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AHR T SEHFOXPIHBEB ZEB UL ERFEHELIIIRE
Tfr 485 1L R HI1E B

fERAE, AR, AT, XNFHR, Wisk, T#
(PR = BE B IRBL, KD 410013)

[(HE] BE: RGEMELBRHAE (systemic lupus erythematosus, SLE)J&E—FPLL A BHIRTE® AR R &£
RGAZ RN BB RS M B Bt . AR B 1R 5T 05 & 12 32 & (aryl hydrocarbon receptor, AHR)JFIE XT
SLE S & I8 5% T(T follicular regulatory, Tfr)Zi il 734k Fl X S HEE [ P3(forkhead box protein P3, FOXP3)Z ik
SO, JE NS AL A0 R B N L . Foik: SR 20254F 6 A % 12 A TP g K2R = B2 B K Rk B2 X
MR APERIZ 1Y SLE f8 5 18 191 S (R tAk: 5 18 451, 4R S e s B 3 WA AR A1) il 58 LB 43 F 9 . SR 2
T B B 0o 0 B A I B AZ AN, 46 CD4™ T4 . R A I =S40 L A A T e 40 i L 31 (T £:%) &2 FOXP3 . AHR [
FIRAE, I o BT BN 1 B BE R A OCE o RSNy B EE R N CD4* T 4iffd, 43k Control 2 [ H B 7 A (dimethyl
sulfoxide, DMSO)4b#], ITE 20 {AHR 34 #)) 5] 2-(1°> H-M5| -3 -5k ) BE MK -4- R 12 FH 5 [2-(1° H-Indol-3 -ylcarbonyl)-4-
thiazolecarboxylic acid methyl ester, ITE]JZbBH} . A-485ZH(P300 1l 5] A-485 Ab Bl K ITE+A-485 ZH(ITE, A-485 H:4b
), SR EGRF £ -8(cell counting kit-8, CCK-8)7% . WiaXAMMIA | 8 B ER b i K ST I 5% 5% A ikt I 1
(polymerase chain reaction, PCR)K AN FE TG M . Th% MARN T 4081 FOXP3 ., AHR & -5 4 ff 25 14 T itk EL 40 A
FH 2 1 4(cytotoxic T-lymphocyte associated protein 4, CTLA-4) X 442 10(interleukin-10, [L-10)AJ mRNA ik
Ko ¥ AHR . P300 3 Fik ok Je e 2 (gt N CD4™ T 4R, R S 2LDTTE (co-immunoprecipitation, Co-IP)%:
UE AHR 5 P300 (1% 8 A AR o 2R FH 3 € 5 6o % 2L U0 UE (chromatin immunoprecipitation, ChIP)-PCR %3iiF AHR
P300 7E FOXP3 5 #FIX 454 5, ChIP-iE f PCR(quantitative PCR, qPCR)K 420 g5 A CD4" T 4 i AHR . P300
TE FOXP3 Jii 8l X IR 25 6 /K S 8 1 e Ak Ko W SLE S 51 1l CD4” T 411, %2 CD3/CD28 T 4 fLifis
WERTEALIS . 439451 DMSO S5 ITEA# . SR i =4I AR SLE £ CD4™ T 4iMurf Tfi% .. FOXP3 Rik/KF-, K
JH ChIP-qPCR £5:ill AHR |, P300 7E FOXP3 J& 2 1 XS i 45 5 KV M H STRALK - . R 5@ A ML,
SLE 4N 1. CD4" T 41 iE H TH% . %R (P<0.001), H.55 SLE %5 1% 3148 £ (systemic lupus erythematosus disease
activity index, SLEDAT)ZAH5(=-0.803, P<0.001); Tfr4ifi- FOXP3 Fll AHR % [13iA/K ¥4 3 F i34 P<0.01),
H o HBIEAX(=0.596, P<0.05). CCK-8¥:455 iR ITETE 0~349.27 nmol/L ML FIN . A-4857F 0~93.20 nmol/L ¥
JE 1 L X CD4™ T 4 A 38 5 306 P TG B 2 52 0 (38 P>0.05). RSN SEBG25 R B R , 5 Control ZHAH HL, 1TE 41 Tfi% .
AHR., FOXP3 & [, LM CTLA-4. IL-101*) mRNA FRik/KF-34 5 % L # (34 P<0.05). Co-IP SZHEHESE, AHR 5 P300
FECD4" T 4l T AEAE B (AR AR . ChIP-PCRE5H 7R, AHR 7E FOXP3 Ji 8l 71X 38— 78 bp £-263 bp J—-431 bp
£ -596 bp X BIAETELS AL, P300 AT 4545 2 FOXP3 Ji 8l X 1{-78 bp £-263 bp X B¢, ChIP-qPCRZ5R /R, 5
Control ZH#f LY., ITE 20 FOXP3 Jii 5 X B 2 £ [ H3 J2& Bt 2 2 5% & (H3K9ac . H3K14ac) 1 £ It k7K F- S AHR |
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P300 454 /K34 B & THE (34 P<0.05), A-48541 FOXP3 3 8T X 3 H3K9ac . H3K 14ac ZBEL/KF K P300 454 /K34
B E AR P<0.05), AHRZ547KF M B8k (P>0.05). e Lt as R B R, SITE4IM L, 1TE+A-4854
FOXP3 %K 1136345 7K ¥ M THi% 4 i Z PR (X P<0.05), FOXP3 J3 31X 5 H3K9ac . H3K14ac Z Ak /K- K P300 254
K1 5 AR (14 P<0.05), AHR Z545 7K F 0] 828 1h(P>0.05); 5 A-485 414H L, ITE+A-485 40 FOXP3 i 81X
AHR %545 /K- K FOXP3 45 A £k KCE 4 53 FiR(H P<0.05), (BARTITE4L, FOXP3 231X H3K9ac, H3Kl4ac
ALK B P300 454 7K -2 TE 25 4k (¥ P>0.05), 1F SLE #3% CD4™ T IGIF &M, ITEAM)S, Ta%
B . FOXP3 %3k i, FOXP3Ja8FIX ZIkfk/KF . AHR J% P300 25 4 /K -3+ 8 (35 P<0.05), 5 Fikas 5 —5,
%5t : SLE H & /NI CD4™ T 41HE h THi% A & FOXP3 15 F ] fig 5 AHR 35 R LA 6. AHR 3G vl 2 oF
FOXP3 £iAJfiF S Th sk, HAERTHES AHR Z54E P300 & FOXP3 Jii 20 F X 383 i Jey i 41 26 (H L b AL A 5%
[KBR] REMLOTORIE; IR HE TN, SREZi; SCHER A P3; P00 ; AEMALEHE

