cellular RNA was isolated with Trizol (Qiagen, Germany) 

and mRNAs were reverse-transcribed into cDNAs by using 

a GoScript Reverse Transcription System (Promega, USA). 

Quantitative PCR (qPCR) analyses were performed using 

the SYBR Green PCR Kit (Qiagen) on Viia7 or StepOnePlus 

system (Applied Biosystems, USA). The results were analyzed 

by the ΔΔCt method and normalized to the HPRT expres-

sion. The following primers were used: mouse HPRT_(s) 

5’-CAGACTGAAGAGCTACTG-TAATGATCA-3’, mouse HPRT_

(as) 5’-TCAACAATCAAGACATTCTTTCCA-3’, mouse IFN-β_

(s) 5’-CCCTATGGAGATGACGGAGA-3’, mouse IFN-β_(as) 

5’-TCCCACGTCAATCTTTCCTC-3’, mouse IL-6_(s) 5’-GAGGA-

TACCACTCCCAACAGACC-3’, mouse IL-6_(as) 5’-AAGTG-

CATCATCGTTGTTCATACA-3’, mouse TNF-α_(s) 5’-GCTCTGT-

GAAGGGAATGGGT-3’, mouse TNF-α_(as) 5’-CAGGTCACT-

GTCCCAGCATC-3’, mouse Mx1_(s) 5’-CTCAGGGTGTCGAT-

GAGGTC-3’, mouse Mx1_(as) 5’-TCTGAGG-AGAGCCAGAC-

GAT-3’, mouse ISG15_(s) 5’-CCCCAGCATCTTCACCTTTA-3’, 

mouse ISG15_(as) 5’-TGACTGTGAGAGCAAGCAGC-3’, 

mouse ISG56_(s) 5’-CAGAAGCACACATTGAAGAA-3’, 

mouse ISG56_(as) 5’-TGTAAGTAGCCAGAGGAAGG-3’, 

mouse IRF7_(s) 5’-CACCCCCATCTTCGACTTCA-3’, mouse 

IRF7_(as) 5’-CCAAAACCCAGGTAGATGGTGTA-3’, human 

HPRT_(s) 5’-GCAGTATAATCC-AAAGATGGTCAA-3’, human 

HPRT_(as) 5’-TGGAATTTCAAATCCAACAAAGT-3’, human 

IFN-β_(s) 5’-AAACTCATGAGCAGTCTGCA-3’, human IFN-β_

(as) 5’-AGGAGATCTTCAGTTTCGGAGG-3’, human Mx1_

(s) 5’-GGTGGCTGAGAACAACCTGT-3’, human Mx1_

(as) 5’-GGTCCTGCTCCACACCTAGA-3’, human ISG15_

(s) 5’-GAGAGGCAGCGAACTCATCT-3’, human ISG15_

(as) 5’-CTTCAGCTCTGACACCGACA-3’, human ISG56_

(s) 5’-AAGGCAGGCTGTCCGCTTA-3’, human ISG56_(as) 

5’-TCCTGTCCTTCATCCTGAAGCT-3’, human IRF7_(s) 5’-TG-

GTCCTGGTGAAGCTGGAA-3’, human IRF7_(as) 5’-GATGTC-

GTCATAGAGGCTGTTGG-3’.

Ex vivo IFN-β-YFP reporter assay
Bone marrow (BM) and spleens were isolated from mob 

mice. Red blood cells were removed from BM cells by using 

ACK lysis buffer. Spleens were minced and incubated with 

collagenase D and DNase I at 37°C for 30 min with stirring. 

After stopping the enzyme reaction with EDTA, red blood 

cells were removed with ACK lysis buffer. Isolated BM or 

spleen cells were stimulated with flagellin or LPS at 37°C for 

indicated time periods, washed, incubated with the Fc block 

on ice for 15 min, and then labeled with fluorophore-conju-

gated antibodies for cell surface marker staining on ice for 20 

min. Following the wash with FACS buffer, cells were ana-

lyzed for the YFP expression on the LSR Fortessa flow cytom-

eter (BD Biosciences). 

