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Co-delivery of Tim-3 mAb and sorafenib enhanced
chemoimmunotherapy for hepatocellular carcinoma using
"responsive shell-peeling" mesoporous silica nanoparticles
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Abstract: Chemoimmunotherapy has attracted much attention as an emerging therapy pattern for the treatment
of cancers. Exploring effective drug combination schemes and reasonable delivery methods remained the key issue
in current research. Herein, we designed sorafenib (SF) and anti-Tim-3 monoclonal antibody (Tim-3 mAb) co-loaded
MMP2-responsive mesoporous silica nanoparticles (ST-MSNs) for combined chemoimmunotherapy of hepatocellular
carcinoma (HCC). The shell of ST-MSNs was fabricated by Tim-3 mAb through matrix metalloproteinase 2 (MMP2)
sensitive peptides as "gatekeepers" to prevent drug release during the blood circulation. In tumor microenviron-
ment, the high levels of MMP2 caused the responsive shedding of Tim-3 mAb, leading to the triggerred release
of SF and Tim-3 mAb. Then, SF could be delivered to tumor cells and Tim-3 mAb could be delivered to T cells,
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respectively. In vivo tumor inhibition study results demonstrated that ST-MSNs can significantly enhance synergistic

antitumor activity compared with sequential administration of free SF solution and Tim-3 mAb solution. Meanwhile,

the expression of antitumor cytokines IFN-y, IL-12 and the percentage of CD3'CD4" cells, CD3°CD8" cells in tumors

were upregulated after the administration of ST-MSNs, demonstrating good immunomodulatory ability. In addition,

within the dosage range, the ST-MSNs had low cytotoxicity and hemolysis, and no obvious tissue toxicity was

observed. All animal experiments were performed in line with national regulations and approved by the Animal

Experiments Ethical Committee of Shandong University. In conclusion, this study provided a promising drug

combination of chemoimmunotherapy with good application prospects for clinical HCC treatment, and exhibited a

potential drug carrier for clinical chemoimmunotherapy.
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Scheme 1 Illustration of the preparation of sorafenib (SF) and anti-Tim-3 monoclonal antibody (Tim-3 mAb) co-loaded matrix metallopro-

teinase 2 (MMP2) responsive mesoporous silica nanoparticles (ST-MSNs) for cancer chemoimmunotherapy. Tim-3 mAb was capped on the

surface of ST-MSNs through MMP2 sensitive peptides. When ST-MSNs entered to the tumor microenvironment, the responsively crack of

MMP?2 sensitive peptide induce the responsively release of Tim-3 mAb and SF, therefore, SF could be delivered to tumor cells and Tim-3

mADb could be delivered to T cells, respectively. The enhanced chemoimmunotherapeutic was achieved
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fraction, XRD, SAXSess mc2, % 3hF| 22 K 1 2 7)); fi
#h 4 (Thermo Scientific-Pierce A 7))o

ST-MSNs B4 X

MSNs [ & B B CTAB 0.2 g. H,0 100 mL F1
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MSNs-pep & % ¥ 0.02 mmol Mal-pep-COOH
VAR T /b B i — R W i, N 0.044 mmol EDC
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ST-MSNs il & & Yl H Traut's 105 %} Tim-3
BPLHT 3 HE AL . Tim-3 BL41 -5 Traut's 71 75 @5 IR 2%
T (PBS, pH 7.8~8.0, ¥ 4 mmol-L" EDTA) H
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4 H DA 5> 10° N/ FLAH B 4 kT 96 FLAR 1, £5 9% 12 h
15 40 B G B . H22 40 BB LA 1x10° N/FL 40 B 504 Fl 1
96 FLAR H o 25 AL N FH LR BE AL S, W H 48 h )&,
BFALIIAN 20 pL MTT AW (5 mg-mL™") 4642 0% & 4 h,
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T, BRI EE . S5 R A Living Image 3.1 402 .
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IFN-y FAIL-12 0 K 45 L 375 R0 3T 6 J I 2H 24,
FH T2 6 R 3k B 1) o 005 o SRR PR G G 2% TR P
(ELISA) R 771 A Wl 441 B P55 IFN-y A1 1 40 A 32 -12
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MIBEPRAS o 4 B 23 5) ¢ T e 32 VR R 4 LSS
T 240 R BB I 10 20 S T 3 000 g B0 5 min, X _EJE G
I, IS A 0 S B AT R

BRSSO I ER B R 6 S I, T E
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HNg e B R AR AR H R K, i Ak 2% 20 40 i B
AN AR E ) ST-MISNs £ 5 FH [F] 44 B (1) 2% 2141 i
BBR G . B THAK A B X R, A B K A B X
W, FrAFEMTE37 °C R A 3 h, 100 xg & 0> 5 min,
FH 8 A1 =] L 43 S o BE T s b i b I 40 & A
AfH.