Role of AHR-mediated histone acetylation at FOXP3 in
Tfr cell differentiation in systemic lupus erythematosus

Ren Ruijian, Rao Yu, Hu Lingxue, Liu Yuhang, He Zhijie, Ding Shu

(Department of Dermatology, Third Xiangya Hospital, Central South University, Changsha 410013, China)

ABSTRACT Objective: Systemic lupus erythematosus (SLE) is a chronic autoimmune disease
characterized by abnormal autoantibody production, immune dysregulation, and
multisystem involvement. This study aims to investigate the effects of aryl hydrocarbon
receptor (AHR) activation on the differentiation of T follicular regulatory (Tfr) cells and
the expression of forkhead box protein P3 (FOXP3) in patients with SLE, and to elucidate
the underlying molecular mechanisms from an epigenetic perspective.

Methods: Eighteen patients with SLE who attended the Departments of Dermatology and
Rheumatology and Immunology of The Third Xiangya Hospital, Central South University,
between June and December 2025, and 18 healthy individuals undergoing routine health
examinations were enrolled. In addition, 3 healthy volunteers were recruited for peripheral
blood collection for mechanistic experiments. Peripheral blood mononuclear cells
(PBMCs) were isolated by density-gradient centrifugation, and CD4" T cells were sorted.
Flow cytometry was used to determine the proportion of Tfr cells (Tfr% ), as well as
FOXP3 and AHR expression, and their correlations with disease activity were analyzed.
CD4" T cells isolated from healthy individuals were divided into a Control group [treated
with dimethyl sulfoxide (DMSO)], an ITE group [treated with the AHR agonist 2-(1’H-
indol-3’-ylcarbonyl) -4-thiazolecarboxylic acid methyl ester (ITE)], an A-485 group
(treated with the P300 inhibitor A-485), and an ITE+A-485 group (co-treated with ITE and
A-485). Cell counting kit-8 (CCK-8) assay, flow cytometry, Western blotting and real-time
reverse transcription polymerase chain reaction (PCR) were performed to assess cell
proliferation activity, Tfr%, the protein expression of FOXP3 and AHR, and the mRNA
expression levels of cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and interleukin-
10 (/L-10) in the corresponding T cells. AHR and P300 overexpression plasmids were co-

transfected into CD4" T cells from healthy individuals, and co-immunoprecipitation (Co-
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IP) was conducted to verify the protein-protein interaction between AHR and P300.
Chromatin immunoprecipitation (ChIP)-PCR was used to identify the binding sites of AHR
and P300 within the FOXP3 promoter region, while ChIP-quantitative PCR (qPCR) was
performed to quantify AHR and P300 binding to the FOXP3 promoter and histone
acetylation levels in CD4" T cells from healthy individuals in each group. Peripheral blood
CD4' T cells were also collected from patients with SLE, activated using CD3/CD28 T-cell
activation beads, and treated with either DMSO or ITE. Flow cytometry was used to detect
Tr% and FOXP3 expression in CD4" T cells from patients with SLE, and ChIP-qPCR was
used to detect AHR and P300 binding to the FOXP3 promoter and histone acetylation
levels.

Results: Compared with healthy controls, patients with SLE had a significantly lower Tfr%
among peripheral blood CD4' T cells (P<0.001), which was negatively correlated with the
systemic lupus erythematosus disease activity index (SLEDAI) (= - 0.803, P<0.001).
FOXP3 and AHR protein expression levels in Tfr cells were also significantly
downregulated (both P<0.01), and the two were positively correlated (=0.596, P<0.05).
CCK-8 assays showed that ITE at concentrations of 0 to 349.27 nmol/L and A-485 at
concentrations of 0 to 93.20 nmol/L had no significant effects on CD4" T-cell proliferation
activity (both P>0.05). In vitro experiments showed that, compared with the Control group,
the ITE group had significantly increased Tfr%, AHR and FOXP3 protein expression, and
CTLA-4 and IL-10 mRNA expression levels (all P<0.05). Co-IP confirmed a protein-
protein interaction between AHR and P300 in CD4' T cells. ChIP-PCR showed that AHR
had binding sites within the —78 to =263 bp and —431 to —596 bp regions of the FOXP3
promoter, whereas P300 bound to the =78 to =263 bp region of the FOXP3 promoter. ChIP-
qPCR showed that, compared with the Control group, the ITE group exhibited significantly
increased H3K9ac and H3K14ac acetylation within the FOXP3 promoter region, together
with increased binding of AHR and P300 (all P<0.05). In contrast, the A-485 group showed
significantly decreased H3K9ac and H3K14ac acetylation and P300 binding within the
FOXP3 promoter region (all P<0.05), whereas AHR binding showed no significant change
(P>0.05). In the functional rescue experiment, compared with the ITE group, the ITE+A-
485 group showed significantly decreased FOXP3 protein expression and Tfr% (both P<
0.05), as well as significantly decreased H3K9ac and H3Kl4ac acetylation and P300
binding within the FOXP3 promoter region (all P<0.05), while AHR binding showed no
significant change (P>0.05). Compared with the A-485 group, the ITE+A-485 group
showed significantly increased AHR binding to the FOXP3 promoter and increased FOXP3
protein expression (both P<0.05), although both remained lower than those in the ITE
group. No significant differences were observed in H3K9ac and H3K14ac acetylation or
P300 binding within the FOXP3 promoter region (all P>0.05). Validation experiments in
CD4" T cells from patients with SLE showed that ITE treatment increased Tfr%, FOXP3
expression, histone acetylation within the FOXP3 promoter region, and AHR and P300
binding (all P<0.05), consistent with the above findings.

