1042 B 472 s R 22441, 2026, 48(8) http: //aammt. tmmu. edu. cn

W - L
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(FE] H 4 Toll #£52 1K 5(Toll-like receptor 5, TLRS) W &7 KFD 55 Toll K52 {4 7(Toll-like
receptor 7, TLR7) # 3/ 7 R837 X & [ & 41 il (nasal epithelial cell, NEC) 5 3 %1k 40 ] (bone marrow-
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Cell-type differential targeting of TLRS and TLR7 agonists and their synergistic

effect as nasal mucosal adjuvants

ZHUO Kexing', ZENG Zihang', WANG Shasha’, HUANG Sijian'”, QIU Shijia', ZHONG Maohua', ZOU Piao',
YANG Jingyiz, CAO Yuan' 'Institute of Infection, Immunology and Tumor Microenvironment, Hubei Provincial
Key Laboratory of Occupational Hazard Identification and Control, School of Medicine, Wuhan University of Science
and Technology, Wuhan, Hubei; “Shanghai Public Health Clinical Center, Fudan University, Shanghai; "Institute for
Clinical Research, Shanghai General Hospital , Shanghai Jiao Tong University School of Medicine, Shanghai, China

[Abstract] Objective To compare the differential activation characteristics of Toll-like receptor 5
(TLR5) agonist KFD and Toll-like receptor 7 (TLR7) agonist R837 on nasal epithelial cells (NECs) and bone
marrow-derived dendritic cells (BMDCs), and to determine whether their combination produces synergistic
enhancement as nasal mucosal adjuvants. Methods Mouse NECs and BMDCs were stimulated with 200 ng/mlL.
KFD or R837 alone or in combination (n=3). At 3 h after stimulation, transcriptome sequencing was performed
to analyze gene expression profiles, with key gene expression validated by qPCR. IL-6 levels in the
supernatants were measured by ELISA at 12 h post-stimulation. Female C57BL/6 mice (6 to 8 weeks old,
weighing 18 to 20 g) were randomly divided into negative control (normal saline), KFD alone (2 wg) group,
R837 alone (2 pg) group, and KFD+R837 combination (2 wg KFD+2 pg R837) groups (n=5). At 18 h after
intranasal administration, nasal lavage fluid (NALF) and bronchoalveolar lavage fluid (BALF) were collected to
detect IL-6 levels, and the expression of costimulatory molecules CD80/CD86 on dendritic cells (DCs) in
cervical lymph nodes (CLNs) was analyzed by flow cytometry. Using ovalbumin (OVA) as a model antigen for
intranasal immunization, mice were randomly divided into normal saline (negative control), OVA alone (25 pg),
OVA+KFD (25 pg OVA+2 pg KFD), OVA+R837 (25 wg OVA+2 g R837), and OVA+combination adjuvant
(25 g OVA+1 pg KFD+1 pg R837) groups (n=5). Mice were immunized intranasally at weeks 0, 4, and 8.
Serum and saliva samples were collected at 2 weeks after the final immunization, and OVA-specific [gG/IgA
antibody levels were detected by ELISA. Results Transcriptomic analysis revealed that KFD primarily
activated NECs, with differentially expressed genes enriched in innate immune pathways such as TNF and
NF-kB. In contrast, R837 potently activated BMDCs, with differentially expressed genes involved in TNF and
IL-17 signaling pathways. In wvitro BMDC experiments confirmed that R837 upregulated Tnf and Cxcll10
mRNA levels more strongly than KFD (P<0. 01). The combination synergistically enhanced the expression of
Tnf, Cxcl10, and Cd40 (P<0. 001) and IL-6 secretion (KFD+R837 combination vs single agent, P<0. 000 1).
After intranasal administration, both KFD and R837 significantly upregulated CD80/CD86 expression on CLN
DCs, with the combination group showing the most significant CD80 upregulation (KFD+R837 combination vs
single agent, P<0. 05). KFD alone significantly elevated IL-6 levels in NALF, which was not further enhanced
by the combination. In the OVA immunization model, the combination adjuvant group exhibited significantly
higher levels of serum OV A-specific IgG and salivary OV A-specific IgA than the OVA group (P<0. 000 1),
which were superior to either single adjuvant (serum IgG: OVA+ combined adjuvants vs OVA+R837, P<0. 05;
salivary IgA: OVA+ combined adjuvants vs OVA+KFD, OVA+ combined adjuvants vs OVA+R837, both P<
0.05). Conclusion TLR5 and TLR7 agonists differentially activate NECs and DCs. Their combination
synergistically activates DCs and significantly enhances both systemic and local antigen-specific immune
responses to mucosal vaccines.
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R BE B BB A A7 T R i o W B S S BR A A
(secretory IgA, sIgA) N7, I 2 7 N BH IS R & 22 4> 5
AR B 3 PR AT, 2 2 I IR A 3 i i A 928 T R 1
R R e B W DR A Ay 3B L Bl
22 T R 3 M R SO A A O B | T I
B S 75 BB AR T S 5T R U R R
T, 22 B30I L 28 R0 58 ik A2 188 30K I 0 32 D PR 5383, i AR
A e 2SR A 3R B LA e A A e R 25

