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ARTICLE INFO ABSTRACT

Keywords: Tumor vasculature constitutes a formidable hurdle for the efficient delivery of cancer nanomedicine into tumors.
Active transcytosis The leverage of passive pathway through inter-endothelial gaps in tumor blood vessels might account for limited
Extravasation

extravasation of nanomedicine into tumor microenvironment (TME). Herein, Annexin Al antibody-installed
mesoporous organosilica nanoplatforms carrying immunotherapeutics of anti-PD-L1 antibody (aPD-L1) and
Indoximod are developed to target at caveolar Annexin-A1l protein of luminal endothelial cells and to trigger the
active trans-endothelial transcytosis of nanomedicine mediated by caveolae. Such strategy enables rapid nano-
medicine extravasation across tumor endothelium and relatively extensive accumulation in tumor interstitium.
aPD-L1 and Indoximod release from aPD/IND@MON-aANN in a reduction-responsive manner and synergistically
facilitate the intratumoral infiltration of cytotoxic T lymphocytes and reverse the immunosuppressive TME, thus
demonstrating substantial anti-tumor efficacy in subcutaneous 4T1 breast tumors and remarkable anti-metastatic
capacity to extend the survival of 4T1 tumor metastasis model. Moreover, aPD/IND@MON-aANN nanomedicine
also exhibits distinct superiority over the combination therapy of free drugs to potently attenuate the progression
of urethane-induced orthotopic lung cancers. Collectively, aPD/IND@MON-aANN nanoplatforms with boosted
delivery efficiency via antibody-activated trans-endothelial pathway and enhanced immunotherapeutic efficacy
provides perspectives for the development of cancer nanomedicines.

Drug delivery
Cancer immunotherapy
Stimulus-responsive nanomedicine

1. Introduction the passive diffusion route through the inter-endothelial gaps in tumor

endothelium, namely, the enhanced retention and permeability (EPR)

Cancer nanomedicines have been enormously developed over the
past three decades, yet scarce nanotherapeutics have been approved for
clinical trials and most of them have demonstrated poor therapeutic
efficacy [1-3]. The compromised potency of nanomedicines has been
attributed to the limited delivery efficiency into tumors, with less than
~1% of the nanoparticle dose reaching solid tumors after systemic
administration in animal models [4]. Tumor vasculature constitutes a
formidable biological barrier for the entry of nanomedicines into tumor
tissue and insufficient extravasation across the vascular barrier greatly
hampers the delivery efficiency and efficacy of nanotherapeutics [5].
The conventionally accepted rationale for nanoparticle extravasation is
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effect [6,7]. However, it has been recently unveiled that the active de-
livery of nanoparticles mediated by cellular transcytosis accounts for the
dominant mechanism for the nanoparticle entry into solid tumors
instead of the passive mechanism [8]. Therefore, the harness of active
transcytosis in tumor endothelium for nanomedicine development could
be a promising strategy to enhance extravasation and accumulation of
nanomedicines in TME.

To date, the exact mechanism and triggering factors of active
transcytosis still remain largely unknown. Polymer—drug conjugates
were reported to exploit the cationization process to induce adsorption-
mediated active transcytosis, thus enabling trans-endothelial and
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transcellular transport and uniform distribution throughout the tumors
[9]. Earlier fundamental work suggested that the caveolae-mediated
endocytosis and the active translocation across endothelium could
occur when certain glycoproteins enriched in caveolae were activated
by corresponding ligands [10-12]. Among them, Annexin A1 (ANXA1)
was proven to be specifically upregulated in the endothelium of multiple
tumors rather than that of normal tissues [12]. For development of
nanomedicines with targeting property, a major strategy is to func-
tionalize the nanocarrier surface with certain ligands, such as antibodies
and peptides, to steer their delivery to particular tissues [13]. Never-
theless, the targeting of tumor vasculature and activation of transcytosis
of nanomedicine across tumor endothelium via ligand approaches for
active trans-vascular delivery of nanocarriers still remain largely
unexplored.

Anti-PD-1/PD-L1 immune checkpoint blockade (ICB) immuno-
therapy has exhibited huge potential for the treatment of cancers such as
melanoma and microsatellite instable cancers, yet the response rates for
the bulk of indications still stay rather low, especially for solid tumors
[14,15]. For one thing, the systemic administration dosing of ICB anti-
bodies is limited due to the autoimmune-type safety concerns mean-
while only a small fraction of the administered dose reaches specific
tumor sites. Hence, nanocarriers devised to improve tumor extravasa-
tion and accumulation could offer a solution to ensure the relatively
potent payloads of ICB antibodies concentrated on tumor tissues to
maximize the therapeutic outcome. For another, myriad immunosup-
pressive factors in TME tend to induce T cell dysfunction upon the
infiltration of T cells, thus greatly limiting the potential of tumor
immunotherapy [16,17]. Among them, the catabolism of tryptophan
mediated by indole 2,3-dioxygenase(IDO) in TME has increasingly been
shown to fundamentally interfere with T cell functions [18]. Hence, the
combination of the IDO inhibitor — Indoximod and aPD-L1 equipped in
the nanoplatforms could serve to overcome hurdles posed by TME and
boost immunotherapy efficacy.

2. Material and methods
2.1. Materials

Purpald, Urethane, DNase I and collagenase IV were purchased from
Sigma-Aldrich. anti-CD3-BV650, anti-CD8a-FITC, anti-IFN-y-APC, anti-
CD45-PE-Cy7, anti-CD3-FITC, anti-CD4-PerCP-Cy5.5, anti-CD25-PE,
anti-FOXP3-APC, anti-aPD-L1-PE antibodies and Fixable Viability Stain
510, fixable viability stain780, FcyR blocking were brought from BD
Biosciences. FOXP3-APC antibody was purchased from eBioscience.
Cetyltrimethylammonium chloride (CTAC), triethanolamine (TEA),
Tetraethyl orthosilicate (TEOS), succinic anhydride, 2-(N-morpholino)
ethanesulfonic acid (MES), (3-Aminopropyl) triethoxysilane (APTES)
were purchased from Aladdin Chemistry. Bis (triethoxysilylpropyl) di-
sulfide (BTES), 1-ethyl-3-(3-dimethly-aminopropyl) carbodiimide
(EDC), N-hydroxysuccinimide (NHS), Fluorescein 5(6)-isothiocyanate
(FITC), Sodium phosphate monobasic (NagHPO,4), Sodium periodate
(NalOy), sodium triacetoxyborohydride, Cy5-amine, glutathione (GSH)
and HEPES were obtained from Macklin Chemistry. 10 k MWCO
centrifuge filter was purchased from Millipore. Simulated body fluid
(SBF) was bought from Leagene Biotechnology Co., Ltd. Amino PEG
Acid was bought from Ponsure Biological. InVivoMab anti-mouse PD-L1
(B7-H1) was brought from Bio X Cell. Indoximod were purchased from
MCE. IgG Isotype Control, anti-rat IgG total ELISA kit was obtained from
R&D Systems. IRDye 680RD secondary antibody was bought from LI-
COR Biosciences. Trypsin-EDTA, RPMI-1640, Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS) and penicillin/strep-
tomycin were bought from Gibco-BRL. 6 nm colloidal gold secondary
antibody was purchased from Jackson ImmunoResearch. Cell Counting
Kit-8 (CCK-8) was bought from Dojindo Laboratories. Mounting Medium
with DAPI, anti-CD31 antibody were purchased from abcam. anti-
ANXA1 was purchased from GeneTex. Endothelial Cell Medium (ECM)
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was purchased from ScienceCell. genistein and EXO1 were bought from
MCE.