Conclusion: The reduced Tfr% and decreased FOXP3 expression in peripheral blood CD4"
T cells from patients with SLE may be associated with insufficient AHR expression. AHR
activation may promote FOXP3 expression and induce Tfr cell differentiation, potentially
through recruitment of P300 to the FOXP3 promoter region and enhancement of local

histone acetylation.
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G0 M 4 B R 4 (systemic lupus erythematosus,
SLE)s&—fh R M 2 ZGc 18 1E A B e vthpchs, L
PR Z R B B BUR M S WU TR ARE
APREULRL. . B MRARESMAERGEL
W EARE SLEAF A TH RN, R, 4
FEo I G EEAT R DU AP T 40 . I AE R ALK
Wi, CD4" T UML) 551G BR . A A ol SO S kvt
FHOC T MRS % 5 SLEBMIG 3l . [ SHuiAE sS4
ARG

JE LS B M T(T follicular helper, Tfh)4H i j&—
AN TE T HEBhAIM, F2A TR &, e B
20 B 0 A AN BT AR R 6 R T P T(T follicular
regulatory, Tfr) 4 il /2 /& 3 5 X 3k HE 45 1 P3
(forkhead box protein P3, FOXP3) ) JH 15 ¥4 T 41 fif
(regulatory T cell, Treg)f)—FProkEHE, 8t F ik
g B FE ME T Wk L4 L A O & 1 4(cytotoxic T-
lymphocyte associated protein 4, CTLA-4). 2/
Z (interleukin, IL)-10 Z&H#4:4 TRl TAh 4085 B
MR AR AR, DT A S PO A, i
R RN AR T 20 B A5 s/ 5l D e e e ]
SEA RO ROV B R A B AR,
HEMIAEHE A B e g A R B R B,
SR Xt FAIAH LG, SLE B IRIA h T 40 i ek
i, Tfr 40/ 5 Teh 4010 HUAE (TH/Tfh) R R, H-S5%9%
TG ShPEBEUIAH G AR IL-2 967 vl 9 T 40
i LA (TFr%) . k5 T/ Tth -4 11 2 3% SLE £ &
TE%, I, W] SLE &4 T 40 5 5 10 7 1 HL I
XF T SLE A AL Ko S8 i IG 7 sl A
BREL

FOXP3 j2 4t 45 Treg 4i Al 73 AL A D AR E AU AZ L
B SRR U, A2 T 48 A DO T Toh 28 B 09 A5 2
g3, HERIKAKOV D E T 4 B %) Ho 5 10 1 fig
71 FOXP3 jfgikk nl S B L 1 5 e PEB ,
FOXP3 K3k T H#IA A2 SLE (83 Tir 4012 e 50
P EEFE AN, FOXP3 (31852 Z R LTI, H
TR B AEAE M LA EEEA . AN S B RG
P300/CBP W] 3 i . Tt Ak 41 45 11 H3 J2 A 2 P ok Ak
(4N H3K9ac. H3Kl4ac), fitilf FOXP3 J&i 3§ X Y4t
BT, EH FOXP3 k3235, XF Treg MM
FROEMEZR CEEM Treg 40 MU4E 51 f Bk P300 7] 5

U FOXP3 &ik NIHMBALHE A & fpeimt™ . Lkt
RN, AEA CEALEM R PR 53 SLE &
H FOXP3 35 TR & T 40534 i F B ML 2 —

7% 75 44 % 1K (aryl hydrocarbon receptor, AHR)/&
— BRI S T, FET AN, B4, B2
ARAN M55 ZFp o U b 2 Rk, FE4ERE et
SR EERZEERM, T4k, AHRYESLE i
#2356 . Shinde 25"k B T-HH A5 5 il &
i) AHR {5 X5 e+ SLE S figif 22 £ CE 2 ; AHRK
317 tapinarof A3 i 10| Th ZH 434k, 8% SLE /)N
BUBFBLOE" s 1R 2 M i il AHR {5538 B 9k 2h
C-X-C HLJ7 #a 1k [N ¥ B & 13(C-X-C motif chemokine
ligand 13, CXCLI13)FH: Th 40 g7 SLE il 524 4
B S AHR WO B AR R g AR
7, AHRZ 5% Th 4 -k 50068, (A% T
0 AR R A R A WA DG HGE -

AW AR AHR 1] g3 1 71 5% P300 & FOXP3
JaEhF X, R A S BEAE, DT E
FOXP3 Wy, s 23k, HET 845 Tfr 240 i /9 2 4k Aoy
fig. ASWFSELL SLE [ 41 1l CD4* T 48 M A i 55 %
5, X HARFREXT IR, 43 BT THe% 5 Tfr 40 L ) FOXP3
AHR (KA, FHaE— 20 A3 15 24 1 JE
AHR %} FOXP3 ¢35 K Tfr 40 i 43 Ak i 5% i K Ho T fig
SrFHLE, LA SLE &9k ML K367 $ A48 ) £
AR

1 M&R5F*

1.1 {327

AIFSE EL AT o 2 U = % B T
Mo (EHE S . 2022-8736), T BF 5 6 42 349 45 B
T ES.

12 W&

WAE 2025 4F 6 H % 12 1 g K 2E e = 2 B 12
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3)AHHHT 14> H NAATE R0 i R 5 4) AZHTH
3N A WA REERRE A v iRYT . AEWHIRNA YT
S5 SYTFAE H R BB 5 6)Ab TR B LI Y
Pk o WOHE R B — e R OB TR AT SLE %95 17
Bl 75 %1 (systemic lupus erythematosus disease activity
index, SLEDADVFA HZRGIEBNEE . T g Ko7l
A = = [ {4 S PO BEIRUAF IS | SR DG 1 ik
FEE 18 I(fERREXT IR, R 53 3 4], Lo 1s i, 4F4%
J31~45(37.83+4.31)% . SLE 41 5 it 3 X FE 20 A 331
4 I B A0 22 S S e T2 3 L (3 P>0.05) ., [R]IHHA
SRR R 34, RSN Il 5 AL AT

%1 18%ISLE BHE4F1E
Table 1 Characteristics of the 18 patients with SLE

Number Gender Age/Years SLEDAI
1 F 36 3
2 F 41 7
3 F 32 0
4 F 45 5
5 F 34 2
6 F 39 8
7 F 31 1
8 F 43 4
9 F 40 6
10 F 33 3
11 M 38 7
12 F 44 2
13 F 30 0
14 F 35 5
15 F 42 8
16 M 37 4
17 F 33 6
18 F 34 7

F: Female; M: Male; SLEDALI: Systemic lupus erythematosus

disease activity index.