Isolation of immune cells
After the ACK lysis, CD3-negative BM cells were enriched 

by magnetic-activated cell sorting with CD3 MicroBeads 

(Miltenyi Biotec). Cells were then incubated with the Fc block 

on ice for 15 min and labeled with fluorophore-conjugat-

ed antibodies on ice for 15 min. Neutrophils (CD11b+Ly6C
–

Ly6G+) and monocytes (CD11b+Ly6C+Ly6G
–
) were sorted on 

the MoFlo XDP cell sorter (Beckman Coulter, USA). LP-DCs 

were isolated as previously described (Jang et al., 2006).

Analysis of in vivo flagellin-induced cytokine production 
WT, TLR4 KO, TLR5 KO, MyD88 KO, TRIF KO, UNC93B1 KO, 

or IFNAR1 KO mice were injected with flagellin (2 µg/mouse) 

via an intraperitoneal (i.p.) or intravenous (i.v.) route. After 

indicated time periods, blood was collected and serum cyto-

kine levels were measured with ELISA kits (IFN-β kit from PBL 

Assay Science [USA], TNF-α and IL-6 kits from R&D Systems 

[USA]) according to the manufacturer’s protocol.

Detection of IRF3 and IRF7 by immunoblotting
RAW/TLR5-Cherry cells were stimulated with 100 ng/ml 

flagellin at 37°C for 2 h or 12 h. The total cell lysates were 

prepared by lysing the cells in the lysis buffer (50 mM Tris, 

150 mM NaCl, 1% SDS, 1% Triton X-100, 5 mM EDTA, pro-

tease inhibitors and phosphatase inhibitors). For detection 

of phosphorylated IRF3 and IRF7 in the nuclear fraction, cells 

were resuspended in the ice-cold hypotonic lysis buffer (10 

mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.25% NP-40, 0.5 
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mM dithiothreitol, protease inhibitors and phosphatase inhib-

itors) and incubated for 10 min on ice. The cytosolic fraction 

was removed by centrifugation at 1,200g for 5 min. The nu-

clei in the pellet were washed with the hypotonic buffer three 

times, resuspended in the ice-cold extraction buffer (10 mM 

HEPES, 450 mM NaCl, 0.2 mM EDTA, protease inhibitors and 

phosphatase inhibitors), and ruptured by 5 cycles of freezing/

thawing. The nuclear extracts were obtained from the su-

pernatant after centrifugation at 16,000g for 20 min. After 

protein quantification with the BCA protein assay kit (Pierce, 

USA), the nuclear extracts and the total cell lysates were sep-

arated by SDS-PAGE, transferred to nitrocellulose membrane, 

and probed with antibodies for IRF3, IRF7, phospho-IRF3, 

and phospho-IRF7. Following the incubation with HRP-conju-

gated anti-rabbit IgG and the subsequent incubation with an 

ECL solution (DoGenBio, Korea), signals were visualized on 

ImageQuant LAS 4000 (GE Healthcare Life Science, USA).

TLR5 internalization assay
RAW/TLR5-GFP cells were stimulated with 100 ng/ml flagel-

lin at 37°C for indicated time periods. TLR5 on the cell surface 

was labeled with biotinylated anti-TLR5 monoclonal antibody 

and Alexa647-conjugated streptavidin on ice and cells were 

analyzed on the LSR Fortessa flow cytometer (BD Bioscienc-

es). The extent of flagellin-induced TLR5 internalization was 

determined by comparing the cell surface TLR5 level with 

that of unstimulated cells.

Confocal imaging of TLR5 internalization
BM-derived dendritic cells (BM-DCs) were prepared from WT 

mice as previously described (Kim et al., 2013) and retrovirally 

transduced to express TLR5-GFP and CD63-Cherry. Cells were 

grown in 8 well chambered coverglass (Nunc, Danmark) and 

incubated with 100 ng/ml flagellin at 37°C. After indicated 

time periods, cells were imaged with a spinning-disk confocal 

microscope as previously described (Kim et al., 2013).

Flagellin-specific antibody measurement
TLR5 KO, IFNAR1 KO and the littermate WT mice were i.p. 

injected with flagellin (5 µg/mouse) at day 0 and 15. Serum 

and feces were collected before the first immunization and 

at day 7, 14, and 22. The fecal extracts were prepared by 

suspending the fecal pellets in phosphate-buffered saline 

(PBS) supplemented with 0.01% sodium azide and protease 

inhibitors and taking the supernatant after the centrifugation 

at 13,000 rpm for 10 min. Flagellin-specific antibody levels 

in the serum and the fecal extracts were measured by ELISA. 