HIHF S ANOVA AT G it i, &
A LA + R dEZE (x +£5) Bone. P<0.0581A
NEF G EE L

ZR57S
1 ST-MSNsBI#I&5FRIE

H# Tim-3 #5738 i MMP2 #5274 $2 1] S-MSNs
F T 1) %5 ST-MSNs. 1% 5 HL - 4888 i 7R 4% I MSNs
S-MSNs Fll ST-MSNs ¥ 2 Bk JE2, $i 4% 43 5l N 115, 115
A1 150 nm (B 1A). =5 (1 MSNs &R R 4 1/ fL
ghf (B 1A-a) A FE A T R d A BE B (] 1B).
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B, R THBCR RS, RG22 . 5 S-MSNs
(& 1A-b) # L, ST-MSNs [ KL 4% M 115 nm 3 K 5
150 nm, 1M 7E 50 pg-mL™" IV B 5 B AE H T, ST-MSNs
I RL 42 SR/ #1115 nm (K 1A-d), 2 B Tim-3 #.41
(140 S T A i 5 e 7 25

K FTIR £ A X ST-MSNs [ il 45 i #2 #E 4T R AE
(1), 5 %% 1 MSNs #l Lt,, MSNs-NH, 7£ 1 557 cm’!
b AT — A HT IR e, X VA R T R R -NHL, 25 it g e
PR3N, WS T MSNs-NH, K [fI /7 £ Z 2% . MSNs-pep
761 646 F1 1 547 cm™ 4b i B0 09 3% 77, 20 50 09 A+
MMP2 B i ik B 11 — 2 Bk i C=0 1 48 41% 2 Al N-H
TR0 . HAh, ST-MSNs 7£ 2 851 12 952 cm™ &b
T AR Tim-3 F Pt C-H 8 SE PR30 1) e, RSk T
Tim-3 B3¢ 1 HEAE A, & B MMP2 U KA Tim-3 5.
P i 2125 1 MSNs 3R T .

7% 1 MSNs [ N, W B Jid B 5 i 28 52 300 $ A8 f) Tv
RU4E 2 (B 1D). %5 A MSNs FLAR - A i 48, Hop 3L
R~} 3.4 nm (B 1E), 1fif ST-MSNs FFFL R ~F T 32461,
Ut B SF % % Al Tim-3 B 913 3% 7 ST-MSNs [/~ fL o
FREE 23 B S0 45 T HBAIF 52 MSNs & 4 TR A WL I AEAE
(B 1F), AR 4 2k 5 25 52 mr 4k I S-MSNs-pep 1 348 T
14.86% SF, ST-MSNs 1 2E# 7 10.5% Tim-3 H.$7 .

2 SF#ATim-3 S A9 0 2 FE AL

JiFk 988 73k PR 155 rR e 2R 0k i MMIP2 fitlt &% SF Al Tim-3
BRI EAL B . NI MMP2 £ ik 1 SO, SR H
o 50T AH T 3 AT I AR S8 (B 2A). /£ HPLC B i
w0 22 21 5 A BT 0 0% (¢, = 8.6 A1 10.8 min), MMP2
JEIK T (2, = 17.4 min) B TV 28U 5 5 B9 B 1 384
M 2K, 22 W MMP2 85U IR 7E TV Y Ji R g 1) A7 72 T B
R

NP 5 MMP2 £ 5 #) SF Al Tim-3 B0 (B i, 78
A BTG TV B R J5 G 1 Ol T W 5E A AR T, iR
232 R R B rh I MMIP2 WK B . 78 TV L i R B 7F
TEIS, ST-MSNs [] SF B 7E 48 h P {2 2 15 T T g 1)
ST-MSNs (P < 0.01), B TV 7Y it Ji fiff firh & SF )R i
(E2B). [EFE, ETCIV B IR EREF, 6 h N A 13.7%
) Tim-3 B 50 4 & W 21, 177 75 5 1V B e 5 g O & Wi
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Figure 1 Successful preparation of ST-MSNs. A: Transmission electron microscope (TEM) images of blank MSNs (a), S-MSNs (b), ST-
MSNs (c) and ST-MSNs pre-incubated with 50 pg-mL" collagenase type IV for 4 h to cleave SF the peptide linker (d); B: Low angle X-ray
diffraction (XRD) patterns; C: Fourier transform infrared (FTIR) spectra; D: Nitrogen adsorption-desorption isotherms (STP, standard

