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Abstract: With the development of small-molecule immunotherapy drugs, its combination with the

programmed cell death ligand 1/programmed cell death protein 1 (PD-L1/PD-1) antibodies would provide a new
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opportunity for cancer treatment. Therefore, targeting PD-L1/PD-1 axis by small-molecule drug is an attractive
approach to enhance antitumor immunity and considered as the next generation of tumor immunotherapy. In the
present study, we investigated the anti-tumor role of salvianolic acid B (SAB) by regulating the PD-L1 level in
tumors. Changes of total PD-L1 and membrane PD-L1 levels were determined by Western blot, flow cytometry
and PD-1/PD-L1 interaction assays. The expression of mRNA level of PD-L1 was detected by real-time PCR. The
cytotoxicity of activated peripheral blood mononuclear cell (PBMC) cells toward co-cultured tumor cells was
measured by cell impedance assay and crystal violet experiment. Surface plasma resonance technique was used to
analyze the direct interaction between SAB and ubiquitin carboxyl-terminal hydrolase 2 (USP2). The antitumor
effect of SAB in vivo was examined by C57BL/6 mice bearing MC38 xenograft tumor (all animal experiments
were conducted in accordance with the Animal Ethics Committee of the Institute of Medicinal Biotechnology,
Chinese Academy of Medical Sciences). Western blot and flow cytometry assay showed that SAB can significantly
downregulate the abundance of PD-L1 in RKO and PC3 cells in dose- and time-dependent manner. PD-1/PD-L1
binding assay revealed that SAB reduces the binding of tumor cells to recombinant PD-1 protein. Mechanism
studies revealed that SAB can bind directly to USP2 protein and inhibit its activity, thus promote the ubiquitin-
proteasome pathway degradation of PD-L1 proteins. In addition, Cell impedance and crystal violet staining
indicated that SAB enhances the killing activity of co-cultured PBMC cells toward tumor cells. MC38 tumor
transplanted mouse experiments revealed that SAB treatment displayed significant suppression in the growth of
MC38 tumor xenografts in C57BL/6 mice with an inhibition rate of 63.2% at 20 mg-kg". Our results demonstrate
that SAB exerts its anti-tumor activity by direct binding and inhibiting the activity of USP2 and reducing the
PD-L1 level. Our study provides an important material basis and scientific basis for the potential application of
SAB in tumor immunotherapy drug targeting USP2-PD-L1 axis.
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FERLF MR DMEM (11965092). RPMI
1640 (11875093) % 7% #& ) H 3% [E Thermo Fisher
Scientific 7 & ; Jif & (A EE (SH40003.01). fi 4 i i
(SH30079.03) HI ¥ %5 2 /8% 5% 2 1% W (SV30010) 1 H
5% [E Hyclone 2w ; - = 4 & fiff iR B4 (0227). Tris Bk
(0497) L B FR %4 (0486) [ Tween-20 (0777) e H 3
Amresco 24 # ; PVDF fi& (IPVH00010) ) B 3
Millipore 2~ ] ; PD-L1 $iuiA (#13684). 5 HiE /K Jii 75 97 55
A& (poliovirus receptor, PVR) $iifk (#81254).GAPDH
PR #5174) FE P/ B 5t (#7074, #7076) 11
H 3% [ Cell Signaling 24 7 ; CD47 $iifA (ab218810) 11y
H 2 [ Abcam A 7] ; V2 2 72 3 R Uiy /K #1552 (ubiquitin
carboxyl-terminal hydrolase 2, USP2) (10392-1-AP) it
& 8 B 3% [# Proteintech 2 &) ; VigoFect ¥ 7 i 7
(#212E) 1 3 Jb 50 Boks b i A H R G IR A w5 SAB
(RS00051020) It B - ifg = PHE A H ARG R A A

MHAEEE TR N 25 2 i RKO FHT 51 i g 40 A
PC3.DU145 41 J ) H rh [ & 7 5 P B2 il B2 2 i 5%
Fr, /I B4 i 9 MC38 4H i AT is 46 T 40 i #% I 7
(nuclear factor of activated T cells, NFAT) ¥¢ )¢ & [
Jurkat 41 J8 tH A = &£ 47 . RKO.PC3 1 DU145 3
RPMI-1640 £5 7%, MC38 41l g H DMEM 17 3% . 55773
I 10% FBS 1 1% XU, I & T8 7746 (HERAcell
vios 160i, 3£ [H Thermo Scientific A #]) (37 °C+5% CO,)
TR TR .
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JEEREHEAT WAL, 1 000 r'min”', 5 min #4750, 3 PBS
W2 Y. PBS R4 ik (121 000), ¥R2)
Je N B0 41 B 3 AT e, U 4 °COKAR ik e i 5
20 min J&, 1 000 r-min” &0 5 min, 25 R %24l IF
FIPBS Pk 14k F 300 H i 0 3473 18, 36 o 1 24X
2 R 44X (Lumienx Guava BGV, € [E Luminex
A F]) AU 4H e IR 1 PD-L1 2615 5 .