2.2. The synthesis and characterization of MONs

MONSs inserted with disulfide were synthesized according to previ-
ously reported protocol [19]. Briefly, 2 g cetyltrimethylammonium
chloride (CTAC) and 0.06 g triethanolamine (TEA) were added into 20
ml dH20 under magnetic stirring at RT for 15 min and transferred to
thermostatic oil bath at 80 °C for use. Meanwhile 1 ml tetraethyl
orthosilicate (TEOS) and 0.2 ml bis (triethoxysilylpropyl) disulfide
(BTES) were mixed well by sonication prior to addition to the above
solution by dropwise. The mixture was stirred in thermostatic oil bath at
80 °C for 4 h. The MONSs were collected after centrifugation at 21 000 g
for 15 min and washed with ethyl alcohol and dH,O twice. Afterwards,
the surfactants (CTAC) in the obtained MONs were removed by stirring
in solution of sodium chloride in methanol (8 mg/ml). For the charac-
terization of the as-synthesized MONSs, the morphology was observed via
TEM (Talos L120C, Thermo Fisher Scientific), the hydrodynamic size
distribution was measured by dynamic light scattering (DLS, zetasizer,
Malvern). The pore size distribution and surface area of MONs were
calculated from Nitrogen adsorption-desorption isotherm results (NOVA
4200e, Quantachrome).

For the preparation of MONs functionalized with amine groups and
carboxy groups, firstly, APTES were added to dispersed MONSs in ethyl
alcohol to reflux for 24 h to obtain MONs with amino terminals (denoted
MON-NH,). Then MON-NH; nanoparticles were reacted with succinic
anhydride dissolved in DMF for 24 h at RT to get carboxy-modified
MONs (MON-COOH). To confirm the successive grafting of the amine
groups and carboxy groups, MON, MON-NH; and MON-COOH samples
were taken for zeta potential measurement via DLS. For fluorescent as-
says, MON-COOH nanoparticles were further labelled with FITC [20].
Briefly, FITC-APTES was initially prepared by the addition of excessive
FITC to APTES in ethyl alcohol to react for 24 h in dark. The FITC-APTES
was then mixed with dispersed MON-COOH nanoparticles to reflux for
24 and washed for further steps. For biodistribution study, MON-COOH
nanoparticles were linked with Cy5-amine via EDC-NHS reaction.
Briefly, 10 mg nanoparticles were dispersed and sonicated in MES buffer
(50 mM, pH 5.6), then 4.8 mg EDC and 7.19 mg NHS pre-dissolved in
MES buffer were added to the nanoparticle solution to stir for 20 min in
dark at RT to activate the carboxy groups on MON-COOH nanoparticles.
Afterwards, 2 mg Cy5-amine were added into the mixture for overnight
crosslinking. The obtained nanoparticles were then washed for further
use.

2.3. The synthesis and characterization of aPD/IND@MON-aANN

The Amino PEG Acid (NH,-PEG-COOH, MV2000) was used as a
heterobifunctional linker for the immobilization of Annexin Al anti-
bodies (aANXA1) to MON-COOH. The antibody-linker complex was
prepared according to previous protocol [21]. The solution of aANXA1
or IgG antibody (1 mg/ml) was resuspended in 100 pul 100 mM Nay;HPO4
buffer (pH 7.5) and 10 pl of 100 mM NalO4 were added to oxidize the
carbohydrate in antibodies in dark for 30 min at RT, followed by the
reaction quenching by PBS. The presence of reactive aldehydes from the
oxidation process was indicated by the Purpald solution. Then the
antibody solution was reacted to the linker solution (2 pl, 50 mM)
containing primary amine ends under stirring at 4 °C for 20 h followed
by the addition of sodium triacetoxyborohydride solution into the
mixture at RT for another 4 h. The obtained antibody — linker solution
was washed and filtered with 40 mM HEPES buffer via 10 k MWCO
centrifuge filter and resuspend in 1 ml buffer for further nanoparticle
linking. The antibody - linker complex or pure PEG linker solution were
immobilized to the functionalized MONs by the reaction between the
carboxy terminals on the linker of the complex and the amines on the
MONs through EDC and NHS. Briefly, 100 pl of the above antibody —
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linker sample or pure PEG linker solution was resuspended in MES
buffer (50 mM, pH 5.6) followed by the addition of 0.1 mg EDC and 0.15
mg NHS pre-dissolved in MES buffer. The reaction was stirred for 20 min
in dark at RT prior to the addition of 5 mg the functionalized MONs
dispersed in PBS and overnight crosslinking. The obtained nano-
particles, including those without further decoration (denoted
MON-COOH), with PEG conjugation (denoted MON-PEG), with conju-
gation of PEG-IgG complexes (denoted MON-PEG-IgG) and with conju-
gation of PEG-aANN complexes (denoted MON-PEG-aANN), were then
washed with PBS for three times for further experiments.

Subsequently, 200 pg murine PD-L1 antibody was directly immobi-
lized to the surface of 5 mg above nanoparticles via the above-
mentioned EDC reaction between the free carboxy groups on nano-
particles and the amino groups on aPD-L1. The obtained nanoparticles
conjugated with aPD-L1 were denoted aPD@MON-COOH, aPD@MON-
PEG, aPD@MON-IgG and aPD@MON-aANN, respectively. Moreover,
the grafting efficiency of aPD-L1 for aANXAl-installed nanocarrier
group was determined by measuring the non-conjugated aPD-L1 content
in the supernatant collected at the end of the conjugation assay by an
anti-rat IgG total ELISA kit. For the loading of Indoximod into the above
nanocarriers, 5 mg of the above nanocarriers was added to the Indox-
imod solution in PBS (10 ml, 1 mg/ml) and sonicated intermittently on
ice for 15 min. The mixture was then subjected to magnetic stirring for
24 h in dark. The nanoparticles were obtained by centrifugation at 21
000 g for 15 min. The nanoparticles simultaneously involved with aPD-
L1 and Indoximod were denoted aPD/IND@MON-COOH, aPD/
IND@MON-PEG, aPD/IND@MON-IgG and aPD/IND@MON-aANN,
respectively. To evaluate the encapsulation efficiency of Indoximod of
aPD/IND@MON-aANN, the supernatant was collected to determine the
residual Indoximod content according to the calibration curve of
Indoximod standard solutions via HPLC analysis (Agilent Technologies,
1260 Infinity II).

To confirm the attachment of antibody-linker complex to MON-
COOH, aANXA1 was directly immobilized to the MONs through EDC/
NHS reaction as a control (denoted MON-aANN). Then samples from
functionalized MON-COOH, MON-aANN, MON-PEG-aANN group were
analyzed by DLS. To verify the conjugation of aANXA1 and aPD-L1 on
aPD@MON-aANN, IRDye 680RD-labelled aANXA1l and PE-labelled
aPD-L1 were similarly attached to FITC-labelled MON-COOH, fol-
lowed by examination by fluorescence spectrometer (FluroMax-4,
HORIBA). Moreover, the morphology of aPD/IND@MON-aANN was
observed via TEM.