Briefly, high binding polystyrene half-area 96-well plates 

(CORNING) were coated with 1 µg/ml flagellin. Diluted se-

rum and fecal samples were added to wells and incubated 

for 1 h at room temperature (RT). After wash, the plates 

were incubated with HRP-conjugated anti-mouse Ig antibod-

ies (anti-IgM, anti-IgG, anti-IgG1, anti-IgG2c, and anti-IgA) 

for 1 h at RT, washed again, and developed with TMB sub-

strate solution (SurModics, USA). After stopping the reaction 

Fig. 1. Flagellin induces TLR5-dependent IFN-β production in mouse and human cell lines. (A) RAW/IFN-β-GFP and KBM7/IFN-β-GFP 

cells expressing or not expressing TLR5 were sti mulated with flagellin (100 ng/ml) or MALP-2 (100 ng/ml) for 24 h, and GFP expression 

was measured by flow cytometry. (B) RAW and KBM7 cells expressing or not expressing TLR5 were sti mulated with PBS or flagellin (100 

ng/ml) for 2 h. IFN-β mRNA expression was measured by qPCR. (C) RAW and KBM7 cells expressing TLR5 were stimulated with PBS or 

flagellin (100 ng/ml) for 12 h (RAW/TLR5) or 24 h (KBM7/TLR5). IFN-β in the culture supernatant was measured by ELISA.
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with 0.5 M H2SO4, the absorbance was read at 450 nm with 

SPECTROstar Nano (BMG Labtech, Germany).

Statistical analysis
Results are shown as the mean ± SEM. Statistical significance 

was evaluated with an unpaired Student’s t-test using Graph-

Pad Prism 5 software (GraphPad Software, USA). Differences 

were noted as significant when P < 0.05 (*P < 0.05, **P < 

0.01, ***P < 0.001).

RESULTS

Flagellin induces IFN-β production and subsequent type I 
IFN receptor signaling via TLR5
Systemic immunization of flagellin induces production of 

anti-flagellin IgA antibodies (Flores-Langarica et al., 2012). 

Because the type I IFN signaling is implicated in the IgA 

class switching and several bacterial PAMPs such as LPS and 

MALP-2 induce IFN-β production via TLR activation, we test-

ed whether flagellin can induce IFN-β production via TLR5. 

First, we used the mouse macrophage cell line RAW264.7 

(RAW) and the human myeloid leukemia cell line KBM7, 

both of which express various TLRs but not TLR5. Using the 

IFN-β-GFP reporter assay, we found that flagellin can induce 

the IFN-β promoter activation in these cells only when TLR5 is 

ectopically expressed (Fig. 1A). As expected, IFN-β respons-

es to MALP-2 (TLR2 ligand) were not affected by the TLR5 

expression. Similarly, flagellin-stimulated induction of IFN-β 

mRNA was observed in the TLR5-expressing cells (Fig. 1B). 

We also detected secretion of IFN-β proteins from TLR5-ex-

pressing cells by ELISA (Fig. 1C). 

 Next, we evaluated whether IFN-β, produced upon flagel-

lin stimulation, can promote the type I interferon receptor 

signaling. Binding of IFN-α and -β to the heterodimeric re-

ceptor IFNAR1/2 activates the JAK/STAT pathway and results 

in the subsequent induction of interferon-stimulated genes 

(ISGs). Many of ISGs have the interferon-stimulated response 

element (ISRE) in their promoter region. Thus, we first mea-

sured the flagellin-stimulated ISRE activation in KBM7 cells 

using the ISRE-GFP reporter assay. In accordance with the 

IFN-β production results shown in Fig. 1, flagellin induced 

the ISRE activation only when TLR5 was expressed (Fig. 2A). 

MALP-2 as well as recombinant IFN-β (used as a positive 

control for the ISRE activation) stimulated the ISRE activation 

irrespective of the TLR5 expression. Next, we confirmed the 

flagellin-induced activation of the interferon receptor down-

stream signaling by measuring mRNAs of several ISGs. Flagel-

lin increased the expression of Mx1, ISG15, ISG56, and IRF7 

mRNAs in a time-dependent manner in both RAW and KBM7 

cells expressing TLR5 (Fig. 2B).