PD-L1-PD-1 ERMHEER LI K RKO i fiig 4
BT 24 FLAR H (1x10° AN/AL), 75 L K 388 (37 °C,
5% CO,) W57 Z 40 MINGEE, 2924 hJ5, 545 IRk I
BT HE DMSO BA [F]94< 5 SAB Ab B, Z59)1F F 45 R

Jei, W R RE 9% FE I FH PBS Tl Uk 3 ik, 4% £ 3 H RS [H] 2
ML (F I, 15 min), 23382 K H & f5 F PBS 3% W5 il

¥ 3E B N E L PD-1 Fe & UM & 5 (40 i vh s &
1 h, Fl PBS Z2 R v 4l B 27k . Mt A IgG (Alexa
Fluor 488) %¢ )t —#t (1:1 000), 4 °C# & 30 min. fJ
DAPI G 438007 40 Bl A% 3347 44 410 min, H PBS 22K

MR M 3, S NN H R . fERE BT
MER PO TR R G . WA H3EE %
F] Axio Vert A1 BB 41 8% . 5% 6 5% i 18 i Novo
cyte Vit 24 M A A7 R 0, I8 3 Novo Express 1.5.0
B CEE R AR]) Gt

MTT AN EMAEFRER MTT 250 i AR S
A CUARIE [ 7 AT B 4T RN 96 FLBS IR,
IINAS R KR FE B9 SAB (5410 120 pmol-L™), ££ 1% 7% 46
RS 9% 24 h, BEASFLINN 20 uL 5 mg-mL! MTT, i
AN TR R 4 h, B 5 75 BIE, 4L 100 pL
TR EEWHA, 5B % 20 min J5, 7€ 570 nm 4 5E TR
Yedd .

Western blot Western blot 52 5% 1% i A< ¥R f4H
TRIE I 7 VAT KA B RN 6 FLAR Y, I SAB &b
PR ARSI ) S5, VKA 16 PBS W4 i 2 3, 45 4L 0 A\ i&
AR, P A0 ) 6 FLAR Al S R, B UK
- 244% 30 min. B 5 4 °C+12 000 r-min™ & 0> 15 min.
W £E B3, F Bradford 12 € A5 14 BORA FE, Bie i -
FEWR, b 10 min. HX 20 pg &8 (1 #E47 10% SDS %
R T i B G R, e IR LIS 4 e CId O B — L,
EZEWEMHE P 1 h, i H Tanon-5100 KB A% R &
(FERBEA A BT A

IR EE PCR A M T 6 fLIR S, H
SAB 4t ¥E 12 ho 1 F{ RNA $2 U7 & (RAR AL RHL
AR 2 ) $EHCA S RNA, $2% 8 H iScript™
cDNA Synthesis Kit (3% [ Bio-Rad 2 &) 5 & #4719
B4 i cDNA. % B iTaq™ Universal SYBR Green
Supermix iR 7l £ (35 [E Bio-Rad A &) #EAT#AE, A
&GRS A cDNABAR 5, AR - 2H 40 g
PD-L1 mRNA 1251t . qRT-PCR 5| #1551 ~: PD-LI
(forward: 5'-TCACTTGGTAATTCTGGGAGC-3';
reverse: S'-CTTTGAGTTTGTATCTTGGATGCC-3");
GAPDH (forward: 5-TGCACCACCAACTGCTTAGC-3';
reverse: 5-GGCATGGACTGTGGTCATGAG-3").
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H StemEry A ] . PBMC A3 [ Bl I8 2 it 5% 473 S 56 i
xCELLigence RTCA S I 4 fitd Iy fig 43 # A & 48 (S1e,
FH AT #HAT. e, /£ RTCA B A1 B 505
B IR, SR 25915 2. . 1F E-Plate 16 HI &AL
HHIIN 50 uL = [ K5 77 5, ¥4 E-Plate 16 #iUBE] RTCA
Station bl F3ELk ., HUH E-Plate 16 B, 7EAIIBR 7%
&4 5x10° /> RKO 8% PC3 0L 1) 50 pL £ 773, fdi15
W FLZARFRIA 3 100 Lo SIS 2 A5 K 0 400 i 3
FE 24 hJ5, 05 I PBMC 41 i 5 psg 4l e £ H BL 10 1
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S200, 3£ [H GE Healthcare 2> 7]) £ i /&% 25 °C R kAT
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[ 52 B 20 N USP2 25 H, A [A] ¥R £ 1) SAB ¥ i (25+
100+ 150+ 250 #1300 pmol-L™") N Zh 40 . 1 mol-L"
pH 8.3 L i FH -1~ BH W ) 4% FR & MR AL 5 . 7E pHAE N
7.4\ 4 0.05% Tween-20 [ 1x PBS 2% # il 1, LA
20 pL-min™ R 47 AN [F] K 2 1F) SAB 15 thUSP2 1)
G4 R 8120 s. BlAevaluation 814 2.0 8 101
Langmuir £5 & 1 B 73 #7 45 & 2 71 %, Wl € SAB 5
USP2 E A4 A K fE -