2.4. Invitro release of indoximod and aPD-L1 from aPD/IND@MON-
aANN

To assess the in vitro drug release from aPD/IND@MON-aANN, 1 mg
nanoparticles were added to 1 ml SBF solution with varying GSH con-
centration (GSH = 0 mM and 10 mM) in dialysis bags. The releasing
equipment was shaken at 150 rpm at 37 °C and the release solution was
collected at certain time points within 48 h and replenished with fresh
medium. The content of the released Indoximod was determined based
on the above calibration curve by HPLC. Released aPD-L1 was collected
by ultracentrifugation and measured by ELISA (R&D systems). The
release assays were conducted in triplicates. Moreover, the degradation
products of aPD/IND@MON-aANN for release tests after 48 h were
further collected for TEM observation and DLS measurement.

2.5. The immunofluorescence assay of ANXA1 and CD31 colocalization

To detect the expression of ANXA1 on tumor endothelium, mouse
normal lung tissue, tumor samples of mouse 4T1 breast cancers, human
breast cancers and lung cancers were fixed with 4% formaldehyde,
embedded and cut into tissue sections. Then, the sections were stained
with antibodies for ANXA1 and CD31, a marker for endothelial cells,
followed by staining with the corresponding fluorescent secondary
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antibodies and DAPI for cell nuclei. The immunofluorescent staining
sections were then imaged by confocal microscopy (Zeiss LSM 880) to
observe the colocalization of CD31 (green) and Annexin Al (red). The
experiments using human tumor tissue samples were conducted in
compliance with ethical guidelines approved by Institutional Ethical
Review Committee of Renji Hospital, School of Medicine of Shanghai
Jiao Tong University. The participating patients consented to the use of
biospecimens for research purpose. The fluorescence intensity of ANXA1
localized at the CD31 positive zone for various tissue samples as well as
were analyzed via Image J. For the quantification of the co-localization
between ANXA1l and CD31, Manders’ co-localization coefficients
denoting the fraction of CD31 overlapping with ANXA1 were analyzed
via the co-localization plugin in Image J. The coefficient is close to 1
when they are highly co-localized.

2.6. Western blotting

The total protein of various HUVEC samples were extracted by pro-
tein lysis buffer. After being heat-denatured, the protein samples were
subjected to SDS-PAGE running and subsequently electro-transferred to
PVDF membrane. The PVDF membrane were blocked using 5% skim
milk for 1 h at RT and then incubated with the specific primary anti-
bodies against ANXA1 at 4 °C for 12 h. The membranes were washed
three times and incubated with horseradish peroxidase labelled sec-
ondary antibodies at RT for 1 h. The membranes were washed three
times and then the relative protein expression level was assessed by ECL
chemical luminescence. p-actin was used as the loading control.

2.7. Nanoparticle transcytosis via a transwell cell-culture model

In vitro assays were conducted to detect the transcytosis of the
aANXAl-decorated nanomedicine across tumor endothelial cells.
Firstly, we generated a co-culture system by seeding 4T1 and HUVECs
separately into the lower and upper transwells (diameter 0.4 pM;
Corning, Shanghai, China), followed by western blotting analysis to
determine the expression level of ANXA1 in the HUVECs cultured alone
or co-cultured with 4T1. In this way, tumor endothlium would be
simulated in vitro. After the confirmation of upregulated ANXA1 in co-
cultured HUVECsS, the obtained HUVECs were used to build an in vitro
transcytosis model as previously described [22,23]. Briefly, 1 x 10°
HUVECs were seeded onto gelatin-coated polyester membrane trans-
wells with 0.4 pm pore size and cultured for 72 h to reach confluency,
making sure that the transendothelial electrical resistance (TEER) was
more than 30 Ohm x cm?

To investigate the capacity of aPD/IND@MON-aANN to traverse
tumor endothelial cells, FITC-labelled aPD/IND@MON-aANN and aPD/
IND@MON-IgG with equivalent fluorescence intensity were added to
the upper chambers of the transcytosis models with HUVECs cultured
alone or pretreated with 4T1 co-culture, respectively. After 60 min, the
various culture medium in the lower chamber were collected and the
fluorescence intensity was measured by a Fluorescence Spectropho-
tometer (Varioskan Flash, Thermo Scientific). To further determine the
effects of transcellular inhibitors on the trans-endothelial transport of
aPD/IND@MON-aANN, the co-cultured HUVECs were pretreated with
or without 200 pM genistein (endocytic pathway inhibitor) or 20 pM
EXO1 (exocytic pathway inhibitor) for 2 h. Afterwards, FITC-labelled
aPD/IND@MON-aANN and aPD/IND@MON-IgG with equivalent fluo-
rescence intensity were added to the upper chambers of the transcytosis
models with HUVECs treated above. After 30 min and 60 min of incu-
bation, the fluorescence intensity of liquid in the lower chambers was
detected. Experiments were repeated in triplicates.

2.8. The biodistribution study

The biodistribution of nanoparticles was performed on BALB/c mice
subcutaneously bearing 4T1 tumors. The mice were intravenously
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injected with Cy5-labelled nanoparticles (200 pul) with equivalent fluo-
rescence intensity, including aPD/IND@MON-COOH, aPD/IND@MON-
PEG, aPD/IND@MON-IgG and aPD/IND@MON-aANN. After 8 h, the
mice were sacrificed and the major organs including heart, liver, spleen,
lung, kidney and tumor, were collected, washed with PBS and imaged by
in vivo imaging system (IVIS) under the same settings. The fluorescence
intensity was measured by Living Image software.

2.9. The extravasation of nanoparticles into 4T1 tumors in vivo

For real-time observation of in vivo tumor extravasation of various
nanoparticles, nude mice bearing 4T1 tumors in the subcutaneous tissue
of ears were adopted as the animal model [24]. After anesthesia, the
tumor-bearing ears were put under the fluorescence microscopy
(Olympus) and fixed by microscope slides to ensure the relatively flat
and stable tumor surface, followed by tail vein injection with
FITC-labelled nanoparticles (100 pl) with equivalent fluorescence in-
tensity, including aPD/IND@MON-COOH, aPD/IND@MON-PEG,
aPD/IND@MON-IgG and aPD/IND@MON-aANN. The real-time
extravasation and accumulation of different formulations in tumor
interstitium were monitored and imaged by fluorescence microscopy
excited at 488 nm. The corresponding fluorescence intensity was
analyzed via Image J.

2.10. TEM observation for the nanoparticle transport into tumor

aPD/IND@MON-aANN nanoparticles were firstly incubated with 6
nm colloidal gold secondary antibodies to aANXA1 at 4 °C for 24 h
followed by PBS rinses. After TEM analysis to determine the successful
conjugation of immunogold labels, the gold-conjugated aPD/
IND@MON-aANN nanoparticles were then i.v. injected into tumor-
bearing mice, 30 min later, tumor was separated and cut into small
pieces which was subsequently fixed in 2.5% glutaraldehyde, 1% osmic
acid for 2 h at 4 °C. After gradient dehydration, the samples were
embedded with epoxy resin and cut into sections for TEM observation.

2.11. Cell culture

Murine 4T1, NIH-3T3, human 293T cells and Human Umbilical Vein
Endothelial Cells (HUVECs) were purchased from the American Type
Culture Collection. Cells were incubated in RPMI-1640 (4T1) or DMEM
medium (NIH-3T3, 293T) or and ECM (HUVECs) with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin in a humidified atmo-
sphere with 5% CO3 at 37 °C.