Flagellin induces IFN-β production in mouse primary cells
To test whether flagellin can induce IFN-β production in 

primary cells expressing endogenous TLR5, we used the 

IFN-β-YFP reporter (mob) mice in which the bi-cistronic IFN-

β-IRES-YFP sequence was inserted in the endogenous IFN-β 

locus and therefore cells expressing IFN-β also express YFP 

(Scheu et al., 2008). Neutrophils and monocytes constitute 

the majority of TLR5-expressing cell populations in the BM 

(Shibata et al., 2012). Accordingly, we found that a signif-

icant proportion of neutrophils (CD11b+Ly6G+) and mono-

cytes (CD11b+Ly6C+), but not other cells (CD11b
–
), expressed 

YFP when we stimulated BM cells with flagellin ex vivo (Fig. 

3A). The IFN-β promoter activation by flagellin was also de-

tected in splenic macrophages (R3) and to a lesser extent 

in CD11chi DC subsets (R1 and R2), but not in plasmacytoid 

Fig. 2. Flagellin promotes type I IFN receptor signaling in a 

TLR5-dependent manner. (A) KBM7/ISRE-GFP cells expressing 

or not expressing TLR5 were stimulated with flagellin (100 ng/

ml), MALP-2 (100 ng/ml), or IFN-β (20 U/ml) for 12 h and GFP 

expression was measured by flow cytometry. (B) RAW and KBM7 

cells expressing TLR5 were stimulated with flagellin (100 ng/ml) 

up to 12 h. Expression of Mx1, ISG15, ISG56, and IRF7 mRNA 

was measured by qPCR.
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DCs (R4) (Fig. 3B). Furthermore, we were able to confirm the 

flagellin-induced secretion of IFN-β proteins in purified BM 

neutrophils and monocytes as well as in small intestinal LP-

DCs (Figs. 3C and 3D). 

Flagellin induces IFN-β production in a TLR5- and MyD88- 
dependent manner in vivo
Next, we examined whether we could detect flagellin-stim-

ulated IFN-β secretion in vivo. Upon i.p. or i.v. injection of 

WT mice with flagellin, serum IFN-β levels peaked after an 

hour and then rapidly decreased (Fig. 4A). Serum TNF-α 

levels also showed a similar kinetics of induction while the 

peak induction of IL-6 was delayed compared to IFN-β and 

TNF-α (Fig. 4A). Flagellin did not increase serum IFN-α levels 

(Supplementary Fig. S1). Consistent with the fast increase 

in the serum IFN-β, we detected YFP expression in splenic 

neutrophils, monocytes, and macrophages after an hour of 

flagellin injection to mob mice (Supplementary Fig. S2). Type 

Fig. 3. Flagellin induces IFN-β production in mouse primary cells. (A) BM cells were isolated from the IFN-β-YFP (mob) mice and 

stimulated with PBS, flagellin (100 ng/ml) or LPS (100 ng/ml) for 6 h. YFP expression was measured in CD11b+Ly6G+ neutrophils, 

CD11b+Ly6C+ monocytes, and CD11b– cells by flow cytometry. (B) Mob mice were injected with Flt3L-expressing B16 cells to expand the 

DC subsets. Twenty days after injection, splenocytes were isolated and stimulated with PBS, flagellin (100 ng/ml) or LPS (100 ng/ml) for 

2, 4, or 6 h. YFP expression was measured in DC subsets and macrophages by flow cytometry. (C) BM neutrophils and monocytes were 

sorted by FACS and stimulated with PBS or flagellin (100 ng/ml) for 6 h and 12 h. IFN-β levels in the culture supernatant were measured 

by ELISA. (D) Small intestinal LP-DCs were stimulated with PBS or flagellin (1 µg/ml) for 24 h, and IFN-β levels in the culture supernatant 

were measured by ELISA.
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I IFN receptors (IFNARs) are ubiquitously expressed in various 

cell populations (Langer and Pestka, 1988). We hypothesized 

that the rapid decline of serum IFN-β levels might be due to 

the receptor-mediated consumption of IFN-β. Indeed, we 

found that IFNAR1 KO mice showed almost 10 times higher 

serum IFN-β levels compared to WT mice upon flagellin injec-

tion whereas serum TNF-α and IL-6 levels were not changed 

in IFNAR1 KO mice (Fig. 4B).