£iZZ1LEE (deubiquitinase, DUB) & 4 4 M 52
W %M B R BV W (50 mmol-L Tris-HCI,
pH 7.5 1) 1 mmol-L" EDTA, 1 mg-mL" B} i & A,
5 mmol-L" MgClL,, 1 mmol-L" DTT, 1 mmol-L" ATP),
% & 41 A\ USP2 & (1 5 DMSO 1§ SAB (5. 10. 20 Al
50 umol'L") ¥ & 1 h J5, 5 1 pmol-L' Ub-AMC
(Boston Biochem 2 7], U-550) JE&AIE AT 100 pL Jz v
& FZ T, R 30 min 5 EHUEI, 78 345 nm UKL T
for il 445 nm P A 1) RS

INREERA R TEEE SIS SPF 445 CSTBL/6 /N
(18~22 g), MEYE, W [ A6 5 2 B e AE MR It A BR
A, W ATIE SR 5 SCXK (50) 2019-0008. 5246 B AL
YFAESR 5 SYXK (3%) 2017-0023. Fi43 sh# 5256 15
o R [ [ 2 R 2 Bt 1 24 A s R 7 Bl sh 16 B 2%
R MAER TR R AT o W/ BT AR E A4S, 7/
BR AT IR e Ph MC38 45 i 9 40 i 1x10° /N . 2
Fl72 hJ5, FC I SAB, A& Ji i it 45 24 sl 2k B #h K =
X R, SAB SEU64H 25 24555 1 10 120 mg-kg', 25 F X HE
H 257200 pL PBS, 5 H 4525 11k, L4525 14 K.
2 R T RN BRAR R 25 24556 3 RIT4A, &3k 2 R &
LIRAART. SR AZi2 KRG, eE/NR, 7 2R H 8
FATRARE, B 5 4 2H 2L AT 9 RS2 8

EREZEANCHESERTHERE S
o R MR A, AR SRS (1 mg-mL) Al
DNA i (0.1 mg-mL™", #2357215, 2£ [ Gibco 24 &) 7E
37 °CAb¥ 1 h, BAHL o SN, I E %
BioLegend A #] [f) PE/Cyanine7 anti-mouse CD45
(#103114). APC anti-mouse CD3 antibody (#100235)-
FITC anti-mouse CD8a (#100803). PE anti-mouse CD4
antibody (#100407) XJ 544 fil AT YL 4, 4 °CAb3E 1 he

FH 240 6 5 77 A R LSS, 0 A gk AT 7 A 9 FH e B
% [H BioLegend 2 7] [ T #1 % -y (interferon-gamma,
IFN-y) §iL & (#505841) A1 5 ki i B (granzyme B,
GzmB) Piff (#396414) HEATHE, 4MHH PBS /015
Ve 33, i J5 148 H Novocyte Uit xU4H I SCHEAT R, 5256
45 Novo Express 1.5.08F GEE L6 AR]) Giit.
FITFE S TAHIRE S 3K, LI A5 R A
Graphpad Prism 8.0.2 B AFEAT 70 4. SEEGEHE DL x + 5
Fow, I LEBCRF k5, P < 0.05 B REMEZER .

