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Inflammatory signaling and pyroptosis mediate the mucosal
adjuvant effect of Escherichia coli heat-labile
enterotoxin subunits
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Abstract: [Objective] The heat-labile enterotoxin (LT) is widely recognized as a potent mucosal
immunoadjuvant. However, the mechanisms underlying its interaction with host epithelial cells
remain incompletely understood, which makes it difficult to separate its toxicity from its adjuvant
activity. This limitation has severely hampered its clinical application. Therefore, this study aims to
elucidate the differential regulatory effects of LT and its A (LTA) and B (LTB) subunits on
epithelial cells, as well as the mechanism underlying the initiation of their initial adjuvant activity.
[Methods] The biologically active LTB, LTA, and its mutant LTA(R192G) were prepared via
prokaryotic expression. Using the human small intestinal epithelial cell line FHs 74 Int and a
mouse jejunal ex vivo intestinal segment model, we examined cell viability and apoptosis, analyzed
inflammatory cytokine expression, and investigated changes in the NF-xB and NLRP3
inflammasome pathways. [Results] The three prepared proteins all possessed biological activity
and could be effectively internalized by cells. LTB primarily induced early apoptosis, significantly
up-regulated the expression of IL-6, IL-8, IL-1B, and TNF-a, and activated the NF-kB pathway.
LTA triggered significant pyroptosis, specifically up-regulated the expression of IL-18 and IL-1p,
and activated the NLRP3 inflammasome pathway. The mutant LTA(R192G) exerted weakened
effects but could still activate the NLRP3 pathway. [Conclusion] The adjuvant activity of LT stems
from its subunits activating immune responses in epithelial cells through different mechanisms:
LTB primarily promotes pro-inflammatory cytokine production via the NF-xB pathway, while LTA
mainly relies on the NLRP3 pathway to induce IL-1B/IL-18 secretion and pyroptosis. This
discovery not only reveals the initial molecular events of LT-initiated mucosal immunity, but more
importantly, lays a solid theoretical foundation for developing novel, safe, and efficient mucosal
vaccine adjuvants through targeted modification of LTA and LTB subunits.

Keywords: heat-labile enterotoxin; epithelial cell; inflammatory signaling pathway; pyroptosis
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SR TR, LT 0T G i 15 5 Jm
RAE R HARFEN . AR 275, NOD
FE 52 R PR 1 45 A S8 G 2 3 (NOD-like
receptor thermal protein domain associated protein
3, NLRP3) R AE/IMA 3% SIS T i A i £
w1, DL K # P F «B (nuclear factor-kappa B,
NF-«B)f5 7 il % , J& e b B 20 T i A S
S AL AP fE NLRP3 4 AE /I A 38 o
HE AL AT {2 fif Pro-Caspase-1 & A 89 1), A i,
H A B35 MY Caspase-1, #E15| A H K& D
(gasdermin D, GSDMD)# FH 24#, I3 3% F 40 iy
42 -1P (interleukin-1pB, IL-1B)F1 1 40 fi /> 2 -18
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MR R SRR S B S M . R B K
pET24a(+) 1§ & T Novagen 2~ ® . B ZH Jii ki
pET24a(+)-eltA . pET24a(+)-eltAm # pET24a(+)-
eltB A S 2 A R AT
112 FERAFIFILR