TLR 3 2077 A H BE A A5 100995 SR AR OC 73 7 =X
(pathogen-associated molecular pattern, PAMP) , ## %
W1 A7 G 5 I W B3 P S e R RE ) L O — 2R Y
B Mg E T o TLRS s LM B R K
F KFD W] 8 TLRS 3 B 0K 20 6 1 sTgA N 22, 7R3 147
I % T o B B BT e s 5 P R I IR e AR T
P TLRT WS 79 R837 TS B 128 T4k % %
S Th B Gz | S N B2 e B 38 1 o L I e S P oAk
A& S B F S [ TLR 380 30 AT 72 A B — i 4
F1R) B P 8 R ARSI, i 5 IR 4 T 3 A 9 7 5 ) L
g7

TLR 3 3l 771 35K FH 5 s 09 4% 0 2 A 410 22 PAMPs
FL[a] 2 82 1 B AR AR, DI [ A S 4 T X A6 ) R 8
o TLRS 2R IK T AN MR R i, JCH AR P il 1
FZ 20 1 K 5 43 H B 50K 41 MY (conventional dendritic
cell, ¢DC) " F FAA7E s TLRT WAL T4 1K, BB
LT AN PR 22 IR 41 MY (plasmacytoid dendritic cell,
pDC) 5 B4 7, Hesh, TLRS 5 TLRT i 3% 1k
AR TLRS T b5 32 2305 NF-kB [ 22 245
WAk 25 A P B (mitogen-activated protein kinase,
MAPK )il % , {2 3 11-6 , 11-23 %2 355 1l TLR7 B934
UG 1) T 55 PN AR 32 TL-12 45 3 ) T
I AN A I AT REAF AR BIMRI RN . AR T, TLRS 5
TLR7 V8l 750 76 40 M 58 ) O 24 - 19 22 S IR T2 5
B A& PRI RN, 324 1 AR DL R Ge i FE 4l

AHE5E LA TLRS #3807 KFD 5 TLR7 # 3h 7 R837
XSG T R S 2 O B ARSI AR A Y K /)N B
o B D R G0 T E N B L A (nasal
epithelial cell, NEC) . B2 Ik 41 M (derived dendritic
cell, DC) 4 22 5 G AR AiF , I FAE — F BRIAE o 50
R AR A B [R) RA00E L LASH Ry 52 5 U R I 5] ) 15
FRHEFBARTE

1 #R5FE

1.1 Z£%zH4
6~8 JH| i CSTBL/6 M PE/IN BRI [ 8 5 1738 7 5 ik

SEG B A BRA ] i SR T iR IR R S g s v
Ly SPF FREE . ) 3% 0 55 0 B 458 i 7 22~25 °C, 1
40%~60%,12 h G HE/12 h BBEEHE I, /N E BRIk
Ko ARBFFE R DURHE K 2% B AR P2 DL i (18
W (2025237) %5 1, r A BAERF B s W e 2K
S5 ) g A 000 BSOS FHOPR 2 36 2 B % R o A
fbo 5 H BT & T PR L 20% FFEE 25 BEAN IR SEAE
G ¥ 31 BV 28 SR AU LA QB S8 o AR5 ok B
T PRRTZE R I DL .
1.2 S5