2.12. Animals

6-8 weeks-old female BALB/c and C57BL/6 mice were obtained from
and housed in specific pathogen-free (SPF) condition in the Animal
Center at Renji Hospital. All animal procedures were carried out under
the ethical guidelines approved by Institutional Animal Care and Use
Committee of Renji Hospital, School of Medicine of Shanghai Jiao Tong
University.

2.13. Anti-tumor activity in subcutaneous 4T1 tumors

5 x 10° 4T1 cells were subcutaneously injected into the right flanks
of 6-8 weeks-old female BALB/c mice. When the tumor volume reached
approximately 50 mm®, tumor-bearing mice were randomly grouped (n
= 5) and administered with Isotype control antibody (10 mg kg™ 1), free
aPD-L1 (denoted “aPD”, 10 mg kgfl), aPD@MON-IgG nanoparticles
(0.5mg kg’l), aPD@MON-aANN nanoparticles (0.5 mg kg’l) and aPD/
IND@MON-aANN nanoparticles (0.5 mg kg™!) on day 7, 10, and 13 via
tail vein injection. The tumor volume and mice body weight were
measured every two days. The tumor bulk was calculated using the
formula: V=L x W x W/2 (L, the longer dimension; W, the shorter
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dimension). At the end of the experiment, mice were sacrificed and
peripheral blood serum was harvested to evaluate the serum levels he-
patic, kidney, heart function parameters. Intratumoral infiltration of
CTLs and Tregs was analyzed by flow cytometry meanwhile tumor tissue
was imbedded and cut into sections for H&E staining and terminal
deoxynucleotidyl transferase 2'-deoxyuridine 5'-triphosphate nick end
labeling (TUNEL) staining. The major organs including heart, lung, liver,
spleen and kidneys from various groups were also collected for H&E
staining to evaluate the biocompatibility of nanoparticles.

2.14. Anti-metastasis efficacy

6-8 weeks-old female BALB/c mice were inoculated with 1 x 10° 4T1
breast cancer cells stably transfected with luciferase via tail vein injec-
tion. 7 days after tumor inoculation, mice were grouped and intrave-
nously administered with Isotype control antibody, free aPD-L1/IND(10
mg kg™!), aPD/IND@MON-IgG (0.5 mg kg~!) and aPD/IND@MON-
ANN nanoparticles (0.5 mg kg™!) on day 7, 10 and 13, respectively.
The mice tumor metastasis was measured by in vivo imaging system
(IVIS). Mice were sacrificed when the bioluminescence of any group
exceeded 5 x 10° p s7! em™2 sr~!. The main organs, including lung,
liver, spleen, kidney, adrenal glands, mesentery, ovary and lymph node,
of the sacrificed mice were then collected for H&E staining to confirm
the cancer metastasis. The survival study was adopted to assess the
comprehensive therapeutic effects of various formulations in an inde-
pendent experiment.

2.15. Flow cytometric analysis of intratumoral infiltration of immune
populations

4T1-tumors isolated from the sacrificed mice were cut into small
fragments and immersed in the RPMI-1640 medium containing 0.2 mg/
ml DNase I and 1 mg/ml collagenase IV and cultured at 37 °C for 45 min.
Then the solution was filtered by the 70 pm filter to obtain single cell
suspension. The single cell suspension was subjected to fixable viability
staining and FcyR blocking, followed by incubation with various
fluorescent-labelled antibodies according to manufacturer’s protocol.
Then, the samples were detected by flow cytometry (LSR Fortessa, BD
Biosciences) and analyzed by FlowJo software. For the detection of
CTLs, samples were stained with Fixable Viability Stain 510, anti-CD45-
PE-Cy7, anti-CD3-BV650, anti-CD8-FITC, and anti-IFN—y-APC anti-
bodies. For the analysis of Tregs, samples were stained with fixable
viability stain780, anti-CD45-PE-Cy7, anti-CD3-FITC, anti-CD4-PerCP-
Cy5.5, anti-CD25-PE and anti-FOXP3-APC. The fraction of CD3"CD8"
population was calculated within the CD45" population, the fraction of
CD8'IFN-y™ population was calculated within the CD37CD8" popula-
tion and the proportion of CD25TFOXP3" population was calculated
within the CD4" population. The total number of CD3*CD8" population
was analyzed by normalizing the percentage to tumor mass.

2.16. Anti-tumor efficacy in urethane-induced orthotopic lung cancers

6-8 week-old female C57BL/6 mice were administered intraperito-
neally with urethane one dose per week (1 mg g~! body weight) for 10
consecutive doses, as described previously [25]. 15 weeks after the first
injection, tumor-bearing mice were randomly grouped (n = 8 per group)
and treated with Isotype control antibody, free aPD-L1/IND(10 mg
kg™!), PD/IND@MON-IgG nanoparticles (0.5 mg kg!) and
PD/IND@MON-ANN nanoparticles (0.5 mg kg™ !) every 3 days for 3
times via tail vein injection. Two weeks after the first dose, the tumor
progression was examined by 18F-FDG microPET/CT (Siemens Inveon)
and the lung tissue of the sacrificed mice were dissected for H&E
staining for histological observation of tumor progression.
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Fig. 1. Scheme and characterization of aPD/IND@MON-aANN nanomedicine. (a)Schematic illustration of aPD/IND@MON-aANN synthesis, ANXA1 antibody-
activated trans-endothelial transcytosis to augment nanomedicine extravasation and the efficacy of cancer immunotherapy by synergistic modulation of the
tumor microenvironment. (b)The zeta potential of MON, MON-NH, and MON-COOH measured by DLS. (c) The hydrodynamic size of MON-COOH, MON-aANN and
MON-PEG-aANN measured by DLS. (d) Fluorescence emission spectra of aPD@MON-aANN with FITC- labelled MON, PE-labelled aPD-L1 and IRDye 680RD-labelled
aANXAL1. (e) Representative TEM image of aPD/IND@MON-aANN nanoparticles. Scale bar = 50 nm. (f,g) The release profile of Indoximod (f) and aPD-L1 (g) of aPD/
IND@MON-aANN examined in pure SBF or SBF with 10 mM GSH in 48 h.
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Fig. 2. in vitro nanoparticle transcytosis across tumor endothelial cells. (a) Representative immunofluorescence images of CD31 (green) and ANXA1 (red) of various
tumor tissue samples with the colocalization shown in yellow color. Scale bar = 20 pm. (b) Quantitative analysis of ANXA1 fluorescence intensity in the CD31
positive zone for various tissue samples (n = 9 images from three independent experiments, data presented as mean =+ s.d, one-way ANOVA with Tukey test, ***P <
0.001). (c) Quantitative analysis of co-localization between CD31 and ANXA1 fluorescent signals in the tumor tissue sections, Manders’ Colocalization Coefficient
denotes the fraction of CD31 overlapping with ANXA1. The coefficient is close to 1 when they are highly co-localized (n = 9 images from three independent ex-
periments). (d) Ilustration of the co-culture system between HUVECs and 4T1 tumor cells and transcytosis assay model. (e) Representative western blotting result of
ANXA1 in HUVECs cultured alone or co-cultured with 4T1 cells. (f) Transcytosis efficiency of FITC-labelled aPD/IND@MON-IgG and aPD/IND@MON-aANN at 60
min in the transcytosis model with HUVECs cultured alone or pretreated with 4T1 co-culture (n = 3, data presented as mean =+ s.d, one-way ANOVA with Tukey test,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (g) Transcytosis efficiency of FITC-labelled aPD/IND@MON-IgG and aPD/IND@MON-aANN at 30 min and
60 min in the transcytosis model pretreated with or without 200 pM genistein (endocytic pathway inhibitor) or 20 pM EXO1 (exocytic pathway inhibitor) (n = 3, data
presented as mean + s.d, one-way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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2.17. Cell viability assay

293T cells, NIH-3T3 cells and HUVECs were cultured in 96-well
plates at a density of 1 x 10* cells/well. When cells reached approxi-
mately 70% of confluency, MON-PEG-aANN nanoparticles were added
at various concentrations and incubated for 24 h. Then cell viability was
detected by CCK-8 assay according to manufacturer’s instructions
(Varioskan Flash, Thermo Scientific).