R HB% % (kanamycin, Kan), S8 5 R 2¢Ot
Z (fluorescein isothiocyanate, FITC), PUH! H 767
F IR % F)BH (tetramethylrhodamine isothiocyanate,
TRITC). GMI # £ 75 i§, Sigma-Aldrich 2%
Tl ; LANCE cAMP 384 kit, Perkin Elmer 2\ ¥ ;
Ft FC Bt B Bagle 1% 3% 3% (Dulbecco’s modified
Eagle medium, DMEM)4H 135 72 3L | R4 LT .
[T . HHERE R IRA W, ThermoFisher Scientific
oy E] Mg B a2 H 2 2% (ammonium
pyrrolidinedithiocarbamate, PDTC). MCC950,
41 i 31 %43 7 & (cell counting kit-8, CCK-8).
Annexin V-FITC i TR A & . Rumbric ik
(TdT-mediated dUTP-biotin nick end labeling,
TUNEL)ZH M Tk 300 & . AR B A 4
Jits /> % -6 (interleukin-6, 1L-6). [ 41 Jd /> & -8
(interleukin-8, IL-8). IL-18. IL-1p. FEIRFEH
F o (tumor necrosis factor-alpha, TNF-a)) ELISA
A &, RS RAEWE AR ARA
Al 5 RNA $RBURGH & . 724 PCR Sz s il
&L A POt E AR, TaKaRa 22 F]
SR LTB. FHTA NLRP3, Caspase-1, Pro-IL-18,
Pro-IL-1B. NF-kB. p65. p-p65. p-IxBa. IkBa.
GSDMD. GSDMD-N Behifh . Bt Sk Yt
(horseradish peroxidase, HRP)Fric £ T i 1gG —
PT, Santa Cruz A F].

EHHEIKRSE . BERRIR RS, Bio-Rad 2
Ay ZINHEREPRY, BioTek A Fl; WFFE A &
PGB, Olympus A F]; WaC4IH{L, BD
yFEly 9= PCRAY, ABIZAHE],
1.2 ERRESHK

W B4 TR 5% A E. coli BL2I(DE3)H, M
Kan HiME Pl PR ERE, 42mh 3] S Hid 2=
LB 5230, 37 °C. 200 t/min $5 5553 1% .

1 mL OGR4 2 5 100 mL LB 1575
FIAETEIR R, 37 °C. 200 r/min 153724 2.5 h,
& ODgoo I5EN 2 0.6 B IT A LA EEH 0.5 mmol/L
K IPTG 5 35/, 30 °CiES ik 10 h, iS4
WG, T 4°C. 8000xg &[> 15 min W 4E i
. K F PBS (pH 7.4) 8 2 W AR R 47588 75 2
filt (VKK , H3 300 W, A 3s. [Elb§ 2 s,
I 10 min), FikMEAHE ALK TTREE S
8.0 mol/L JK % i) PBS 2% wh i " i fift . a1
Ni-NTA SER 4ifb 615 HinE A, K alifbin
EHE TASIKREM PBS Z Mk 4 °«CiEMr
12 h, AR 2-3 UGBTI, SRR LT
IR Z I SE R B M, @it e E s &
FR B TR L R % . SR Bradford 32530
ERNATEER AW R, Jf it SDS-PAGE 54E
AR 5 TN M Tk g 8¢ JE B TK (native-polyacrylamide
gel electrophoresis, Native-PAGE) 731 & FH & iA7K
SR
1.3 e RRMRENEERS GM1
WETHENES

1 GMI #2275 1 g A B 28 vl I s e &2
10 pg/mL, JMA 96 fLEGF RAR T, HEfL 100 pL,
4o CHPE . WH, FEAWTBIAK, MR
£h it IR 2% P ¥ (phosphate buffered saline with
Tween-20, PBST) ¥4 2 WK . [m) 2 W FL i A
300 pL AW, 37 °ClEIRE A 2 he FFEEHA
W, PBST PE¥k 2 ¥k, [AIRE M LA I AKS B A B
) LTB EFHE MO, 0.0625, 0.1250, 02500,
0.500 0, 1.000 0 pg/mL), %EfL 100 puL, & 3 4>
AL DL PBS G P AU B A o xd RAL,
AUREESE 3 N E AL, 37 CCIEIEINE 2 h, #ihE
F, PBST e 3 K. MR ALHHIA 1:4 000
s B BRI LTB-1gG PUiA 100 pL, 37 °CHH kL
B 1he HFE—PHEW, PBST Wik 3 K.
FLom A 1:8 000 Hi B 19 3£ bt R 1gG-HRP HT &
100 uL, 37 °CY%HE 1h, FEHIAEW, PBST
Ve S UKo B AL CHT B T A AR R
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(O-phenylenediamine, OPD) Ji& 4 & {43 100 pL,
37 °CHEBEIFT 20 min, BEJS A 100 uL 2% 1R
ek s, 57 BIT AR EINE 492 nm AR
FIWERE o
1.4 4APBEA cAMP & ERINE