1.3 FE#B5SIEH

NI B 40 0 B R 56 Cytiva 2 A o A
CD4" T MM mEER . LS 43 At Y0 B 1 [ 55 K
ZAF] . RPMI 1640 557560 H 3£ [F Gibeo 24 1] . R4
1fiL 7% (fetal bovine serum, FBS)W H DA %] Biolnd 2
. CD3/CD28 T 4 it i e Bk e [ bt i 5 3%
AR B AR A BR A F] . TRIzol 357 &1 1 55
Invitrogen 24 7 . RNA #4557 & . SYBR&¢ (17%¢

e B IEGH & W F R SCR R A ) TR IR A
A0 5G] £ -8(cell counting kit-8, CCK-8)I [ H
A Dojindo /A Al o 1 Bk H1 ig (bicinchoninic acid,
BCA) # M & & il ) & W A 3¢ [8 Thermo Fisher
Scientific 24 f] . FITC-CD4 #ii &k 14 F 3% [ BD
Biosciences A H] . Zombie NIR™ Fixable Viability Kit
PE-FOXP3 Hii{A& . #4145 1 (phycoerythrin, PE)-Cy7-
C-X-C #4 1k F % {K 5(C-X-C motif chemokine
receptor 5, CXCRSWilA, JllEEkE H(allophycocyanin,
APC)-F P EAET- 324K 1 (programmed cell death protein
1, PD-)$ifk . PEARicHr AHR BT iKW B 3 H
Biolegend A ] . FOXP3Hifk . B-actinHifA. P3004iL
&, AHRHUIA . 4175 H3 #4044 56 [ Cell Signaling
Technology A Fl . ey HT%E (co-immunoprecipitation,
Co-IP)i 5| & H 3& [E Thermo Fisher Scientific 23] .
Ye 6 i A € UL UE (chromatin immunoprecipitation,
ChIP)i 7] & W F 5% [ Epigentek 23 7] . AHR #5071 2-
(1° H-F5| k-3 B k) e s -4- 2 152 H K[ 2- (1 H-Indol-3 -
ylcarbonyl)-4-thiazolecarboxylic acid methyl ester, ITE].
P300 417 ] 771 A-485 ¥ [ 3% 5] MedChemExpress 2
Al EAANIL-2, IL-6, IL-12, IL-21, #fbA: KK
F -B(transforming growth factor beta, TGF-B)3J g H
FE[E PeproTech A Al . PCR 5| #¥) At st Rl A= WYl £
JBeAp A FRA W)

14 7k
1.4.1 SM R S AN B 5 5 55 CDA' Tt it o itk

SRAEWFFEN G40 R # ka5 mL, R BUEE, R
FH Ficoll % J& A B 55 0 % 43 B3 A1 Ji 1t B> 4% 41
(peripheral blood mononuclear cells, PBMC), ¥ Ifil #5
A I # R 15 2% Pk (phosphate buffered solution, PBS)
S RY RIS 1 R NCA il (17 N 1 o =8l
2, 2000xg B0 30 min, /NOWE LS )20, F
4°C. 300 xg #.L> 10 min 3875 PBMC. KA CD4" T
YN e RERR . LS 34t St S 28 N PBMC H 3 ik
CD4" T4,
142 mpaszsi 5 5ok

W 4y V& 3K 15 19 CD4" T 44 L JH 7 10% FBS .
100 U/mL 785 Z 1100 pg/mL 558 & 19 RPMI 1640 54
FRAE R, DL2x10°/HLAER T 96 FLARE LA 1x10%/4L4%
Fh T 6fLMr. FFLINA CD3/CD28 T 4 Mk i w2k (i
BRI &M 5 ul/1x10° -4 Jfd) . IL-6(20 ng/mL), IL-12
(10 ng/mL), IL-21(20 ng/mL)#1 TGF-B(5 ng/mL), T
37 °C. 5% CO, i AP 592 12 h 5, Jm A IL-2
(10 ng/mL)i5 5 Tfr 40 e 534k
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143 AKXk

SR FH AL 2 20 0 ARG 0 T 200 0 LG 490 (T %) S 400 i
N FOXP3, AHR & AFRINIKE o AR RS I35 24
i, PBS Pk ¥k I U8 2L 40 i % O 1x10%mL, B
100 pL 4 B, RN R 35 R bric Pk .
FITC-CD4. PE-Cy7-CXCR5. APC-PD-1, Zii F#bl
¥%#H 20 min, J PBS YE ¥ J5 ., I A Zombie NIR™
Viability J4 B}, = FEOGIEE 15 min, FIKPBS I
G, dEH] FOXP3/5G s PR e (0,28 w25 2 iR A 7 1]
SEMEEALEE, T4 °CF REEIEF 30~60 min, VRS

Jin A PE-FOXP3 L&, F 4 °CF#ILHEE 30 min.
PBS Yk o # A, i gl M Ak, R
FlowJo 10.0 %% 14 43 #t %t 4% . % CD4'CXCR5'PD-
1'FOXP3 41 ik 1 S0 T 40 (& 1) R b 2%
Y54 ¥ (median fluorescence intensity, MFI)iZ & Tfr 4
Jfl N FOXP3 5 AHR 25 &35 7KF-: 18 T 40T,
SEHUPE-FOXP3 o PE-AHR il il i MFI{H . AR SL5
B[R AU BRVE ST 5002 R, AFEA MFIL Y [R] 24
X MFT Y FUAE 27 H I8 AR 238 KT

Ly > .
- - Live
95.8
< T <
= | 17} ) il
@ £ Single cells @
Lymphocytes
i 82.1 L. i
1 1 1 1 1 1 I I T 1
FSA FSA Zombie NIR|
- Q1 . F_ollicular T‘—
. < {
S THRY “
- " 3.84 é
5 o %
175) o o~ %}
&
m
L a
APC-PD-1 FITC-CD4
L Tft%
0.20
PE-FOXP3
E1 AR SLE £& 5 EXT R Tir 4AAar Bl 5k

Figure 1 Gating strategy for identifying Tfr cells by multiparameter flow cytometry