2.18. Biocompatibility and safety evaluation in vivo

The biocompatibility safety of the nanoparticles was further evalu-
ated in naive BALB/c mice. The mice were intravenously injected with
PBS, aPD/IND (10 mg kg-1) and aPD/IND@MON-aANN (0.5 mg kg-1)
(n = 5 for each group). The blood of the mice was collected at 6, 12,
24 and 48 h to analyze the kinetics of serum ALT and AST level. After 48
h, the mice were sacrificed and the blood was collected to analyze the
hematological parameters and serum levels of hepatic, kidney, heart
function parameters.

2.19. Statistical analysis

All data were plotted as mean + standard deviation (s.d). The sta-
tistics were analyzed using GraphPad software by one-way analysis of
variance (ANOVA) with Tukey’s post hoc analysis for multiple com-
parisons. Differences were considered statistically significant when P <
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

3. Results and discussion
3.1. The synthesis and characterization of aPD/IND@MON-aANN

As illustrated in Fig. la, in addition to the passive diffusion into
tumor interstitium, aANXAl-immobilized mesoporous organosilica
nanoparticles (MON) involving aPD-L1 and Indoximod (denoted aPD/
IND@MON-aANN) are developed to bind ANXA1 protein on caveolae
of luminal tumor endothelial cells and to initiate the endocytosis of
nanoparticles via caveolae as well as the subsequently transcellular
trafficking of nanocarriers to deliver into abluminal TME. Moreover,
aPD-L1 and Indoximod release from aPD/IND@MON-aANN responsive
to glutathione (GSH)-mediated reduction and synergistically generate
robust anti-tumor immune responses to potentiate the efficacy of
immunotherapy for solid tumors. Representative transmission electron
microscopy (TEM) image of unmodified mesoporous organosilica
nanoparticles (MONs) with framework-incorporated thioether bonds
(Fig. Sla, Supporting Information) displayed a spherical morphology
with relatively uniform size of ~50 nm, meanwhile evident mesoporous
structure could also be observed. The DLS results (Fig. S1b, Supporting
Information) demonstrated a uniform size distribution of MONs with a
hydrodynamic diameter of 140.8 + 2.5 nm. Nitrogen adsorption-
desorption isotherm results (Figs. Slc and d, Supporting Information)
showed that the MONs possessed high surface area of about 429 m? g~!
and mesoporous structure with a pore size of about 2.1 nm, which makes
it optimal as the drug delivery platform [26]. To provide conjugation
sites for the following antibody immobilization procedures, amine and
carboxy groups were successively introduced to MONs. As indicated by
the DLS measurement in Fig. 1b, the MONs decorated with amine groups
denoted (MON-NH>) had a zeta potential of 5.33 + 0.4 mv, which is less
positive than that of raw MONSs (42.33 + 1.5 mv). Meanwhile, after the
carboxy functionalization on MON-NHj (denoted MON-COOH), the zeta
potential of MON-COOH turned into —13.17 + 0.7 mv. The above zeta
potential change suggested the successful sequential grafting of amine
and carboxy groups onto raw MONSs. So as to immobilize aANXA1 onto
MON-COOH and simultaneously improve the stability and the
long-circulation property of the nanoparticles [27], heterobifunctional
PEG linkers (NH2-PEG-COOH) were adopted to conjugate aANXA1 and
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the MON-COOH. Specifically, aANXA1l and the amine ends of PEG
linkers were conjugated via reductive amination to form the PEG-aANN
complex, which were subsequently used to attach to MON-COOH via
EDC/NHS reaction between the carboxy ends on the PEG-aANN complex
and the amine groups on MON-COOH. From the DLS results, hydrody-
namic diameter of the obtained MON-PEG-aANN nanoparticles was
much larger than that of the control MON-aANN group using direct
linking method between antibody and MON-COOH, followed by that of
MON-COOH (Fig. 1c). The large hydrodynamic size change suggested
the attachment of PEG-antibody complex rather than the direct conju-
gation of antibody onto MONs. This covalent attachment strategy in-
volves the reductive amination of aldehyde-activated sugar moieties
within antibody and amines on PEG linkers, making sure the outward
orientation of antigen-binding sites of antibodies to maximize the tar-
geting capacity of antibody-installed nanocarriers [21,28]. To verify the
therapeutic potential of the nanoplatforms, aPD-L1 was directly immo-
bilized onto MON-PEG-aANN via EDC/NHS-mediated crosslinking and
Indoximod was subsequently encapsulated into the mesopores of the
nanocarriers (denoted aPD/IND@MON-aANN). For the examination of
the attachment of aANXA1l and aPD-L1 on nanocarriers, IRDye
680RD-labelled aANXA1l, phycoerythrin (PE)-labelled aPD-L1 and
FITC-labelled MON-COOH were used to prepare aPD@MON-aANN. The
fluorescence emission spectra of the fluorescently-labelled aPD
@MON-aANN (Fig. 1d) manifested the characteristic emission peak at
~526 nm at excitation length of 488 nm, the emission peak at ~592 nm
at excitation length of 565 nm and the emission peak at ~667 nm at
excitation length of 640 nm, indicating the successful immobilization of
both antibodies onto MON-COOH. The grafting efficiency of aPD-L1 was
about 30% as determined by ELISA and the encapsulation efficiency of
Indoximod in aPD/IND@MON-aANN was about 26.5% by HPLC. From
the TEM observation in Fig. 1e, aPD/IND@MON-aANN nanoparticles
also exhibited the spherical morphology and mesoporous structure.
Considering the insertion of disulfide bonds into MON framework,
the drug release assay of aPD/IND@MON-aANN was conducted in
simulated body fluid (SBF) and reductive SBF solution containing 10
mM GSH for 48 h. Indoximod released much faster in reductive SBF than
that in pure SBF and displayed a release percentage of ~78% in 48 h
(Fig. 1f). Similarly, aPD-L1 released in a reduction-responsive manner
and reached ~50% in 48 h in reductive SBF while it exhibited a slow and
sustained manner to a release proportion of ~18% in pure SBF during
the testing period (Fig. 1g). The accelerated release of the cargos from
aPD/IND@MON-aANN in reductive solution suggested that it might be
attributed to the responsive degradation of disulfide bonds in nano-
particle framework. However, the in vitro assay for drug release could
only extrapolate to the intratumoral drug release behavior and there is
possibility that it could not reflect the actual condition in vivo. Fur-
themore, the TEM images of the products collected at the end of the
releasing tests showed that nanoparticles immersed in reductive SBF
solution exhibited large number of disintegrated fragments while those
in pure SBF presented relatively intact nanoparticle structure and no
significant degradation (Fig. S2a, Supporting Information). Similarly,
the hydrodynamic size of the products indicated that nanoparticles in
reductive SBF had overall smaller size distribution than those in pure
SBF (Fig. S2b, Supporting Information). The above results demonstrated
that the reduction-responsive degradation of aPD/IND@MON-aANN
promoted drug release rate under reductive microenvironment.