WX BV KB40, {#FH Versene iAW
THAL I A AN B, 28 1 000xg B5.0> 10 min
RN, 4 it Hank s -1 £5 % % (Hank ’ s
balanced salt solution, HBSS)¥E ¥ 1 )5, i
Stimulation buffer 2 40 MY, V8 % 40 ifd 2% [ 2
7 2x10° 4~/100 pL. [ 41 i B 7 A Alexa
Fluor® 647 bric APk 1 pL, EHEMFE
60 min, HC 10 pL FiRPUAARIC 40 Bk S
10 uL RFIN LT 35S 8 S WAR M A 96 fLAk
i, @3RS, FIERMEF 60 min, FEEIMA
Detection Mix % & ¥ 20 uL, E Lk L F
60 min, d5eJ (5 FH 2 6 AR ORI 26 6 {7 5 ik
FE, IFRIEARE AT cAMP MR
1.5 J|HRZEERFD

A3 FITC #7ic LTB % , fififf] TRITC
Fric LTA A LTAR192G)#E . FREL 0.5 mg 7%
FEAET 0.5 mL “HILI P, RAMHEZ LR
FErAR, BRI 1 mg/mL YURNA W . ik BAR
ICEA S 2IEE T o 1000 pg:150 pg 1
Eefil, WL RE MBI AE A RER T,
WFTIRS), 4 °CAMF TG 8 he BESEINA
1G5 mol/L NH,Cl il 224 B 4 50 mmol/L,
YRS T 4 °CHREOGN 2 h I IEFRICR N . B
W ACHK ™ W) 7E PBS VW HHIENT 3-4 IR, HEFE
Mg s HILF et ik, -20 °CHECIRAE -
1.6 BUEEBMERLEN

Brab T8 E KW FHs 74 Int 41 028 /5
THACSE . 56 44 3% 2k F B O ) 2 20 i vk
P AL 1< 10% A4 i 1 25 BE 34 51 3 R T 6 FLAR
H1, 37°C. 5% CO, 5 FHiFR 24 he MATON
EhhicryEE, AWEN 20 pg/mL, 37 °CHEH
2he WELERE, #ESTEANERE, H
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PBS ¥R AU 3 W B S 286 WA T
43 90 FH 8 6 (B % B4 460-495 nm) Al ER G (34
KU 530-550 nm) ¥ &, OWLEE I I SR 4
WA IE R ARG B, 5 ] Tmaged #1F
(https://imagej.net/ij) 7 Hr T35 o
1.7 ZHPEIESEIE INE

BHHALIS Y FHs 74 Int 4800, LIGEL 1x10% 4
Y1 B %) 2% B HE R & 96 LAk, 7E 37 °C. 5% CO,
ZAF T TR 24 ho A0 HR D AN [RJ 42 (0
5. 10, 20, 40 pg/mL) [ LTA. LTA(R192G).
LTB &1, HHE 3 MNES, T 37°Cailna
12h 824 h, WHEEHNE, BFMA 10 pL
CCK-8 W, 4kZLT 37 °CHFF 1 h, fli bR
A2 450 nm b5 FLEWE A, PEAL 40k
IR
1.8 BRI TN

g2 HE AR, FBEE A B
WedE, IS AR, 1 000xg B0 10 min UL
LM, i PBS IR VEIRAIM 2 Ik, R L
W, IMAZEEZE b 100 pL & B0 7] 40
Jil B & in A Annexin V-FITC i %] 5 pL, &
A5, 37 CCHYEIFE 10 min. Bl 5 I ALk
TN BE (propidium iodide, P& 5 uL, #EGCIFH
5min. /5, AIAGEE S ol 400 uL i B 40
Ji, 3 e K A A SRS 0 A B R T O, AR
YA EAE 3 IR,
1.9 I EE PCR KN 4HAE A4 M4 E
FEERIKFE