Z#R
1 SAB TiEMELHR+ PD-L1 HIFRIE

DL 45 iz 9% 40 f RKO AT T 51) IR 8 41 A PC3.
Duld5 A Fint &, AHEFER I T SAB X it 98 4t A
PD-L1 & & E KA. AR E (0.0.5.1.2.5
A110 umol-L™) ] SAB 43 5l /E F T RKO F1 PC3 4H fiid
24 h J&, ] Western blot £ Il PD-L1 1454k . &5 &
7, SAB A] L7 A% # ME R M PD-L1 1) R ik, 76
10 pmol-L™ ¥R FE '~ SAB BRI A R FE W1 &1 R /E A (B
1A). % FR, AW 70K 10 pmol-L' SAB ] - RKO.
PC3 A1 DU145 48 Hd A [F] 5 [8] (0.1.3.6+12 #1124 h) 5,
FHl Western blot 1) /5 ¥ 46 1 SAB X 4 it 7 PD-L1 1A
MR . 45 53R B, SAB X PD-L1 (19~ /EH B A I
8] 41, 10 pmol-L™ SAB AF FHf 24 h a] LLB & T i
PD-L1 f) %5 K T (F 1B). Ib4h, AW RiLH T
SAB X RKO F1 PC3 4H A H o Ath G 28 7 i 4 CD47 Al
PVR K520, & B H % CD47 #1 PVR [ 2k % A ¥ &
I VE AT (B 1A), 60T SAB H5- 5 4 4 A frb 87 28 it vp
GG A M PD-L1 RIE . BT IR G i 9T 259 ¢
AN B AR MR A, A — DRI T SAB 14
Mo PE . MTT &5 £ W, 10 pmol- LK & 4 ) SAB 1E
FH RKO FI PC3 41 1 24 h &, % 4 B 384 5 v P G PR 2 5
M (B 1C). LA g5 B3 B SAB m] LA 71 & AT [a] 44 #6t
P U b 2 b PD-L1 R IA
2 SABME{EMELELE A PD-1 EHAIAE

1 — Rl 2R (9, PD-L1 43 306 25 i3 40 g 25 1 )i
5 T4 M3 1H 1) PD-1 AH B A, #0000 T 28 it £ 3 14 AN
TR G A AE Y. St — 25 W1 SAB X g
4 ff 55 32 1H0 PD-L1 2R3k () 52 e, A B 55 % SAB 4k 2
RKO #i fitd 24 h, F ¥ 248 i A Al 12 22 1 PD-L1 (1) 3%
et o 45 3R], 5 H110 pmol- L SAB 1 Ja Al &
5 B AR 4 B JE 22 18 ) PD-L1 /K F, H 10 pmol-L!
SAB H] i Il 3 [l PD-L1 ~F 33 ¢ 't 58 & P IS 50% 72 4
(K 2A),

I Ah, AHF 7T I8 4% SAB T kb B 24 h Ji5 (1) RKO 41
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PD-L1 | [0 0 8 0 g |50 PD-L1 | MR 50 =
PR |(RREESS 5 pvr | EEREOE 2 s
>
’ CD47 E I k ‘j_] iC
| ——— IR | 50 ©
GAPDH [gwew=—wswsww|34  GAPDH [weswerese=|3, 0
RKO kD PC3 kD 0 5 0 20
SAB / pmol-L"!
B
SAB SAB SAB
Time/h 0 1 3 6 12 24 Time/h 0 1 3 6 12 24 Time/h 0 1 3 6 12 24

GAPDH [Seememwmmman] 4 GAPDH % GAPDH [Seeseem] 34

RKO kD PC3 KD Dul45 kD
Figure 1 Salvianolic acid B (SAB) reduces PD-L1 expression in tumor cells. A: RKO and PC3 cells were treated with different concentra-
tions of SAB for 24 h, expression levels of PD-L1, CD47 and PVR were detected by Western blot; B: RKO, PC3 and Dul45 were treated
with 10 umol-L™" SAB for the indicated time, expression levels of PD-L1 were detected by Western blot; C: Cell viability in RKO and PC3
cells treating with different concentrations of SAB for 24 h was measured by MTT assay. n = 3, x + 5. PD-L1: Programmed cell death ligand
1; CD47: Leukocyte surface antigen CD47; PVR: Poliovirus receptor

A RKO
800
p 600
- 4\ =
a0 © O\ 58339 E
3 v 400
g Y :' N
25 1 32192 e
Q /\\ 200
a0 295.22
ot 1 100 10t 108 0 5 & 16
Ll — 5
PE-PD-L1 SAB/ pmol L
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2 1.04 /E 4 sk ok
i e s &8
o) (== a5 3
= TE g3
3 B, ok SE,
§_ e 05 T o h==1
E : 8]
s = =33~ 1
) -~
2 &
@ 0.04 0
0 5 10 SAB 0 0 5 10/umol-L"!
SAB / pmol-L"! Jurkat - + + +