3.2. Enhanced tumor extravasation via trans-endothelial pathway

Next, the expression of ANXA1 on tumor endothelium was examined
to verify the existence of the target protein of the aANXAl-installed
nanoparticles. The representative immunofluorescence staining images
of ANXA1 and CD31 (an endothelium marker) for tissue sections from
mouse normal lung tissue and various tumor samples were presented in
Fig. 2a. The relative ANXA1 fluorescence intensity in the CD31 positive
zone for all types of tumor tissue samples were about ~20 fold higher
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Fig. 3. Enhanced nanoparticle extravasation across tumor endothelium in vivo. (a,b) Biodistribution of various Cy5-labelled nanoparticles in major organs and
subcutaneous tumor tissues 8 h after intravenous administration (a) and the quantitative fluorescence analysis (b) (n = 3, data presented as mean + s.d, one-way
ANOVA with Tukey test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (c) Fluorescent images of time-dependent extravasation and accumulation of aPD/
IND@MON-COOH, aPD/IND@MON-PEG, aPD/IND@MON-IgG and aPD/IND@MON-aANN in 4T1 tumors at ears of nude mice. The red dashed lines indicates the
tumor blood vessels. Scale bar = 200 pm. (d) The fluorescence intensity of various nanoparticles accumulated in tumor tissues in time-dependent manner (data
presented as mean + s.d, n = 3, one-way ANOVA with Tukey test,**p < 0.01.). (e) Representative TEM images of the microstructure of tumor endothelium and
perivascular tissue from tumor-bearing mice intravenously administered with gold-conjugated aPD/IND@MON-aANN. Scale bar = 200 nm.

than that for the normal lung tissue samples (Fig. 2b), indicating the
specifically higher expression of ANXA1 in these tumor endotheliums.
Furthermore, the colocalization of CD31 (green) and ANXA1 (red) is
shown in yellow color in the representative images. A high occurrence of
the colocalization of ANXA1 and CD31 could be observed from these
tumor sections. Moreover, the Manders’ Colocalization Coefficient of
the tumor tissue sections were all over 0.85 (Fig. 2¢), suggesting the high
prevalence of ANXA1 on the endothelial cells. Therefore, these results
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corroborated the expression of ANXA1 on tumor endothelium in varying
types of cancers, indicating the feasibility for aANXAl-decorated
nanoplatforms to target at tumor vasculatures. The active trans-endo-
thelial transport of the aANXA1l-decorated nanomedicine were deter-
mined via the co-culture system and the in vitro transcytosis model as
illustrated in Fig. 2d. In order to better simulate the tumor endothelial
cells that had high expression of ANXA1, we established the co-culture
system between HUVECs and 4T1 tumor cells to induce ANXA1l
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Fig. 4. Anti-tumor efficacy and intratumoral immune responses of subcutaneous 4T1 tumors. (a)The therapeutic regime for BALB/c mice subcutaneously inoculated
with 5 x 10° 4T1 cells per mouse. (b,c) Average tumor growth curves, (b) (n = 5, data presented as mean = s.d, one-way ANOVA with Tukey test, *P < 0.05, **P <
0.01) and individual tumor images (c) of tumors dissected from animals on the end of study. (d,g) Representative flow cytometric plots (d) and quantitative analysis
(g) of intratumoral CD3"CD8" subsets within CD45" T cells (n = 5, data presented as mean = s.d, one-way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ****P <
0.0001). (h) Number of intratumoral infiltration CD3"CD8" T cells per mg of tumor (n = 5, data presented as mean =+ s.d, one-way ANOVA with Tukey test, **P <
0.01, ***P < 0.001, ****P < 0.0001). (e,i) Representative flow cytometric plots (e) and quantitative analysis (i) of intratumoral CD8" IFN-y* T effector subsets (n =
5, data presented as mean + s.d,one-way ANOVA with Tukey test, ns stand for no significance, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (f,j)
Representative flow cytometric plots (f) and quantitative analysis (j) of intratumoral Treg (CD4"CD25" FOXP3") subsets (n = 5, data presented as mean =+ s.d, one-
way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ****P < 0.0001). (k) Histological analysis of various tumor tissue sections collected at the study endpoint by
H&E staining assay. scale bar = 100 pm. Data were analyzed by one-way ANOVA with Tukey test.

expression in HUVECs and the western blotting result in Fig. 2e
confirmed the upregulation of ANXA1 expression in the co-cultured
HUVECs compared with those cultured alone. As shown in Fig. 2f,
aPD/IND@MON-aANN had significantly higher transcytosis efficiency
across the co-cultured HUVECs with high ANXA1 expression while the
aPD/IND@MON-IgG group exhibited negligible difference in trans-
cytosis across HUVECs with whether low or high ANXA1 expression,
indicating that the aANXAl-conjugated nanomedicine target at the
ANXA1 on endothelial cells to distinctly enhance the transcellular
transport. In addition, the transcytosis efficiency of aPD/IND@MON-
aANN across co-cultured HUVECs pretreated with 200 pM genistein
(endocytic pathway inhibitor) or 20 pM EXO1 (exocytic pathway in-
hibitor) was both significantly diminished (Fig. 2g), suggesting that
aANXA1l-immobilized nanomedicine traverse the tumor endothelial
cells through the active transcytosis pathway.

Next, we performed the biodistribution of various Cy5-labelled
nanoparticles 8 h post injection in subcutaneous 4T1 tumor-bearing
mice (Fig. 3a and b). Compared with the other formulations, aPD/
IND@MON-aANN was shown to preferentially target at tumors with
much less accumulation in kidneys, livers and lungs, which indicated
that the aANXA1-decorated nanomedicine significantly improved the
drug delivery efficiency. The real time trans-vascular extravasation and
tumor accumulation of FITC-labelled nanomedicines were monitored by
fluorescence microscopy as previously described [24]. From the fluo-
rescence images in Fig. 3c and the corresponding quantitative analysis in
Fig. 3d, aPD/IND@MON-aANN was found to rapidly transport across
the endothelium and evidently accumulate in tumors 20 min after
intravenous injection while the other groups exhibited weak fluorescent
signals in tumor sites. Moreover, aPD/IND@MON-aANN continued to
percolate extensively into tumor interstitium and the fluorescent signal
was pervasive throughout most of the tumor tissue at 80 min, exhibiting
significantly higher fluorescence intensity relative to the other groups.
aPD/IND@MON-IgG and aPD/IND@MON-PEG group displayed a
moderate fluorescence intensity since 40 min and the signals of the two
groups were slightly higher than those of aPD/IND@MON during the
entire test. These results demonstrated that aPD/IND@MON-aANN
possessed prominent capacity in extravasation into solid tumors and
aANXAl immobilization contributed to the efficient nanoparticle
transport across tumor endothelium to amass in tumor tissue. Further-
more, to ascertain the role of caveolae in mediating the remarkable
improvement of aPD/IND@MON-aANN in tumor extravasation, tumor
bearing mice were intravenously injected with aPD/IND@MON-aANN
nanoparticles with 6 nm colloidal gold nanoparticles attached to
aANXA1, followed by TEM observation of the microstructure and con-
tents of caveolae in tissue sections from tumor area. As shown in Fig. 3e,
gold-conjugated nanoparticles were observed in the lumen of tumor
blood vessel, uptaken by the typical flask-shaped vesicles — caveolae on
the luminal endothelium surface [5], subsequently subjected to endo-
cytosis into the endothelial cell and the release from caveolae on ablu-
minal surface to the perivascular space. Taken together,
aPD/IND@MON-aANN targeted at caveolar ANXA1 of tumor endothe-
lium and initiated the active trans-endothelial transcytosis via caveolae
to transport nanomedicine into tumor tissue, thus remarkably boosting
the extravasation and accumulation of nanomedicine in solid tumors.
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3.3. Anti-tumor activity and potent intratumoral immunity in vivo