DMEM/F12, RPMI 1640, FBS. PBS ¥ Il [ 3¢ [
Gibco AT o L-A&MEME AR U7 ZEEWR N TR R 52
W [ 32 [ Sigma-Aldrich 23 7 5 A #HER& F VIR
1 £ [# Rockland Immunochemical 23 &) ; /)N B 5 2H FMS
FE i & R ¥R 3 BC K (FMS-like tyrosine kinase 3
ligand, FLT3L) Kl ¥ 14 B 3¢ [& PeproTech /A @] . TLR5
W3R KED 96 17 28 S AR I PR v o0 B8 25 B AT BA
BB HSR R H BL21 2638 RS, S8 B 15 M
ERraifl, SR e A RNA SR
A& A H A TaKaRa /A 7] 5 SO SRIRF &0 A H
ATOYOBO 2wl . 4555 8 [ (Pronase ) i A8 A% Wi A%
2 B 1(DNase 1) i J5L i D (collagenase D) | Bl i & H
(ovalbumin, OVA) ¥ Iy [ £ [H Sigma-Aldrich NE=1
Pacific Blue""-#T/N§L CD11c . PE-30/)N i I-A/I-E . APC-
Hi/NEL CD80 . Alexa Fluor® 488-Hi/N i CD86 /ML IL-6
ELISA i877) & ¥ H 3 [E BioLegend 22 7
1.3 RARAIE IR AE M
1.3.1 /NEUNECJEACEF A0 #7 KFD 5 R837
T £ 11 o MG 328 00 s o B 1 S i) 22 5, AR F 9 R HH /)N
FRURAC NEC BRI A 7R SMFEAL . NEC #5241 A B
SRR DT B AT JRAR S 920 /N B2 I e
T8 EL LG 225 (50 mefke) BRI JS SUHE I F 40 FE , TCTR AR
TaBE P AL, 2 1. 4 mg/mL Pronase F10. 1 pg/mL
DNasel {H k53 B3 i , #eRh T A6 8B 8 71 (VIZY ) 4
P Transwell % H i 5 5% JIG 48 1L 19 DMEM/
F12 K555 (R 5 -4 A ke (AR 00 75 S R B R T 1R
), T 37 C.5% CO, 553746 37, 18 3 RIT s 37
T, 298557 10 d J5 AT ARAF AL G AR NEC.
1.3.2 B f ok 5 28k 40 g (bone marrow-derived
dendritic cell, BMDC) 43 1k 1% 33 43 Bt KFD 5
R837 X DC () B #H/EH , AHIF 58 R FH /N B BMDC #E 4 7
RSMTAL . BMDC 2 B8 SCHR iR GE (0945 o 5 vk 2647 1%
FEPO LN R 2R U 5 T L L 4 (50 m/kg) R
Ji SUHE R AR BE , TOTR 2544 T 43 5 18 B A HE B 1 B
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A, f FH 5 200 ng/mL FLT3L Y RPMI 1640 5841533
BT 37 °C.5% COL 55 M HE 3R . B 3 R Ab e fif 455
FRILAR SR TR LT FR 29 9 d ] 3AS B BMDC .
1.3.3  Z0 B fil i K 5 sk 1530 KFD 5 R837 1)
PR ANl B (200 ng/mL) 3 T SCHRR T8 A8 850
0 BBl R TS 6 b B L SR S 2 ) KFD R
R837 43 H i3 NEC .BMDC 3 h, #1304 , 1774 PBS
BB 2, A 1T mL TRIzol i 57 (5 19%B-%i 3 2
W ) 1% A0 B TTTVE , J3 0 WCAR Fir A 4 L 48 v - 80 “CY%
I, T ok ik B R IUAE R IR BHE A BRA Rl iE 475 5%
LI P 43 BT o FH A R DR o o 37 R A A 5 P
JF 1 cDNA SCHE , T DNBSEQ I 5 5F 4 #4710 5 .
25 5 FIR B TRE IR MER E FLoga (FC)I =1 HALIE
J& P<0. 05 (3% J1] Benjamini-Hochberg ¥ #4722 8 % i%
KA IE ) o X 0 AR AR 1 b 8 25 5 R SE I, R AT
KEGG # i & £ v . 28T 22 5 R IBE K 1Y FPKM
{EL, X A 3ok PR R A AR AR v 1) 2638 B R AT Z-score T —
b5, SRR R RIS FEA K I A TR 5 HT
1.4 BMDC/#SM a5 o geiem