Lymphocytes were first gated based on FSA versus SSA. Next, singlets were selected using FSA versus FSH, then dead cells were
excluded by Zombie NIR™ viability dye. After identifying CD4" T cells, PD-1"'CXCRS5" follicular T cells were gated within the CD4"
T cell population, and FOXP3" Tfr cells were subsequently discriminated. FOXP3: Forkhead box protein P3; SLE: Systemic lupus

erythematosus; Tfr: T follicular regulatory; CXCRS: C-X-C motif chemokine receptor 5; PD-1: Programmed cell death protein 1;

FSA: Forward scatter area; SSA: Side scatter area; FSH: Forward scatter height; APC: Allophycocyanin; PE: Phycoerythrin.
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1.4.4 CCK-8 7%

K Al CCK-8 2 K il A [] ¥ & 1TE(0, 17.46.
3493, 87.32. 174.64. 349.27 nmol/L) K A-485(0.
932, 18.64. 46.60. 93.20. 184.40 nmol/L)Xf CD4" T
YL FEIG PR R RE IR . KIS LS 9 CD4' T 40 iz il
T96fLtk, sl A LRk B ITE 5 A-485, X g
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W, REEE 1 he KRB E 450 nm P AL
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JE T HAE N J B S g A PR S
1.4.5 hapa 32 5540

W RT3 e 1O £ BE L CD4" T 48 M 4% 1x10°/4L 4%
FhF 6 fLAR, #21.4.2 Frik il S 45015 5 Th 415
1k, R A 25 A B AR P S8 H K 40 i
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TR (A E<0.1%); 2)ITEZH, il A AHR 305 ITE
(e i 9 349.27 nmol/L); 3)A-485 4, Ml A P3004)
il 7] A-485( £ He JiF My 93.20 nmol/L); 4)ITE+A-485
4, [AlHIn A TTE(Z 4 B 4 349.27 nmol/L) F1 P300 17
] 7] A-485( 4% He i 24 93.20 nmol/L). 4% 2H 21 Jil T
37 C. 5% CO YT i F . W3R 3 R g 4
Wi R R (& 10% FBS. 100 U/mL £ . 100 pg/mL
BERER), FFEBAMINAH R T A4 K 259 (DMSO
ITE. A-485 8 ITE+A-485), 4k4L3EFE B4 5~7 K,
MR 5 LR B4 HE, FAS RIS B] SR 4 . st
4 SLE i 1Y CD4" T 4 CD3/CD28T 41 i i 1%
WG Bk WAL 5 . 4> 4 SLE+DMSO 4 (i A %5 {K F1
DMSO) } SLE+ITE 2 (I AN R FE (I ITE), KiF#5¢
IR AT IR SR AR bR I
1.4.6 &G it ik

K JHHE 14 3R B 5 3% (Western blotting, WB)G: Il &
FI A Ko WSSE A 414, SR 4n i 24 mem (s
1% % P B il Pt 350 R 28 11 A0 1 7] cocketail) £ HUZH i
REN, RAEEARBGAR &R ER, 1T
6 AHR 7840 fl A% th i 357K F- . BCA AN E 85
JHR R . B B A R 4R 10% - b SR R A
(sodium dodecyl sulfate, SDS)- 2 P4 ¥ Bk iz #5E it i, vk
O, CRANBEE K A BRI ORI, =R T
HH 1 h, 5NMA AHRBUA:1 000), FOXP3Hiik
(1:1 000). P300#if4(1:1 000). B-actinHiiA(1:2 000)
R H3HiR(1:2 000), T4 CTRIEE K. &8
Tween 20 ¥ Tris ZZ P ER KBRS, INA MRS E kY
fERIC Y —HT(1:5 000), = FFEAE 1 he RAH
FORGEE R, H Imagel A4 B 250 (A, LA
HER SASEAKEMEN LERREBNEAR

RO Sy
1.4.7 5B B3R R BBk B

K ] TRIzol ¥ $2 B4 ffd & RNA, i NanoDrop
2000 {43 G E T E RNA MR FEFI4l . % RNA
J2 U s AR ) & U B BB RNA R 5 5% o 1 #b DNA
(complementary DNA, cDNA). L cDNA mEfR, &K
FH SYBR £ (4,58 1 il G b A 750 i S e i SR A il
% J V] (real-time reverse transcription PCR, real-time
RT-PCR). LA B-actin NS I, RH 2t
mRNA fAIXS kit . FOXP3 IE 15144 5-GTGG-
CCCGGATGTGAGAAG-3', 1 5|%¥ N 5'-GGAGC-
CCTTGTCGGATGATG-3'; f -actin 1F 6] 51 ¥ H 5'-
CATGTACGTTGCTATCCAGGC-3', FZ [a 51 %) K 5'-
CTCCTTAATGTCACGCACGAT-3'; IL-10 iF [i] 5] ¥
4 5'-CATCGATTTCTTCCCTGTGAA-3', [ 51%H
5-TCTTGGAGCTTATTAAAGGCATTC-3';  CTLA-4
1E 514 4 5'-CACAAGGCTCAGCTGAACCT-3', X
1594 5'-“AGGTGCCCGTGCAGATGGAA-3',
1.4.8 fm it 4

PIREER T e R CD4™ T 418 A CD3/CD28 T
S 384T WA B (5 L/ 1< 10° AN 4 ) Tl K 24 h, i dE
gL, TR PBS YRS, HAE TR AY Lonza L5 2%
Ml V(i1 Lonza A ") H, K H 5 A2 28 AR OMA
75 HAR) S AHR+P300 2% YL 20 (it A AHR . P300 it
FIBTTRD) . BRI MRS 5 2 T 1 FL i
#dr, % Lonza 4D-Nucleofector i, % /% 1JF 17 Hi 2
fLo HEE G S VI AR 20% FBS A9 RPMI 1640
R, BEREBEE LT, BT 37°C. 5%
CO, B FE A0 h ak S 55 5%, 48 h 5 WO B 40 i 0k A7 )5 &2
L
1.4.9 Co-IP