The anti-tumor performance and immune responses in TME of
various formulations were examined in the subcutaneous 4T1 breast
cancer mouse model. The tumor-bearing mice received Isotype control
antibody, free aPD-L1 (denoted aPD), aPD@MON-IgG, aPD@MON-
aANN and aPD/IND@MON-aANN nanoparticles on day 7, 10, and 13
after tumor inoculation via tail vein injection as illustrated in Fig. 4a
aPD@MON-IgG moderately regressed tumor growth with a tumor in-
hibition rate higher than that of mice given free aPD-L1 (Fig. 4b and c).
Importantly, aPD@MON-aANN nanoparticles inhibited the 4T1 tumor
progression 3.5- and 2.0-fold more effectively than aPD and aPD@MON-
IgG group, respectively. Moreover, aPD/IND@MON-aANN further
notably augmented the antitumor activity, leading to regression of
tumor size for 60% of the mice. In addition, the body weight of mice for
all groups had no significant decrease during the entire anti-tumor study
(Fig. S3, Supporting Information). These results suggested that the
aANXAl-installed delivery system for aPD-L1 significantly contributed
to the promoted immunotherapeutic effects of aPD-L1 and the addi-
tional encapsulation of the immune-regulator Indoximod into the
aPD@MON-aANN nanocarriers indeed substantially enhanced the effi-
cacy of aPD-L1 ICB therapy. To evaluate the anti-tumor immune re-
sponses underlying the superior therapeutic effects of aANXAl-
decorated nanomedicines, flow cytometry and histological analysis of
tumor tissues were conducted. From the flow cytometric analysis shown
in Fig. 4d, g, aPD@MON-aANN significantly elevated the fraction of
CD8" cytotoxic T lymphocytes (CTLs) to 28.14 + 2.92%, which is ~1.7
fold to that of aPD group. aPD@MON-aANN also exhibited consistently
higher number of CD3*CD8" T cells normalized to tumor mass relative
to aPD@MON-IgG group (Fig. 4h). The fraction of CD8TIFN-y" T cell is
6.31 + 1.02% for aPD@MON-aANN and 4.45 + 0.61% for aPD@MON-
IgG (Fig. 4e,i). Notably, the combination therapy via aPD/IND@MON-
aANN further generated potent anti-tumor immune responses
including the significantly augmented CTL fraction of 33.7 + 3.18%, and
IFN-y"-producing CD8™ T cell fraction of 8.85 + 1.24%. Since regulatory
T cells (CD4" CD25" Foxp3™ T cells, namely, Tregs) constitute an
important immunosuppressive population in TME and their intra-
tumoral infiltration suggests poor clinical prognosis [29], the fraction of
Tregs was measured by flow cytometry. The control group was shown to
have 37.9 + 3.34% of Treg infiltration, indicating the immunosup-
pressive TME for 4T1 tumors (Fig. 4f,j). The aPD@MON-aANN treat-
ment dramatically decreased the fraction of Tregs to 18.7 + 3.22%,
which is also significantly lower than that of aPD@MON-IgG group.
Notably, aPD/IND@MON-aANN group further attenuated the Treg fre-
quency to 9.62 + 2.56%, indicating the effective reverse of the immu-
nosuppressive TME by virtue of Indoximod encapsulation into
aPD@MON-aANN. Indoximod, a “tryptophan memetic,” acts directly
on immune cells and creates an artificial tryptophan-sufficiency signal to
reverse IDO pathway-mediated suppression. Indoximod has shown
success and a desirable safety profile in multiple phase I and II studies of
advanced solid tumors and various cancers, especially in combination
with chemotherapy [30]. Apparently, the combined administration of
Indoximod and aPD-L1 on aANXA1-decorated nanoplatforms also yiel-
ded desirable anti-tumor efficacy. Moreover, TUNEL and H&E staining
results  consistently exhibited that aPD@MON-aANN and
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Representative H&E staining images of lung tissues from various groups. (e,f) Analysis of the number (e) and tumor area (f) of lung metastasis nodules after various
treatments (n = 5, data presented as mean =+ s.d, one-way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ****P < 0.0001). (g) Survival curves for various groups (n
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aPD/IND@MON-aANN group both caused much more apoptosis and/or
necrosis of tumor cells than the other groups (Fig. 4k and Fig. S4, Sup-
porting Information), which might be attributed to the increased intra-
tumoral infiltration of CTLs and secreted pro-inflammatory cytokines,
such as IFN-y [31]. The above results validated that aPD@MON-aANN
nanoparticles significantly promoted the anti-tumor immune responses

2168

for ICB therapy whilst the combination nanomedicine of
aPD/IND@MON-aANN elicited much more robust anti-tumor immunity
and reversed the immunosuppressive TME to further substantially
augment the efficacy of ICB immunotherapy for the 4T1 tumor-bearing
mice.
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Fig. 6. Anti-tumor activity in orthotopic lung cancer model. (a) The therapeutic regime for C57BL/6 mice with orthotopic lung cancers induced by urethane. (b)
Representative 18F-FDG micro-PET/CT images of tumor-bearing mice after various treatments. The arrows represent tumor signals. (c) Analysis of SUV™®* value for
various groups (n = 8, data presented as mean =+ s.d, Data were analyzed by one-way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
(d) Representative H&E-stained sections of lung tissues of various groups. Scale bar = 50 um. (e) Analysis of the number of tumor nodules in lung-tissue sections from
mice treated with various formulations (n = 8, data presented as mean + s.d, Data were analyzed by one-way ANOVA with Tukey test, *P < 0.05, **P < 0.01, ***P <