RKO + + + +
Figure 2 SAB attenuates the ability of tumor cell binding PD-1. A: RKO cells were treated with SAB (5 and 10 pmol-L™) for 24 h, the
plasma membrane PD-L1 was detected by flow cytometry. Statistic of PD-L1 mean fluorescence intensity (MFI) is shown in right; B:
PD-L1/PD-1 binding assay in RKO cells treated with SAB (5 and 10 pmol-L", 24 h). Bound PD-1 was calculated according to the intensity
of green fluorescence (scale bar, 200 um); C: The PD-1/PD-L1 interaction between Jurkat NFAT-luciferase reporter cells and RKO cells
treated with SAB (5 or 10 pumol-L™) for 16 h was detected by PD-1/PD-L1 blockade assay. Data are presented as fold induction over
P <0.001 vs DMSO group. PD-1: Programmed cell death protein 1

ok

untreated control. n=3,x+s. P <0.01,

iy 5 # 20 1 N PD-1-Fe & [ (—F i A\ PD-1 fl Fe-1gG BEL BT 4 7 52 56 & 8L, 76 ] SAB 4b # ) RKO 41 g
R RilG B ) AH BRI, BE S I BE ] Fe-PD-1 & NFAT % 6 R Bl R 615 5 (H 1 PL SAB R FE A 5t 14 7 28
F 586 B AT A i, SR F S8 5 5 7 % o A I e BN (K 20), W SAB @ i 4 fif R 4 i % 1
MR T 455 PD-1 &AL . 45 R W], SAB W] /b PD-L1 IR IE, MIfifigkr T % TCR A5 5401, (2 T 40
RKO 41}t 55 PD-1-Fc (454 - 5A110 pmol-L" SAB #fi MO AE . DA b5 SRR SE, SAB AT I 35 [ AR i 8 20 e
H R 0 3 298 68.1% 1 81.4% (& 2B). #: F 3k, AHf JEE T PD-L1 BI/K V- 3% 35 Hi 45 4 PD-1 245 (I i g
FHE— KM T SAB X T4 - T éﬁﬁ@ﬁﬁ%%ﬁs (T 3 SABIE3E T AT I MR R 4A5E M

cell receptor, TCR) {5 5l B {520 . @it PD-L1/PD-1 % T SAB AT LA R VR i /8 41 e Py A0 S SR T PD-L1
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KB K, AT FEE— DRI SAB 2 7 23 38 5 T 44 i
SXof e 8 A e ) A A0 BE 0 o 3 T 4T BEL BT 3 A SE I,
A H) PBMC 5 RKO 40 i 15 %, 40 i BA 47073 B A% 52
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Figure 3 SAB enhances the cytotoxicity of PBMC. A: Cell

impedance assay analyzing activated PBMC cells-meditated tumor
cell killing in RKO cells treated with SAB (5 or 10 pmol-L™") for
24 h; B: Activated PBMC cell was co-cultured with PC3 cells in
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Figure 4 SAB triggers ubiquitin-proteasome-dependent degradation of PD-L1 via binding to ubiquitin carboxyl-terminal hydrolase 2
(USP2). A: Quantitative RT-PCR analysis of the mRNA level of PD-L1 in RKO, PC3 and Dul45 cells treated with SAB (10 umol-L", 12 h);
B: PC3 cells were transfected with siRNA control, siRNA targeting USP2 for 24 h. The PD-L1 expression level was determined by

immunoblotting (IB); C: Surface plasmon resonance analysis of the SAB and USP2 binding. The activated CM5 sensor chip was used to

immobilize the recombinant human USP2 protein and flowed across SAB; D: Molecular docking model carried out by Discovery Studio 4.5

revealed that SAB binds to the USP domain of USP2; E: USP2 activity in an in vitro deubiquitination assay. The activity was measured by

7-amino-4-methylcoumarin (AMC) released from the fluorogenic substrate, ubiquitin-AMC; F: 293 cells were transiently transfected with

the indicated constructs. Ubiquitinated PD-L1 was immunoprecipitated (IP) and subjected to IB analysis with the HA antibody. Cells were

treated with MG132 prior to ubiquitination analysis
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Figure 5 SAB suppresses tumor xenograft growth in vivo. A: C57BL/6 mice bearing MC38 tumor were i.p. treated with PBS or SAB

(10 and 20 mg-kg") for 14 days, Ex vivo observation of the tumors from the treated mice; B: The curves of the mice body weight were

recorded every two days; C: The tumor volume of the mice treatment with PBS or SAB was monitored; D: Comparison of the weight of the

tumors from the mice treatment with PBS or SAB; E: Flow cytometry detecting the interferon-gamma (IFN-y) and granzyme B (GzmB)
level in CD3"CD8" tumor-infiltrating lymphocytes (TILs). n=5,x+s. ~P < 0.01 vs PBS group
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