M2 H A E AL S B B AL
Wtk , il AR, 1 000xg B0 10 min Ui
YN, {fH PBS R VEAANN 2 k. 4T
EFFIA 350 uL AR, Fo o iR e R LA
2L UM, A RNA 2 B0 R & 46 I 4 i
RNA., HEHUKA RNA 7BVl 5% 5850 &4
% cDNA. Dk cDNA it , #1519
FEAI, A A 2 61 e K 3l ) A 7 52
9 B PCR ] N o KWK ZR (25 pl): cDNA
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Table 1 Fluorescence quantitative PCR primer sequences for inflammatory factors
Gene Primer Sequence (5'—3') Amplification length/bp References
IL-1p F AGGCTGCTCTGGGATTCTCT 236 [15]
R CCCTTGCTGTAGTGGTGGTC
IL-6 F GTGTGAAAGCAGCAAAGAGGC 234 [16]
R TGCAGGAACTGGATCAGGACT
IL-8 F CTGCGCCAACACAGAAATTA 234 [15]
R CATCTGGCAACCCTACAACA
IL-18 F CAAGGAAATCGGCCTCTATT 255 [17]
R TCCTGGGACACTTCTCTGAA
TNF-a F ATGAGCACTGAAAGCATGATCC 217 [18]
R GAGGGCTGATTAGAGAGAGGTC
p-actin F CATGTACGTTGCTATCCAGGC 250 [19]
R CTCCTTAATGTCACGCACGAT

ik 1 pl, etk b, TS I4(10 pmol/L) 4%
0.5 uL, MEEFFIRN 12.5 uL, J& RNase 7K 10.5 pL.
PCR # MR ¥ : 95 °CHIZAEE 5 min; 95 °CAR Yk
10s, 60°CiBk 30s, 72 °CIEff 10s, 340 4
TEA . LML EE 3 Ik, R p-actin fE N
SILAMATARE, HERIEFE A X mRNA %
RHGE T 2R
1.10 ELISA ®NAEEFE=

WCAE R AN B S P A S IR BV, 4 °C.
12 000xg 5.0 10 min BRF4HALHE 7. HUE Filf
BB 96 FLAR, =P 30 min. 4 HPREEA
[vi] Ve ) s o s B AR I I AR Iz L
fL100 uL, &3 4NEFL, 37°CHFE 2h, L
T, BRLINAVESIE 300 pL, VER 3 K. B
JE IMAAE ZEARE R IIPTAAR 100 pL, 37 °CHiE
B Lh, ¥R 3. HIA 1:4 000 Fi B9 HRP F5
e EP /N R 1gG LAk 100 uL, ke 37 °C ¥
B 1h, FETHURR, VR 3I K. mEMA
100 uL OPD {83, 37 °CHEEIFH 20 min, Jill
A 100 pL 281k, TR LA 492 nm 40
W
1.11 Western blotting &

B W 4120, 40 pg/mL) B

(40 pg/mL)-5 #7711 4k #EZH (PDTC 50 pmol/L,
MCC950 10 pmol/L) 1 H J& i 41 s FH PBS ¥ Bt
3K, NN IE A0 M 2R IF T ok 2R
30 min, 4°C, 12 000xg #.[> 15 min, W L3
W . it SDS-PAGE 7 &AM, FfJAH &
M % B 2 2 i 9 £ 4 (polyvinylidene fluoride,
PVDF)X I, ¥ENJ5 () PVDF & T 5% Bilg 1)
MW, EIREW 1 h, HHAE, AW
W —P TR, 4°CHEIN. BWELKR
&, B PVDF B, fi ) Tris £k i 22 ik
(Tris-buffered saline with Tween, TBST)IZE¥E 3 ¥X .
B K B B B I —PUis o, = IR
A 1 he f5JaH TBST WS VERR 3 ¥k, ImA
ECL 7], MEALEEEHEE S min, (HFHER LG
REAT R 5 UG T -
1.12 BHRBEREIERETHERNR
e