HEGAIE KFD 5 R837 X BMDC BB fig J1 IR &R
TR AR WCAR A A B ) BMDC (85 557 75 7% (]
1.3.2), 43 5l i &« X B ORI 80) 41 KFD 5 3] 3%
(200 ng/mL) £ R837 HLJfil ¥ (200 ng/mL) £ & KFD+
R837 15 I (4% 200 ng/mL) 4 , #% 1.3.3 ik ik T
37 °C.5%CORFRF I 3 h, FHF qPCR K ; ol )
P12 h HF AR & ELISA #0 .
1.4.1 qPCRAGZI 45 o5 W4 BMDC, FH T
¥ PBS VR 2 K o 4% 75 Ak RNA 32 G0 & vd B 45
FEEUA RNA, HU1 g 2 RNA S8 5% 8 cDNA Fr Bt
FEYIHE B I K I JE T SYBR Green 1YL R} Y 521} 585
SE i PCR A I H A9 38 N ik o i ad 27 g3t &
mRNA X iRk 5 (Ll B-actin NS A ) . 519 F
I 1,

F1 EEsIMFEF
Table 1 Primer Sequences for gPCR

Gene Primer sequence (5" —3")

Upstream: CCTTCCTTCTTGGGTAT

Aactin Downstream: GCATAGAGGTCTTTACGG

Tnf Upstream : CATCTTCTCAAAATTCGAGTGACAA
Downstream : TGGGAGTAGACAAGGTACAACCC

Ceel10 Upstream : TGCCTCATCCTGCTGGGTCTG

Downstream : TCCCTATGGCCCTCATTCTCACTG
Upstream : GACTGCTTGCTGACCTTTG
Downstream : AGCTCTCCCTCCATCCTT

Cd40

1,42 FaCHIARK A% 12 h 54 BMDC,
T PBS PR 2 K. JINAPL CD16/32 A, 4 “CilEH
34 15 min, BHIKT Fe 2 A0 DR R bR g . AL
R A AR MR 0 G ST AR AT 40 v A e
4, ; Pacific Blue' -3/ Bl CD11c . PE-# /) Bl I-A/I-E
APC-Hi/NEL CD80 ., Alexa Fluor®488-471/]N il CD86 L) iz
40 Ji9 5E 7% Yt K} (Fixable Viability Dye eFluor™ 506,
FVD). B DYRTE 4 ‘CREOGAMF #1730 min, PBS
PRI 2K, R T B i b . T CytoFLEX S
Wit 204l B A (Beckman Coulter, € [E ) #E47 K, >R
FlowJo v10. 8. 1 &4/ #7, BBl & FVD-/CD45*/CD11c"/
I-A/I-E" B4 DC, 43 B H 2211 CD8O0 Il CD86 11 F- 1 75¢
Y658 B (mean fluorescence intensity, MFT) .
1.4.3 ELISAKI  WCARHIEL 12 h 5 ) 4 85 57
Y, H BN ELUIL-6 ELISA 3257 & 6 W 154600 35 rh
IL-6 VB o (AT ANTR B i B v i I A T 6Lk 1Y
WAL E , R E A A R AR BT AR , P 285
HR 3 S A Tl b 1 ) i 2 TN 2 SR A,
it B ASCI 5 450 nm 3 KOG EE[OD(450) M. AR 4
B M e H 3R i v TL-6 R 22
1.5 E% RGN RE S