 To test whether flagellin induces IFN-β secretion via TLR5, 

we compared WT and TLR5 KO mice. The flagellin-stimu-

lated increases of serum IFN-β, TNF-α, and IL-6 were severely 

blunted in TLR5 KO mice compared to those of WT mice 

(Fig. 4C). In contrast, TLR4 KO mice showed no defects in the 

flagellin-induced IFN-β secretion (Supplementary Fig. S3). We 

previously showed that UNC93B1 is essential for the intracel-

lular trafficking of TLR5 from the ER to the plasma membrane 

(Huh et al., 2014). In UNC93B1-deficient cells, TLR5 is re-

tained in the ER and cannot transmit the flagellin-stimulated 

signals. Accordingly, we found that flagellin-stimulated IFN-β 

secretion was defective in UNC93B1 KO mice, similar to TLR5 

KO mice (Fig. 4D). 

 Bacteria-sensing TLRs such as TLR2 and TLR4 require both 

MyD88 and TRIF adaptor molecules to transmit activating 

signals for the IFN-β induction (Aubry et al., 2012; Fitzgerald 

et al., 2003; Kagan et al., 2008). In contrast, we found that 

the flagellin-stimulated induction of IFN-β, as well as TNF-α 

and IL-6, required MyD88 but not TRIF (Fig. 4E). The flagellin 

injection increased all three cytokines in both TRIF KO and WT 

mice in a similar manner, whereas almost no cytokine induc-

tion was found in MyD88 KO mice. Transcription factors IRF3, 

IRF5, and IRF7 become phosphorylated by TBK1 upon TLR 

activation and promote the type I IFN gene expression (Doyle 

et al., 2002; Honda et al., 2004; Kawai et al., 2004; Takaoka 

et al., 2005). Using the TLR5-expressing RAW cells, we found 

that flagellin also promotes the accumulation of phosphor-

ylated IRF3 and IRF7 in the nucleus (Supplementary Fig. S4). 

Fig. 4. Flagellin induces IFN-β production in a TLR5- and MyD88-dependent manner in vivo. (A) WT mice were injected i.v. or i.p. with 

flagellin (2 µg/mouse). Sera were taken before and up to 12 h after injection. IFN-β, TNF-α, and IL-6 levels were measured by ELISA. (B-

E) WT, IFNAR1 KO, TLR5 KO, UNC93B1 KO, MyD88 KO, and TRIF KO mice were i.v. injected with flagellin (2 µg/mouse). Sera were taken 

before and 1 h after injection. IFN-β, TNF-α, and IL-6 levels were measured by ELISA. Data are presented as mean ± SEM; **P < 0.01, 

***P < 0.001. ns, statistically not significant.
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Therefore, our data indicates that flagellin induces IFN-β pro-

duction via a TLR5-MyD88-TBK1-IRF3/7 signaling pathway.

Internalization and endolysomal signaling of TLR5 is re-
quired for the flagellin-induced IFN-β production 
At steady state, TLR5 is mostly localized at the plasma mem-

brane where it recognizes extracellular flagellin and initiates 

signaling cascades leading to the production of pro-inflam-

matory cytokines (Huh et al., 2014). It was suggested that 

flagellin-bound TLR5 is subsequently internalized, resulting in 

the MHC class II-mediated presentation of flagellin peptides 

in antigen-presenting cells (Letran et al., 2011). TLR5-depen-

dent internalization of flagellin is also observed in polarized 

intestinal epithelial cells (Eaves-Pyles et al., 2011). In addi-

tion, the TLR-mediated signaling for type I IFN production is 

believed to originate from endolysosomal compartments. 

For TLR3, TLR7, and TLR9, the receptors are constitutively 

localized in endolysosomes, and TLR2 and TLR4 enter them 

after the ligand-mediated endocytosis. However, the inter-

nalization of TLR5 from the cell surface has not been directly 

demonstrated yet. Thus, we examined if TLR5 is also internal-

ized into endolysosomal compartments upon flagellin stimu-

lation. First, we measured changes in the cell surface level of 

TLR5 in RAW cells expressing TLR5-GFP using an anti-TLR5 

monoclonal antibody. The cell surface TLR5 levels gradually 

decreased and became ~20% of the basal level after flagellin 

stimulation for 12 h. In comparison, the total TLR5 levels—

measured by GFP intensities—were moderately reduced by 

flagellin stimulation, implying that the loss of cell surfa9ce 

TLR5 is mainly due to receptor internalization and sequestra-

tion inside cells rather than receptor degradation (Fig. 5A). 