ZSCHIR201 TR ik, R 6-8 JEi it
BALB/c /N U B A Br s BT . SEB0 7 58
WK 4A i, BENL R 4 41, B4 5 H/hE.
NGBS, TP, BE@ENT Bz
I8 Vi 45 i 0 A Wi, B A R 2 B AT 4 EL
T 4l /N BUASFL W I N 43 0 S % 25 pg LTB.
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25 ug LTA . 25 pg LTA(R192G) 1Y 45 I W s %)
B . /D EZERRIIR S R 4ERF 3 h, Z it
RGURE R 1 322 520 22 SR AT, WSS 4% 45 3L BE T
wEHKE, BB mBEIF, HIJCH PBS ik
i, BT 1 mL ARG 24 FLAR PR
24 h J5, WX IR RIEW, R B4
Jg PRI 7 ELISA i 551 & I AH ¢ 40 it I - 7K F- o
DAL, 4% Z R P EEREE, AREE, B
AR 25 S 3 e iy B R UEAT A o T AL
W X s e 5 7 B O R AEMR %S
BR S Be sh e B2 O 2 b, st ok
TYNU-SKY-2026-001 .
1.13 AARB-ROEE

P WA S A SRR DI 4 pm JE 1Y
Yk, 2 HRBE MR ZKIbiS, 1595
AN - (hematoxylin-eosin, HE)J4{?% 5-10 min,
KEEE, 41% iR omsr b, wiokiEdk, KiE
FHP LTS Y 1-3 min, Yo @Y 2B B £ i
K. ZHIORBWEE . D P, 4
BRI, MR R AT,
1.14 TUNEL B4R

AL A AL 2 R 2R | B
LWKALSE . BT AP TRER 2% v UEAT i
PiRiEE, ARBEEER . HE 3% H0, 1
AR IR E 10 min LIS N IR EAL
Yo, PBS RIS, W HNE 0.1% Triton X-100
(B LK B E 2 min, BEJS, 4 F TUNEL
AP TR S e o, 37 CCIR AL E
60 min, WL, PBS VR, B A G TG
BB TSI RERIR
1.15 SFitZESH

K SPSS G4k (v25.0) AT S0 KL I 4
Bro Bl LAY EER E 22 (mean+SD) KR, B4
SCERZE RS R 3 K. KBRS R AT A IR
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B, MTPMAEIESSMH T 2551
P K FH B[R K 7 2293 BT (one-way ANOVA), 4t
T B KRR E R P<0.05, %% BA%

2 ERG5997

21 EFIEANSHFRIE. G528
rEM

1E 30 °C4&MF, 2 IPTG AT 10h 5 3 Fh
HAREEF S T mdckis, JF FL U
W AETE T A 5 A DToE P o 3 I A
VeV . SRR DL RGBT B M — RS BR A
Ukts T sl B EH, EAEERAN
40%, HILFJo/edE M5k . SDS-PAGE %54 ik
R 1A), iR FR S EE -2, B
44 LTA (28.9 kDa). LTA(R192G) (28.9 kDa) 5
LTB (12.9 kDa). Native-PAGE /3 b7 ik — 4 % 1
(K1 1B), LTB fEE Vet ferhn] | k%, EE
i FEDRRIEALATE, (OS> ik,
22 EFIEENSFFEEIFEEMESL
R¥F