WL YL 5 ) CD4™ T4, v PBS MR %5 ,
T TP B (55 35 1 B 1 35 cocktail), oK I+ 24
40 min, 4 °C. 12 000 r/min &5.0> 10 min J5 B EVs . 47
4 Anti-P300 41 . 1gG 41 Fl Input 2 . Anti-P300 4 |
IgG 45 B 200 pg FEH BN, 73 0A 4 ngHt P300
YU B BT IE # % 1gG;  Input 2B 30 pg 75 FH T RE &
T4 CT e E IR . &4 A 30 pL Protein A/G
Wik, T4 CPIEEMT4h, BT P EWRIRE
B, 5L, WZRIVEIRRLEER 4 SR INA 2%
SDS FHEZE v, T 95 ‘CFZAEME 10 min, R WB
K AHR . P300 25 [ Ak K o
1.4.10 ChIP

WAL CD4" TAIME, A 1% RS, ZH| T
2 10 min, A 0.125 mol/L i H & R4 1E 38 1k .
Ve PBSVRIRSG , I 200 it 2 i 3 R 200 B A S A
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KT A DNA 2 200~1 000 bp H B, BUS50 pl #
PR = VRN Input, HAR5 R340, 4 5imA H
TR K R B B 1gG, T4 C R e a7,
A 20 pL Protein A/G ¥k, THEFFIRSIZ LIFE . i
5] 4~6 h, ZURU . WisCHK K DNA glifb )5, & Xt
FOXP3 JA 8l X354, 735-78 bp £-263 bp
J~431bp £-596 bp X Bt . A% K (polymerase
chain reaction, PCR)“#1Z:IgMHEE I K S8, R
JH ChIP-PCR ¥ 1F AHR } P300 7E FOXP3 Ji3 311 [X
By 45507 5 o K F ChIP-% ie PCR(quantitative PCR,
qPCR)E il FOXP3 JA 81+ X 3l AHR ., P300 %55
K-, DL H3K9ac, H3Kl14ac ZFfb/KF-, LA Input
B CUESF TAREAL , R Input%eik 5 5 FA54L .
FOXP3(-78 bp £-263 bp)IE [ 5|4 4 5'-TGGACAG-
CGGAGGAAGTA-3', 1514k 5-CTCAGCAAC-
CTGGAGAAGA-3'; FOXP3(-431 bp Z-596 bp)IE [f]
5194 5-GTGTTCCCTCTACCCAAAG-3', JZIa514)
3 5'-CCTTAGTGCCTGTGACCT-3', J5#4% ChIP-qPCR
K 0 353 £ %) FOXP3 I3 8 F - 78 bp 2 -263 bp X B
AT

L5 ZritabiE

% ] GraphPad Prism 11.0 Gt i =4k AF 51 7838 4
Bro THEFEBLESERRE, 75 1ESSM0E L
PIRARE 22 R0R o 2 A LRa T, 7 2255 3 R H
SEREA RS, D7 A FEE R Welch’s 1/ 555 2241
() b 45 >R FH B PR 2R 07 2 4, 20 1) T8 T4 L AR
Tukey 7. PAR S AR DG 2 1E 5341 K H Pearson
FHOCAM BT, AN T 25 43 A1 30 55 9 58 RBH 3 R
Spearman Fk A &4 #T . L P<0.05 h 22 54 e it 2#

24 B

2.1 SLE £ CD4" THREH Tir %A Tir i+ FOXP3,
AHR RiEKFEHHT

A ARZE RN, SEBEXEMEL, SLEH
# CD4* T 4l il Tfr% & 3 P& I (P<0.001, &l 2A).
Spearman A 40T 7R, Tfr%-5 SLEDAI &£ 1 4
K(r=-0.803, P<0.001; [2B). #E—HK0 Tfr 21 i
W FOXP3. AHRZE K LKF, 8RR, HidHgE
XTREAH L, SLE % Tfr 40 FOXP3 ., AHR 8%
IR B (¥ P<0.01, E2C. 2D). Pearson ¢
YErHT s, T 40N AHR 2 (1 #3A7K 75 FOXP3
T AR IEMA X (=0.596, P<0.05, [X2E),

2.2 AHR & iE FOXP3 &%k & Tir A 514

CCK-8 453 7%, 7E 0~349.27 nmol/L ¥ & 5 [l
PN ITE Kb B 48 h X CD4+ T 4 [t 4% 5 75 4 JC WA I 52 i)
(P>0.05, KI3A), WB4 R R, 5 Control ZHAHLL,
ITE 41 CD4* T 4 i % £ 11 AHR 357K 7 B &8 7 &
(P<0.01, [¥3B). real-time RT-PCR %5 £ . /x, 5
Control A4 k., IL-10 Fx CTLA-4 mRNA 33k /K- i
Z FHP<0.05, EI30), 4IRS RE /R, ITE
ZH % Control £H Tfr 40 Jifd FOXP3 & 4 2 ik K F b THi%
¥ E T E (4 P<0.01, E3D. 3E).

2.3 AHRBEP3004E ZE FOXP3 REhFXiF

Co-IP 5 5IESE, AHR 5 P300 77 & FH i AH B
YEFH (FE 4A), BE—3 ChIP-PCR 45 5 . /%, AHR 7
FOXP3 Jii 81 T X 38k — 78 bp % -263 bp }-431 bp &
-596 bp X Bt AL, A (1 4B), P300 7E FOXP3 )i
BT IXIe-78 bp £-263 bp X BHAFAELS S, MAE-431 bp
2-596 bp X B AR 2B B 455 (K1 4C), £/~ AHR
A FAZE P300 254 2 FOXP3 ) 811X -78 bp £-263 bp
X Bto

2.4 AHRHE LA FOXP3 B FRIBAZER Z BN
FHR i FOXP3 Rik

real-time RT-PCR }z WB 45 - . 7~ , 5 Control 2H
AHEE, ITE 20 FOXP3 mRNA K 4% [ i 2 ik K E 2
ZTH i (¥ P<0.05, [E14D. 4E). ChIP-qPCR %5 ik
7, ITE 20 FOXP3 Ji 8l ¥ X 8§ H3K9ac . H3Kl14ac &
1k 1k 7Kk S B & T & (P<0.05), H AHR & P300 7E
FOXP3 Jii 8l ¥ IX S 19 45 G 7K 7 34 18 35 3 hn (29 P<
0.01, E4F. 4G).