Next, we visualized the subcellular localization of TLR5 in 

BM-DCs expressing TLR5-GFP and CD63-Cherry (as an en-

dolysosomal marker) by confocal microscopy. Before flagellin 

stimulation, TLR5-GFP was uniformly distributed on the plas-

ma membrane and was barely colocalized with CD63-Cherry 

(Fig. 5B). Upon stimulation with flagellin for 1 h, the decrease 

of TLR5-GFP signals from the plasma membrane became 

evident. Twelve hours after stimulation, TLR5-GFP was hardly 

seen on the plasma membrane and was extensively colo-

calized with CD63-Cherry. These findings demonstrate that 

flagellin induces the internalization of TLR5 from the plasma 

Fig. 5. Internalization and endolysosomal signaling of TLR5 is required for the flagellin-induced IFN-β induction. (A) RAW/TLR5-GFP 

cells were stimulated with flagellin (100 ng/ml) up to 12 h and stained with biotinylated mouse anti-TLR5 antibody and streptavidin-

conjugated Alexa Fluor-647 on ice. The cell surface TLR5 (Alexa Fluor-647) and the total TLR5 (GFP) levels were analyzed by flow 

cytometry and compared to the ones in unstimulated cells. (B) BM-DCs expressing TLR5-GFP and CD63-Cherry were stimulated with 

flagellin (100 ng/ml) for 1, 6, or 12 h. TLR5 and CD63 localization was analyzed by confocal microscopy. Scale bar = 10 µm. (C) RAW/

TLR5-Cherry cells were treated with bafilomycin A1 (1 µM) for 1 h, and then stimulated with flagellin (100 ng/ml) or CpG DNA1826 (1 µM) 

for 12 h. Expression of IFN-β, TNF-α, and IL-6 mRNA was measured by qPCR. 
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membrane into endolysomes. 

 Endolysosomal TLR signaling is dependent on the acidic 

environment of the organelles and can be blocked by lyso-

somotropic agents or vacuolar-type H+-ATPase inhibitors such 

as bafilomycin A1. To test if TLR5 transmits IFN-β-inducing 

signals from the endolysomes, we pretreated the TLR5-ex-

pressing RAW cells with bafilomycin A1 and then stimulated 

them with either flagellin or CpG DNA (a TLR9 agonist). 

TLR9 is constitutively localized in the endolysosomes and the 

TLR9-mediated production of pro-inflammatory cytokines as 

well as type I IFNs is sensitive to the bafilomycin A1 treatment 

(Hacker et al., 1998; Lund et al., 2003). As expected, we 

observed that the bafilomycin A1 pretreatment completely 

inhibited the CpG DNA-induced production of IFN-β, TNF-α, 

and IL-6 (Fig. 5C). In contrast, when the cells were stimulated 

with flagellin, only IFN-β induction was inhibited by bafilo-

mycin A1. These data support the notion that TLR5 initiates 

signaling for the IFN-β induction from the endolysosomes in a 

pH-dependent manner, whereas TLR5-mediated signaling for 

the pro-inflammatory cytokine production happens on the 

plasma membrane and is not regulated by acidity of intracel-

lular organelles. 

Syk is not required for the flagellin-stimulated TLR5 inter-
nalization and IFN-β production
For LPS-induced endocytosis of TLR4, the signaling adaptors 

MyD88 and TRIF were not required, and instead the Syk tyro-

sine kinase was shown to be essential (Zanoni et al., 2011). 

Therefore, we tested if Syk is also involved in the flagel-

lin-stimulated TLR5 endocytosis using RAW cells where Syk 

was deleted by the CRISPR/Cas9 system. The extent of flagel-

lin-stimulated TLR5 internalization in Syk KO cells was same 

as in WT cells (Supplementary Fig. S5A). Furthermore, flagel-

lin-induced IFN-β production was also normal in the absence 

Fig. 6. Flagellin-specific IgG2c and IgA responses require the type I IFN receptor signaling. TLR5, IFNAR1 KO, and the respective 

littermate control mice were i.p. immunized with flagellin (5 µg) at day 0 and 15. Sera and feces were collected at day 0, 7, 14, and 22, 

and flagellin-specific antibodies in the sera (A) and fecal extracts (B) were measured by ELISA. *P < 0.05, **P < 0.01, ***P < 0.001.
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of Syk. As a control, we also stimulated cells with depleted 

zymosan, which signals via the Dectin-1/Syk pathway, and 

found that both IFN-β and IL-6 production were significantly 

blunted in Syk KO cells compared to WT cells. Therefore, we 

concluded that the flagellin-stimulated TLR5 endocytosis and 

IFN-β production does not require Syk activation, unlike the 

LPS-induced TLR4 endocytosis and IFN-β production.