0.001, ****P < 0.0001).
3.4. Inhibition of 4T1 tumor metastasis

Immunosuppressive microenvironment in tumors could enhance
tumor immune escape and further facilitate tumor metastasis via
inducing immunosuppression, enhancing tumor cell invasion and
intravasation, forming a pre-metastatic niche and etc. [32], meanwhile
metastasis is the major reason for mortality caused by breast cancer,
[33]. It has been reported that premetastatic niche in rapidly progress-
ing 4T1 breast cancers had abundant angiogenesis process [34], thus the
aANXAl-decorated nanomedicine by virtue of active trans-endothelial
transcytosis exerts great potential in delivering immunotherapeutics to
diminishing metastasis. Therefore, the anti-metastatic potential of
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aPD/IND@MON-aANN nanoparticles were further assessed. Grouped
female BALB/c mice were inoculated with 4T1-luciferase breast cancer
cells via tail vein injection, followed by intravenous administration of
Isotype control antibody, free aPD-L1 and Indoximod (denoted
aPD/IND), aPD/IND@MON-IgG and aPD/IND@MON-aANN nano-
particles on day 7, 10 and 13 (Fig. 5a). The tumor metastasis of the mice
was detected by in vivo imaging system (IVIS) and mice were sacrificed
when the bioluminescence of any group exceeded 5 x 10° p
s lem~2sr 1. The main organs of the sacrificed mice were then collected
for H&E staining to confirm tumor metastasis (Fig. S5, Supporting In-
formation). As indicated by the bioluminescence results (Fig. 5b, ¢) and
H&E staining images of lung tissue sections (Fig. 5d-f), free aPD/IND
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Fig. 7. Biocompatibility and safety evaluation. (a-h) The level of ALT (a), AST (b), r-GT (c), T-Bil (d), BUN (e), SCr (f), LDH-L (g) and CK-MB (h) in the serum from
subcutaneous tumor-bearing mice at the endpoint of therapeutic study (n = 5, data presented as mean =+ s.d). (i) Representative H&E-stained sections of heart,
kidney, liver, lung and spleen from mice of different groups. Scale bar = 50 pm.
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administration moderately regressed tumor metastasis and
aPD/IND@MON-IgG nanomedicine displayed enhanced anti-metastasis
effects compared with free aPD/IND. Of note, aPD/IND@MON-aANN
markedly diminished the metastasis level including significant reduc-
tion in systemic bioluminescence signals as well as the number and area
of lung metastasis nodules relative to aPD/IND@MON-IgG group. The
survival study was adopted to evaluate the comprehensive therapeutic
effects of various formulations (Fig. 5g). Mice treated with
aPD/IND@MON-aANN exhibited a prominently longer median survival
time to 42.5 days as compared with those received Isotype control
antibody (24 days, P < 0.0001), aPD/IND (28.5 days, P < 0.0001) and
aPD/IND@MON-IgG (34.5 days, P < 0.001).

3.5. Anti-tumor efficacy in orthotopic lung cancer

Since lung cancers also develop in a context of tumor-induced im-
mune suppression [35], we established the urethane-induced orthotopic
lung cancer mouse model to further explore the general applicability of
aPD/IND@MON-aANN nanoplatforms. Mice were administered intra-
peritoneally with urethane per week (1 mg g_1 body weight) for 10
consecutive doses as described previously [25]. 15 weeks after the first
dosage, tumor-bearing mice were randomly grouped and intravenously
treated with Isotype control antibody, aPD/IND, aPD/IND@MON-IgG
and aPD/IND@MON-aANN every 3 days for 3 times as illustrated in
Fig. 6a. 2 weeks after the first treatment, tumor progression was assessed
by 18F-FDG microPET/CT and the lung tissue of the sacrificed mice were
dissected for H&E staining to further verify the tumor progression. The
18F-FDG microPET/CT imaging and corresponding quantitative results
(Fig. 6b and ¢) manifested that there was significantly lower SUV™®*
value for aPD/IND@MON-aANN group than that for the other groups,
implying that aPD/IND@MON-aANN nanomedicine effectively post-
poned the progression of the urethane-induced orthotopic lung cancer.
In addition, H&E staining assay (Fig. 6d and e) produced analogous
results, with aPD/IND@MON-aANN displaying much lower number of
tumor nodules (>100 pm) compared with aPD/IND@MON-IgG and
aPD/IND group.

3.6. Biocompatibility and safety evaluation

The biocompatibility and safety analysis of aANXAl-decorated
nanoparticles was also evaluated in vitro and in vivo. After incubation
with the nanoparticles for 24 h, the viability of NIH-3T3, 293T cells and
HUVECs were determined by Cell Counting Kit-8 (CCK-8). The results
showed that both cell types displayed a viability of over 90% without
being damaged by the increase of nanoparticle concentration (Fig. S6,
Supporting Information). The in vivo biocompatibility was confirmed by
the stable body weight statistics (Fig. S3, Supporting Information) for all
groups throughout the therapeutic assays for subcutaneous tumor-
bearing mice. Moreover, the serum hepatic enzyme parameters
(alanine aminotransferase (ALT)/aspartate aminotransferase (AST)/
Gamma-glutamyl transpeptidase (y-GT)/total bilirubin (T-Bil)), kidney
function indexes (blood urea nitrogen (BUN) and serum creatinine
(SCr)) and heart function indexes (lactic dehydrogenase (LDH-L) and
creatine kinase-myocardial band (CK-MB)) were all within the reference
values at the endpoint of the study (Fig. 7a-h). In addition, there were
no obvious damages in major organs as indicated by H&E-stained tissue
sections, (Fig. 7i). Additionally, the aPD/IND, and aPD/IND@MON-
aANN were injected into naive mice and there was no significant dif-
ference in the above-mentioned major organ function parameters and
hematological parameters, including the content of hemoglobin and the
number of white blood cells, red blood cells and platelets (Figs. S7a-j,
Supporting Information). The kinetics of serum ALT and AST level in
(Fig. S7k,l, Supporting Information) indicated that the ALT and AST
levels of aPD/IND, and aPD/IND@MON-aANN group were both slightly
higher than the PBS group but still within the reference values. The
above results demonstrated the satisfying in vivo biocompatibility and
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safety of the nanoparticles.
4. Conclusion

In summary, we propose ANXAl antibody-installed reduction-
responsive mesoporous organosilica nanoplatforms involving combina-
tion immuno-therapeutics of aPD-L1 and Indoximod to efficiently
enhance nanomedicine extravasation via the antibody-triggered active
trans-endothelial delivery route, thus distinctly augmenting the immu-
notherapy efficacy for solid tumors. Particularly, the immobilized
aANXAl on the nanoplatforms serve to target at the caveolar ANXA1
protein of luminal endothelial cells and to activate endocytosis and
transcytosis of nanomedicine mediated by caveolae to transport across
tumor endothelial cells, resulting in rapid and substantial nanoparticle
extravasation and accumulation in TME. Moreover, aPD-L1 and Indox-
imod release from aPD/IND@MON-aANN nanoplatforms in a reduction-
responsive manner and cooperatively elicit potent anti-tumor immune
responses including improving the intratumoral infiltration and activa-
tion of CTLs and reducing the fraction of Treg subsets. aPD/IND@MON-
aANN is demonstrated to exhibit potent anti-tumor effects in subcu-
taneous 4T1 breast tumors and remarkable anti-metastatic performance
in 4T1 metastasis model. Compared with combination administration of
free drugs, aPD/IND@MON-aANN nanomedicine presents much more
robust therapeutic efficacy to attenuate the progression of urethane-
induced orthotopic lung cancers in mice. Therefore, aPD/IND@MON-
aANN nanomedicine with superior delivery efficiency via active trans-
endothelial transcytosis as well as potent immunotherapeutic capacity
may exert tremendous potential for the treatment of a range of solid
tumors.
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