T GM1 456 L5 540 cAMP £ =il
FEXT LT AR 7 8 1 0 A ) 1 PR A T B E .
GMI1-ELISA 25 o~ , Fid LTB W B F+ &Ik
W W' R R I R, S BB S ) e A
(F10), Ui4lifbs 51 LTB {28 54
TR GM1 55 1REST . cAMP & il 2 45
(Bl 1D) 7w, @ MEFARE 3 h 5 LTB K75l
AL cAMP 7K 1) 1 35 A8 (P>0.05) . A L
ZF, B ADP-AZHEILALEG IS M ) ARF 456
HEJJ Y LTA WU REAS 2 42 S 4L N cAMP & i
(P<0.001), %3 (86.20+6.88) pmol/mL, %<7 {4
LTAR192G) M AES | A4 I cAMP 942 B T 5
(30.40+5.42) pmol/mL, 5 XFHEZH A H 22 5% HoA
Giit2E i L (P<0.05),
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Figure 1 Purification and bioactivity characterization of LT subunit proteins. A: SDS-PAGE analysis of purified
LTA, LTA(R192G), and LTB proteins [Lane M: Protein molecular weight marker; Lanes 1, 2: LTA protein; Lanes
3, 4: LTA(R192G) protein; Lanes 5, 6: LTB protein]; B: Native-PAGE analysis of LTB protein (Lane 1: Protein
under non-denaturing conditions; Lane 2: Protein under heat-denaturing conditions); C: ELISA results for the
binding of LTB protein to the GM1 receptor; D: Changes in intracellular cAMP levels after treatment of cells
with LTA, LTA(R192G), and LTB proteins; E: Statistical analysis of mean intracellular fluorescence intensity; F:
Cellular uptake of fluorescently labeled LTA, LTA(R192G), and LTB proteins (magnification: 200x). Data are
presented as mean+SD, and significance is determined relative to the control group. *: P<0.05; ***: P<0.001.
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Figure 2 Effects of LT subunit protein treatment on cell morphology, viability, and apoptosis. A: Effects of LT
subunit protein treatment on cell morphology (magnification: 200x); B: Effects of LT subunit protein treatment
on cell viability; C: Effects of LT subunit protein treatment on cell apoptosis; D: Statistical analysis of apoptosis
rate (Sum of early and late apoptosis; Yellow boxes indicate the percentage of early apoptosis); E: Western
blotting analysis of GSDMD-related proteins in apoptosis; F: Statistical analysis of Western blotting band gray
values. Data are presented as mean+SD, and significance is determined relative to the control group. *: P<0.05;
**: P<0.01; ***: P<0.001.
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Figure 3  Effects of LT subunit proteins on the expression of intracellular inflammatory cytokines and related
signaling pathways. A: mRNA expression levels of inflammatory cytokine genes after treatment with LT subunit
proteins; B: Changes in intracellular IL-1p content after treatment with LT subunit proteins; C: Changes in
intracellular IL-18 content after treatment with LTA and LTA(R192G) proteins; D—F: Changes in intracellular
IL-6, IL-8, and TNF-a content after treatment with LTB protein; G: Western blotting detection of key proteins in
the signaling pathway after treatment with the subunit protein; H: Statistical analysis of band gray values for
Figure G; I: Western blotting detection of key proteins in the signaling pathway after inhibitor treatment; J:
Statistical analysis of band gray values for Figure [; K: Western blotting detection of key proteins in the signaling
pathway after swapping the proteins; L: Statistical analysis of band gray values for Figure K. Data are presented
as mean+SD. In significance analysis, Figure J represents comparisons among experimental groups, while all
other comparisons are relative to the blank control group. *: P<0.05; **: P<0.01; ***: P<0.001; —: No target

protein; +: Low amount; ++: High amount.
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Figure 4 Effects of LT subunit protein treatment on jejunal tissue morphology and inflammatory cytokine
secretion in mice. A: Schematic diagram of the experimental protocol for the mouse ex vivo intestinal loop
ligation model and LT subunit protein treatment; B: HE staining of jejunal tissue sections (magnification: 200%);
C: TUNEL staining of jejunal tissue sections (magnification: 200x); D—H: Changes in IL-1p, IL-18, IL-8, IL-6,

and TNF-a levels in jejunal tissue following LT subunit protein treatment. Data are presented as mean+SD, and

significance is determined relative to the control group. *: P<0.05, ***: P<(0.001.
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Figure 5 Schematic diagram of the mechanism by which LTA and LTB subunits regulate epithelial cell

immunity. In the epithelial immune response, the LTB subunit functions by modulating the NF-kB signaling

pathway, while the LTA subunit acts through the regulation of the NLRP3 inflammasome pathway.
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