temperature and pressure); E: Barrett-Joyner-Halenda pore size distribution; F: Thermal gravimetric analyzer (TGA) curves
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Figure 2 SF and Tim-3 mAb showed enzyme-sensitive in vitro release property from ST-MSNs. A: Cleavage assays of the MMP2
sensitive peptide. The HPLC chromatograms of the peptide pre-treated with the collagenase type IV at different concentrations (0, 1, 10 and
50 pg-mL™) in phosphate-buffered saline (PBS) buffer at 37 °C for 24 h; B: The release profiles of SF from SF solution, S-MSNs and ST-
MSNs in PBS buffer (pH 7.4, containing 30% isopropanol); C: The release profiles of Tim-3 mAb from ST-MSNs in PBS buffer (pH 7.4)
with or without the collagenase type IV; D: The representative SDS-PAGE image of Tim-3 mAbD released from ST-MSNs in PBS buffer (pH

7.4) with or without the collagenase type IV; E: Semi-quantitative analysis of Tim-3 mAb from SDS-PAGE electrophoresis strip by Image
Lab.n=3,x+s. "P<0.01
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Figure 3 SF and Tim-3 mAb showed xenotype cell delivery to tumor cells and T cells, respectively, by ST-MSNs both in vitro and in vivo.

A: Schematic diagram of ST-MSNs delivery to tumor cells and T cells; B: Tim-3 expression on HepG2 and Jurkat cells. Representative

confocal laser scanning microscope (CLSM) images of the Jurkat and HepG2 cells after immunofluorescence staining with the FITC labeled

Tim-3 antibody. The cell membranes were stained with Dil, the cell nucleuses were stain with Hochest 33342. Green: Tim-3. Red: Cell

membrane. Blue: Cell nucleus. Scale bars indicate 10 um; C: CLSM images of tumor cryo-sections. SF was substituted by coumarin 6. Tim-

3 mAb was visualized by staining with Alexa Fluor 647 labeled Tim-3 mAb secondary antibody. The T cells were stained with the CD3
antibody and the Cy3 labeled CD3 secondary antibody. Pink: Tim-3 mAb. Green: Coumarin 6. Red: CD3. Blue: Cell nucleus. The

magnification was 200%. Scale bars indicate 100 pm; D: The flow cytometry analysis of co-culture assay; E: /n vivo imaging of mice after

administration with free IR780, I-MSNs, and IT-MSNs at different time intervals; F, G: Ex vivo imaging (F) and relative fluorescence

intensity (ROI, region of interest) (G) of main organs and tumor after mice were sacrificed at 24 h post administration; H: CLSM images of

co-culture assay of Jurkat cells and HepG2 cells incubated with DT-MSNs. SF was substituted by Dil. Tim-3 mAb was labeled with FITC.
Green: Tim-3. Red: Dil. Blue: Cell nucleus. Scale bars indicate 50 um. n=3,x+5s. "P <0.01
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Figure 4 ST-MSNs significantly enhanced in vitro and in vivo antitumor efficiency. A: Cell viability on the human hepatocarcinoma

cell line HepG2; B: Cell viability on the mouse hepatocarcinoma cell line H22; C: The tumor growth curves of tumor-bearing mice; D:

Photograph of tumors excised from each treatment group in vivo tumor inhibition experiments; E: Variation of tumor weight; F: Mice body

weight changes; G: Cell proliferation and apoptosis analyses of tumor tissues. 1: H&E; 2: Ki-67; 3: TUNEL. Scale bars indicate 100 pm.

n=6,x+s. P<0.05"P<0.01
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Figure 5 The percentage of CD*'CD* cells (A) and CD**'CD*" cells (B) in tumors after purified by Percoll gradient; C: IFN-y concentra-

tion in serum; D: IFN-y concentration in spleen tissue; E: IL-12 concentration in serum; F: IL-12 concentration in spleen tissue. n = 4, X+s,

‘P<0.05,"P<0.0l1
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Figure 6 Preliminary safety evaluation. A: In vitro cytotoxicity of blank MSNs in the mouse hepatocarcinoma cell line H22 and the human

hepatocarcinoma cell line HepG2 for 48 h (n = 3, x £ s); B: Hemolysis percentage of red blood cells (RBCs) and the image after RBCs
suspension was incubated with ST-MSNs, within an SF range of 50-250 pg-mL™" for 3 h; C: Representative photomicrographs of H&E

stained organs for the mice injected with different groups. The magnification was 200%. Scale bars indicate 100 pm
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