2.5 AHR"SHFOXP3 Ki% LEERSRE P300 /- 5#
AEAZEAL IS

CCK-8 K 45 5 @ 7w, P300 411 771 A-485 7E 0~
93.20 nmol/L ¥ J& 15 [l A X CD4* T 4 g i 4 5 15 M G
W 520 (P>0.05, [¥15A). ChIP-gPCRZEH /R, 5
Control A A It., ITEZ] AHR }% P300 7£ FOXP3 & 3l T
IR 25 A /K THE (3 P<0.05), A-48541 P300 7E
FOXP3 Ji3 3l X 381 45 65 7K 7 W I B 1K (P<0.05) HL
AHR 25 67K F-JC I B 224k (P>0.05); S ITE4iHLL,
ITE+A-485 24 AHR 45 57K ¥ 22 R I g it 2 & L (P>
0.05), 1M P300 455 /K- F-FEMK(P<0.05); 5 A-485ZHAH
Fb, ITE+A-48541 AHR 454 /K-F-0 & T35 (P<0.001),
P300 45 & /KF I A8 1k (P>0.05, & 5B). dl&EH
AR I 45 R 7R, 5 Control ZLAH HL, 1TE 41
H3K9ac M H3K14ac & Bk Ak /K7 ¥ 2 Tt (34 P<
0.001), A-485#H H3K9ac } H3K 14ac Z Bt ALK F-3 8
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FREAR(H P<0.05); 5 A-485 411, ITE+A-48541
H3K9ac & H3K 14ac Z Ftfk /K-35 70 B 1 25 5 (3 P>
0.05), T1fii ITE+A-485 20 H3K9ac } H3K 14ac Z itk /K
SEASITE 20349 & T R (3 P<0.05, K15C), WBZS

B~, 5 Control Z1AHH,, ITE 41 FOXP3 & H #F£ik/K
SE-B i TH 5 (P<0.001), A-485 4H FOXP3 25 11 £ 3k 7K
BRI B AR (P<0.001); 1] ITE+A-485 4b # 2] FOXP3

1235 K T4 A-485 41 B . TH 85 (P<0.001),  HLAIE
TITEH(P<0.05, K5D), ARG R E R, 5
Control HAHLL, ITEZH . ITE+A-485 4 THi%3 W i 7+
(X P<0.05), A-485 4] Tfr% W i F& (K (P<0.001), ifi
ITE+A-485 ZH Tfr%4% A-485 20 T+ 55 (P<0.01), {EAE
TFITE4H(P<0.05, KI5E),

100K 100K
Tfr% Tr%
80K 3.22 80K 0.94
<4 60K 60K |- <
A =
[2e]
=
40K . 40K F
20K | | 20K |
1 1 1 1 1 1 I 1 1
-10> 10° 10> 10° 10°* -10> 10° 10> 10° 10°* HC  SLE A
PE-FOXP3
10p =—0.803 - 3001 o
P<0.001 - .
120F —SLE =
8 s
_ 5k 90k £ 200
< =
a E &
2 O 60 b= °
o+ ;;; 100
30F o
(59
_5 1 1 ] 1 1 1 O
0 0.5 1.0 15 B -10° 10° 103 10° HC  SLE C
Tfi/% FOXP3 MFI in Tfr cell
250 140 -
- e
—SLE KKk % . &
= 200 qoq S 130f
3001 3 =
=]
= = 150 £ 120
2 200 = &
o B — >
© S 100 S 11of
= kS
W < 50 = 100
= :
1 1 0 90 1 1 1
10° 100 102 10° HC 0 50 100 150
AHR MFT in Tfr cell D MFI of AHR in Tfr cell E

B2 SLE £& 5 @REXE CD4'THMH Tr% Kk FOXP3, AHRFRIXZER
Figure 2 Differences in Tfr% and FOXP3 and AHR expression in CD4" T cells between SLE patients and healthy controls

A: Flow cytometry was deployed to evaluate Tfr% in peripheral CD4" T cells from SLE patients and healthy controls. B: Spearman
correlation analysis between Tfr frequency and SLEDAI C and D: Intracellular FOXP3 (C) and AHR (D) protein expression in Tfr

cells was assessed by flow cytometry, respectively. E: Pearson correlation between AHR and FOXP3 expression levels within Tfr

cells. **P<0.01, ***P<(.001. Data are presented as meantstandard deviation. Statistical significance was determined using

Student’s #-test, Welch’s #-test, Pearson correlation analysis or Spearman correlation analysis. n=18. AHR: Aryl hydrocarbon

receptor; SLEDAI: Systemic lupus erythematosus disease activity index; HC: Healthy control; Tfr% : Tfr cell proportion, MFI:

Median fluorescence intensity.
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Figure 3 Changes in Tfr% and expression of FOXP3 and AHR following AHR-mediated activation of CD4" T cells in
healthy individuals

A: CCK-8 assay was used to evaluate CD4" T cell viability following treatment with graded concentrations of ITE. B: Nuclear AHR
expression was detected by WB in CD4" T cells from the Control and ITE groups. C: Real-time RT-PCR was used to detect the
mRNA expression of /L-10 and CTLA-4 from the Control and ITE groups. D: Flow cytometry was employed to assess FOXP3
protein levels within Tfr cells between the Control and ITE groups. E: Flow cytometry was employed to assess Tfr% between the
Control and ITE groups. *P<0.05, **P<0.01, ***P<0.001. Data are presented as mean+standard deviation. Statistical significance
was determined using Student’s f-test or one-way ANOVA. n=3. CTLA-4: Cytotoxic T-lymphocyte associated protein 4; IL-10:
Interleukin-10; WB: Western blotting; RT-PCR: Reverse transcription PCR; ITE: 2-(1’H-Indol-3’ -ylcarbonyl)-4-thiazolecarboxylic
acid methyl ester; ns: No significance.