Type I IFN signaling is required for flagellin-specific IgG2c 
and IgA antibody responses
Previous studies showed that systemic immunization with 

soluble flagellin induces not only IgG responses in the spleen 

but also IgA responses in the mesenteric lymph nodes (mLNs) 

(Flores-Langarica et al., 2012). Interestingly, anti-flagellin Ig-

G2c and IgA responses were highly dependent on TLR5 and 

MyD88, whereas both TLR5 and NLRC4 inflammasome path-

ways seem to activate anti-flagellin IgG1 response in a partly 

redundant manner (Lopez-Yglesias et al., 2014). Because 

type I IFN signaling was implicated in antigen-specific anti-

body class switching (Swanson et al., 2010; Thompson et al., 

2008) and we found that flagellin induces IFN-β production 

via the TLR5/MyD88 pathway, we tested whether type I IFN 

signaling regulates anti-flagellin antibody responses. 

 WT, TLR5 KO, and IFNAR1 KO mice were immunized in-

traperitoneally with flagellin, and anti-flagellin antibodies in 

the serum and feces were analyzed 7 and 14 days later. For 

detection of IgA responses, mice were boost-immunized 

with flagellin at day 15 and serum and fecal antibodies were 

measured 7 days later. Consistent with previous studies, we 

did not observe induction of anti-flagellin IgG2c and IgA anti-

bodies in the serum of TLR5 KO mice compared to littermate 

control mice. Anti-flagellin IgG1 antibodies were inhibited in 

the primary responses but partially recovered after the boost 

immunization (Fig. 6A). In the case of IFNAR1 KO mice, an-

ti-flagellin IgG1 responses were normal and even seem to 

be slightly higher after the boost immunization compared to 

littermate control mice. In contrast, anti-flagellin IgG2c and 

IgA responses were significantly inhibited in IFNAR1 KO mice, 

especially after the boost immunization (Fig. 6A). Similarly, 

we found that fecal anti-flagellin IgA responses were severely 

defective in both TLR5 and IFNAR1 KO mice, whereas the 

total fecal IgA levels were not affected by the deficiency of 

either TLR5 or IFNAR1 (Fig. 6B). In contrast to the flagellin 

immunization, we found that IgG2c and IgA responses to ov-

albumin immunization was not impaired in IFNAR1 KO mice 

(Supplementary Fig. S6). Taken together, these data suggest 

that IFN-β, produced upon flagellin stimulation in a TLR5-de-

pendent manner, specifically promotes the flagellin-specific 

IgG2c and IgA class switching via type I IFN receptor signaling.

DISCUSSION

Although flagellin is known to efficiently promote induction 

of many pro-inflammatory cytokines, several studies reported 

its inability to induce type I IFNs (Choi et al., 2010; Hemont et 

al., 2013; Means et al., 2003). However, one previous study 

noted that flagellin exhibited an anti-osteoclastogenic effect 

via IFN-β secretion during osteoclast differentiation from 

BM-derived macrophages (Ha et al., 2008). Another study 

showed that flagellin induces type III IFNs via TLR5 (Oden-

dall et al., 2017). In the present study, we directly demon-

strate that flagellin can induce IFN-β production in various 

TLR5-expressing cell lines and primary cells, as well as in live 

mice. Notably, IFNAR1 KO mice showed a greater increase 

in serum IFN-β levels upon flagellin injection compared to 

WT mice, suggesting that IFN-β is rapidly bound and seques-

tered by IFNAR1/2 which are ubiquitously present in many 

cell types. Another interpretation of the result is a possible 

negative feedback regulation of IFN-β production via the 

IFNAR1/2-mediated signaling. However, the TLR-mediated 

type I IFN production is usually positively regulated by the 

IFNAR1/2-mediated signaling (Marie et al., 1998; Sato et al., 

1998). In fact, when we measured IFN-β production from 

purified LP-DCs ex vivo, flagellin-stimulated IFN-β production 

was partially inhibited in IFNAR1 KO cells compared to WT 

cells (data not shown). Therefore, we believe that the higher 

serum IFN-β levels found in flagellin-stimulated IFNAR1 KO 

mice is likely due to the lack of IFN-β consumption by neigh-

boring cells. Although we showed that flagellin injection up-

regulates the IFN-β promoter activities in splenic neutrophils, 

monocytes, and macrophages, further studies are required 

to identify the major cells types that produce and consume 

IFN-β in response to flagellin stimulation in vivo. 