K KFD 55 R837 B i B A3 i /0N B, G ) 0oy
W3 SRy 3 1L-6 7K - K - 0 58 5 13 bk B2 45 (cervical
lymph nodes, CLN) H' DC 2 Ti1 3t 41 3 43 + CD80 5
CD86 R 3k , 1E SRy PPAk I 12 8 Jr) 38 175 Ak tR 28 1 G
FEHT
1.5.1 /MRS REEITSE KFD 5 R837 i &
i T A AT BA AT A 9 R SCHR AR TE 144G 500 B S e
Fl R 2 6~8 A CSTBL6 MEME/N L, R
FHBEALEL 7R354 /D B BENL 20 (n=5) : L KFD(2 pg
KFD)ZH . %A R837(2 wg R837)4H .KFD+R837 K H (2 pg
KFD+2wg R837) 40 Bk xet Al (A LR /KO 41 Frfy il
FRE I JC B 1 56 F A R KRR R LR 10 /2
I P 3 S S B2 A RR /N B 43 2 IR S 25 2, R
W5 L, 2 RERAE I BE 5 min, DLBA {514 W ZE S0 1 9 14
FEATIRI
1.5.2 BV (nasal lavage fluid, NALF) M i =%
SAEWEVEW (bronchoalveolar lavage fluid, BALF)>REE K
Rl S 18 hE SRR L L2 B (50 mg/kg)
JOR i S0AE O A A BB /N B, R AR . M 400 pl
PBS M\ 28 B 007 1] i 5 v 06 3 UK, WA NALF ; o]
F 2 AJE I 0. 8 mL A M JCH PBS, 4 51K,
Wi %2 BALF. B 0 % i NALF 5 BALF &£ A& 43 51 F
4 °C.1500%g B5.0> 10 min, Y8 3. Fi BERT 5L AL/
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B ELISA TL-6 3857 & id B A5 g A G 0, AR 4 b o 1t £k
FHERE A IL-6 B3R
1.5.3 i =4 i AR 43 #r 20 358 51 38 Ik B2 45 (cervical
lymph nodes, CLN)DC i # 18 hJ& , 43 # CLN, &
T4 1 mg/mL IR JF B D F1 50 we/mL DNase 17 1L
H,37 CHE I F 30 min, FfJS, TA S mmol/L £ —
B4 21 ( ethylenediaminetetraacetic acid, EDTA V1
T A6 SR, I A5 240 B T 22 70 o 40 D 75 90 1ok 30, LA
il £ B 20 B . AREAY CLN 41 il 28 PBS 5.0 U ik
PR G, AT A MR Gt e o 20 B KU 23 A
D7k 1. 4.2, Kl CLN DC #3342 T CD80 5
CD86 M IANE R 1 A 1 SR b o
1.6 DR LIEFER

LI OVA JE i 5, KFD  R837 B ali 15 445 M
FHIEAR TR, SR /I B S S e R TR F 1Ak 20 R4 741
BT R HBEHECTFRIEHNR S R (n=5) : L OVA
PUIF (25 pg OVA) 21 .OVA+KFD Fifk 7] (25 g OVA+
2 pg KFD) 41 . OVA+R837 HL4 | (25 pg OVA+2 pg
R837)4H .OVA +BEA 14 71(25 g OVA +1 pg KFD+1 pg
R837)41 EHEER /K (FAMEXTRE) 2 o Fir A ol 551 25 4
TC TR T S5 FH A B ER K R B S 38 SR A 7 3 ISR g2 : 1)
B (55 0 J8) B —Un s A e (56 4 J) B 58 — i
GRECE 8 JE) o T4 5 A (R HBE ) 1) RAEIMFE,
55 10 J8 ORI g J 2 ) ) SR A /N BRI 5 R VAR AR
K60 45 A5 A3 I35 TP OVA H5 S 196G & TgA 7K (JH]
TIPAL RGENE TR ) DL SRR H OV A 45 51 TgA
I CH T PPAL R AR 2 ) o
1.7 %o

JIr A 45 4 2k H GraphPad Prism 10. 1. 2 #4147
YEERIRGE T 500 . IR R DL xves RoR . 2L LLEL
KB F J7 225081, WG DL Tukey’ s 2 5 HLEK 56
HEATAR IR G LS . P<0. 05 25 S B Geitae i L,

2 #R

2.1 KFD 4% NEC W R837#7& R B
SR AT 45 R o 50 BRALAH E L KFD il
NEC 15 5 764 4~ DEGs, Hivh iR 5 4 K 24k,
S0 TLRS 38 B 1% Ak J5 A9 3% BRIE R 3R 36 . i R837
AL T % 49 1> DEGs, 3 7~ X PF 8 T R 40 i B
BEWOSRE AT PR o Venn 4347 7R , KFD 41 5 R837
A DEGs RSN AFAET 0 E S, LR LR H 5
R837 4 430 FIHELK 91, 4%, 1% %W R837 1% T
R R 4 RS AE KFD R N i RN . FE R