2.6 SLE E# CD4" T 48 g Hf AHR & i& 7] £ F Tfr FRKEBE FIP<0.01, K 6B), ChIP-qPCR %5 %:
HEH 5tk . FOXP3 &RiEKER FOXP3 BHTX 7R FOXP3 [ 81X H3K9ac . H3K14ac Z Mk K F-

AHR/P300ZEEKE. ZEALKT K AHR . P300 45 & /K -2 W 2 8 (¥ P<0.05, &
ARG R W8, 5 SLE+DMSO 4HA 1, 6C. 6D),

SLE+ITE 41 Tfr% . % | J8(P<0.05, & 6A), FOXP3
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@ AHR binding site
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<
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Figure 4 AHR recruits P300 to the FOXP3 promoter region and regulates its histone acetylation levels

A: Co-immunoprecipitation was deployed to verify the physical interaction between AHR and P300 in CD4" T cells. B: Schematic
illustration of AHR binding sites on the FOXP3 promoter and representative ChIP-PCR gel electrophoresis. C: ChIP-PCR was used
to detect P300 binding sites on the FOXP3 promoter (=78 bp to =263 bp). D: Real-time RT-PCR was used to detect the FOXP3
mRNA expression levels. E: WB was used to detect the FOXP3 protein expression levels. F: ChIP-qPCR was employed to quantify
H3K9ac and H3K 14ac enrichment at the FOXP3 promoter (=78 bp to =263 bp) in CD4" T cells from the DMSO and ITE groups. G:
ChIP-qPCR was used to assess AHR and P300 binding levels at the FOXP3 promoter (=78 bp to —263 bp) in CD4" T cells from the
DMSO and ITE groups. *P<0.05, **P<0.01, ***P<0.001. Data are presented as mean+standard deviation. Statistical significance
was determined using Student’s t-test. n=3. AHR: Aryl hydrocarbon receptor; ChIP: Chromatin immunoprecipitation; PCR:

Polymerase chain reaction; qPCR: Quantitative PCR; TSS: Transcription start site.
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Figure 5 AHR-mediated upregulation of FOXP3 expression is partially dependent on P300-mediated histone acetylation

A: CCK-8 assay was deployed to assess CD4" T cell proliferation across A-485 concentrations. B and C: ChIP-gPCR was used to
evaluate AHR/P300 binding levels and histone acetylation (H3K9ac/H3K14ac) at the FOXP3 promoter (—-78 bp to —263 bp) in
Control, ITE, A-485, and ITE+A-485 groups. D: WB was used to detect FOXP3 protein expression in Control, ITE, A-485 and ITE+
A-485 groups. E: Flow cytometry was employed to determine Tfi% in Control, ITE, A-485 and ITE+A-485 groups. *P<0.05,
**P<0.01, ***P<0.001. Data are presented as meantstandard deviation. Statistical significance was determined using one-way
ANOVA. n=3.
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Figure 6 Mechanistic validation in CD4" T cells from SLE patients

A: Flow cytometry was used to detect Tfr% in the SLE+DMSO and SLE+ITE groups from SLE patient CD4" T cells. B: Flow
cytometry was used to detect intracellular FOXP3 expression in the SLE+DMSO and SLE+ITE groups from SLE patient CD4" T
cells. C: ChIP-qPCR was deployed to quantify H3K9ac and H3K 14ac levels at the FOXP3 promoter (=78 bp to =263 bp). D: ChIP-
qPCR was used to evaluate AHR and P300 binding level at the FOXP3 promoter (=78 bp to =263 bp). *P<0.05, **P<0.01. Data are

presented as meantstandard deviation. Statistical significance was determined using Student’s #-test. n=3.

3T it

VR kg R 2 A e T S5 A 208 43 8 e A5 A O
ANMEAE, T 400 A B0 S I Re S H E 1 B et
PR (1 e vh R AR AR . REAERE SRS R B
SLE f8 & () TE% R AR, B 5901 s B . b Uk
DNA LK R A . ARFREER BN, SRR

XFREAH LG, SLE & 4P I CD4" T 4 THe%e i %
FEA%, H 5 SLEDAIZ B E MM, 51 ibifE—
., SRITA BFFEU % I SLE £ A1 & il THr% 5 T
BEXHR, X RP2E A e TR 4 e . B AR
R AN T 8 B ) AR A AR A 6, PR A
CD4"CXCRS'FOXP3ME ) Tfr 4l A 52 L, iAF
5% % 1] CD4'CXCR5'PD-1"FOXP3" /£ 2Ky Tfr 4 ity 2 %!
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FE SC, ] RE R M TR0 ELAT 8 57 5E T Y T 2
M. FOXP31E K T 4050 fb AT BEAERE 1A% 005 53
K, HERR TN R 2 T T6E 32 5 A% 5 2R
[, AHF5E WELE] SLE H 3% T 4l rh FOXP3 23k M4
ik, BT AHR RIBIF TR, HEHERIEMAHX, #R
AHR 5 5 i 5 % 7T BeE - LU ALH = 5 8 %
FOXP3 %k,

AHR R L (RAKHEE R SR R T, S 512 R
V540 i B 434k 5 B RE . Ehrlich 8P4k 58, &7 &
AHR B A& T]5 5 FOXP3' Treg 4404k, i 5] 2 0
fEE Th17 4R 51k, BRI R B AR & T BEJ2 2 M AHR
WREMIN R 22— AR B, AHR #3057
A AR 2 B /N B Teh 4 e ], [R] Al AR
Tfr/Tth, FREH AHR S X6 T 40 B A — @ i %
YER o ASHFFEE RS0 56 & B, ITE JG CD4™ T
4 it AHR J& , Tfr 4 ifg ) FOXP3 & 1 £ ik L iH H
Th% i, EREARLE ST, ITEA 319 AHR
TEACPT R SE e 32 o AN [FIBCARSE N 3o e 5L 50
TR AT 520 AHR X 50 R REAE T, Aokik
T RN A AHR B 15 #I %) SLE f 3% T 4 1)
AL

2 1 L AL 5 R i A% B 1 7E SLE &S AL
R EAEH . WP R B S B SLE & 1A
1. CD4" T 41 g o 41 5 [ H3 Fl H4 $E 4K 2 kA /K- B
WREAL, H H3 2Bk 2 5 SLEDAT & i A 3¢,
SLE .3 B 40l it Hh 2 2 FH H3 F1 H4 [AkE 2L L WAk
Ao XHERAEN CEALKE NS5 SLER
GURER AT . A R B R A 3l XS e i &
B, AHR 36 J5 vl 5 5 PE T & FOXP3 )3 8 F X 3
H3K9ac Fl H3K 14ac [ Z BE AL 7KF-, A3 i SLE
FOXP3 35 T I 1) 22 Mgt A% ML 2 A 187 1 0 A o
AW i Co-IP Bz ChIP-qPCR SZ56ESE, CD4" T4
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