 Our study also demonstrates that flagellin stimulates IFN-β 

production via a TLR5-MyD88-IRF3/7 signaling pathway. Sim-

ilar to other bacteria-sensing TLRs such as TLR2 and TLR4, we 

found that flagellin-stimulated TLR5 needs to be internalized 

into endolysosomes to transmit signals for IFN-β induction in 

an acidic environment. Nonetheless, there are a few differ-

ences between TLR4- and TLR5-mediated IFN-β production. 

In case of TLR4, the receptor endocytosis from the plasma 

membrane requires Syk kinase activity and the subsequent 

signaling for IFN-β induction depends on the adaptor mol-

ecule TRIF (Zanoni et al., 2011). However, we found that 

flagellin-induced TLR5 endocytosis and IFN-β production 

occurs normally in the absence of Syk and TRIF. In this aspect, 

TLR5 behaves similarly to TLR7 and TLR9, inducing type I IFNs 

in a MyD88-, but not TRIF-, dependent manner. Of note, 

TLR5 also shares a similarity with TLR7 and TLR9 in that they 

all require UNC93B1 for the trafficking out of the ER and the 

proper localization inside cells. 

 Among various potential implications of flagellin-stimu-

lated IFN-β induction, we focused on the anti-flagellin anti-

body production and found that anti-flagellin IgG2c and IgA

—but not IgG1—responses are dependent on the type I IFN 

signaling. In IFNAR1 KO mice, induction of flagellin-specific 

IgG2c and IgA antibodies was severely impaired whereas ov-

albumin-specific antibody induction was normal. Therefore, 

the requirement of the type I IFN signaling is specific to flagel-

lin-specific antibody responses. 

 Upon systemic flagellin immunization, intestinal CD103+ 

DCs accumulate in the mLNs and mediate IgA responses 

(Flores-Langarica et al., 2012). Type I IFN promotes CCR7 

expression in DCs for lymph node homing (Jang et al., 2006; 

Parlato et al., 2001). Because we found that intestinal LP-DCs 

produce IFN-β upon flagellin stimulation, we hypothesized 

that the type I IFN signaling may regulate the accumulation 

of CD103+ DCs in mLNs, thereby promoting anti-flagellin IgA 
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responses. However, we found that flagellin-stimulated accu-

mulation of CD103+ DCs in mLNs was normal in IFNAR1 KO 

mice (data not shown). Flagellin-stimulated intestinal CD103+ 

DCs were also shown to promote IgA class switching by di-

rectly acting on B cells in an in vitro DC-B cell co-culture assay 

(Uematsu et al., 2008). However, we found that the in vitro 

IgA induction was not defective in IFNAR1 KO B cells when 

co-cultured with intestinal CD103+ DCs and flagellin equally 

promoted the differentiation of IgA-secreting cells from both 

WT and IFNAR1 KO B cells (data not shown). Therefore, 

molecular mechanisms underlying the type I IFN-mediated 

regulation of anti-flagellin IgG2c and IgA responses are still 

unclear and further studies are needed. Especially, it needs 

to be examined whether the IFN-β signaling modulates the 

production of cytokines known to regulate the antibody class 

switching, such as IL-4, IL-10, IL-21, TGF-β, APRIL, and BAFF. 

 Anti-flagellin antibodies, especially that of the IgA isotype, 

are essential for maintaining the intestinal homeostasis and 

keeping the epithelial barrier functions intact by limiting the 

motility of flagellated bacteria in the gut (Cullender et al., 

2013). In addition, TLR5-mediated sensing of commensal 

bacteria is shown to be necessary for effective antibody re-

sponses to seasonal influenza vaccination (Oh et al., 2014). 

Therefore, our findings presented in this study may help de-

velop strategies for promoting the intestinal health and more 

efficacious mucosal vaccine design.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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