JEAFE AR KFD F7 52 P F 74 287 4~ 3L 1K, R837 #55+
PEAVA 1440 (B 1A) . KEGG 38 f% 5 & /001 s, KFD
% DEGs W3 5 4 T 40 i R 7 - 40 it IR 7 2 A4 A
HAEM AL 7 TNF IL-17 M NF-xB %5 5[4 5%
YA . R837 41 & MYl %5 KFD 41 A
FEARL M, (H H 5 4 W 3 M IR F KFD 41 (81 1B.C)
PE— %) 2 ZH AL B KEGG 18 5 3B 7042 0 BL R 1)
ik K 34T 43 B, Ak I 2 A Cxel, Cxel2,
Cxel5, 4 [ 1 116, Csf . Tnf \1117¢ 55 , 7£ KFD 41 (1) %
RHIEE T R83TA (E1D) . LA 458, TLRS 3
Bh# KFD A58 ZU0E NEC, 11 TLR7 i h 7] R837 %}
T NECHIBSCRAN W, Fe W] 35 7E I Kz 40 f )2 )
oIS BT R AR AR R X 1]
2.2 R837 &% 7E BMDC fn KFD 45 A A IR

B SR AL Ay T 4 R Wow - 5 IR B AT AH E , R837
3% BMDC 3£ 5 T 1 3194 DEGs, (it # KFD 41
(1541~ DEGs) . Venn K43 #7 7R , KFD 155 () DEGs
JLF 9 R837 2H A &1k 7 , Hh W] bl iy 2L B o KFD 21
1 97. 9% (145/148) , H: [F] T & i & A 7 KFD 2 11y
83.3%(5/6) , i W] KFD K BB Hi 2 37 T R837 4 1Y
TR 25 5 3k R, LIS DC Y &% B R AL
R837 3 7 13 B M 2 (&1 2A) o

KEGG & %437 .75 : R837 L8 1 DEGs 1 & &
T TNF IL-17 .CRIBEEE R AZARE(F Sl % . KFD 4
A S RR3T AL A — o AL I E
B FE MRS T R837 41 (81 2B .C) . X ixX 6o S i rh
(9 AR 2 P Bk PR (5 8 07 28 e BE RH DG 1Y T 1T
Cxel3 . Cxcll0, Cd40 55 ) FEAT43AT , 45 5 7R X BB L [H]
7 R837 AR R FE Y i3 T KFD 4 (&1 2D) . LA 45
U, TLR7 B30 7 R837 1l B 42 i A Hb % BMDC,
Jii 3l DC A 3 B P8 o 225 D) g 1) G B HE R 3R 5K, 1T KFD
B A TE BMDC R RE 13055 5 R W —# 76 DC 1) i
WOE 2 T I E ] I 22 5%
2.3 KFD 5 R837 #F #& 4 BMDC

qPCR 45 53 R« 5 B X B4 AH 1L, B0 KFD 41 vh
Tnf,Cxcl10 /) mRNA 33K 250 F IR [H2E 5700
GiiteEE L. MEZ R, B R837 Ak B 5 T X
2R Y 235 (P<0. 01, K 3A \B) . 7E KFD+R837 X
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A: Venn diagram of differentially expression genes; B: KEGG pathway enrichment analysis of KFD group; C: KEGG pathway enrichment analysis of
R837 group; D: Heatmap of representative differentially expressed genes
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Figure 1 Transcriptional profiles of nasal epithelial cells (NECs) stimulated by KFD or R837 (n=3)
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A: Venn diagram of differentially expression genes; B: KEGG pathway enrichment analysis of KFD group; C: KEGG pathway enrichment

analysis of R837 group; D : Heatmap of representative differentially expressed genes
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Figure 2 Transcriptional profiles of bone marrow-derived dendritic cells (BMDCs) stimulated by KFD or R837 (n=3)
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A to C: Relative mRNA expression of Tnf (A), Cxcll0 (B), and Cd40(n=3); D: IL-6 concentration in the supernatant of BMDCs (n=4) ;
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Figure 3 Effects of KFD and R837 alone or in combination on BMDC activation
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Figure 4 Effects of intranasal administration of KFD and R837 alone or in combination on DC activation in draining

lymph nodes and local IL-6 levels (n=5)
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Figure 5 Effects of KFD and R837 alone or in combination as mucosal adjuvants on OVA-specific antibody responses (n=5)
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