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ARTICLE INFO ABSTRACT

Keywords: Tumor is known as “a wound that does not heal”. Tumor-promoting inflammation plays a crucial role in car-
Polypeptide cinogenesis, tumor progression, tumor metastasis, as well as chemotherapy resistance. Therefore, reducing
Dexamethasone

tumor-promoting inflammation may be a key aspect in targeting the tumor microenvironment for cancer
therapy. Dexamethasone (DEX), a commercial drug in the treatment of many different inflammatory diseases,
can effectively inhibit the release of substances causing inflammation. However, as a corticosteroid medication,
direct use of DEX results in many severe side effects. In this study, a redox and pH dual sensitive polypeptide-
DEX conjugate (L-SS-DEX) was synthesized, and the L-SS-DEX dramatically increased the tumoral accumula-
tion of DEX in murine colorectal cancer model (CT26) compared to free DEX. Importantly, at equal dose (10 mg/
kg), L-SS-DEX showed superior antitumor activity over free DEX: 86% tumor suppression rate of L-SS-DEX
treatment group compared to 49% of free DEX treatment group. Further analysis of the tumor tissues showed
that cyclooxygenase-2 (COX-2) and a-smooth muscle actin (a-SMA) were significantly reduced after the
L-SS-DEX treatment compared with control groups. In addition, the immunosuppressive microenvironment of
the CT26 tumor was effectively relieved after L-SS-DEX treatment, characterized by increased CD8* T cell
infiltration, increased ratio of M1 over M2 macrophages, as well as markedly decrease in regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs). The above results suggest that anti-inflammatory drugs
hold great potential in modulating the tumor microenvironment when delivered properly, and can also result in
significant tumor inhibition effects. Since dramatic amounts of anti-inflammatory drugs have been used in clinic,
our results may provide improved tumor therapy options of using anti-inflammatory drugs for cancer therapy.

Tumor microenvironment
Anti-Inflammation

1. Introduction

Tumor is described as “a wound that doesn't heal”, and tumor-
promoting inflammation is one of the hallmarks of cancer [1,2]. In-
flammation, especially chronic inflammation, is an important cause of
tumorigenesis and acts different functions accompanied with tumor
progression [3,4]. It is gradually illustrated that the tumor micro-
environment (TME) is constructed by not only tumor cells, but also
stroma cells including endothelial cells, fibroblasts, as well as

inflammatory cells [5]. Specially, certain inflammatory cells like tumor-
associated macrophages (TAMs), assist tumor cell hyperplasia by se-
creting growth factors [6], assist angiogenesis through secreting vas-
cular endothelial growth factor (VGEF) [7,8], promote tumor metas-
tasis and invasion by secreting matrix metalloproteinases (MMPs) [9],
and suppress adaptive immunity by secreting various im-
munosuppressive cytokines [10,11]. Besides, some of the inflammatory
cells are reported to contribute to drug resistance [12]. As a result,
immunomodulation with reducing inflammation may be an important
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strategy to remodel the TME for cancer therapy.

Anti-inflammatory drugs have been applied in clinic for cancer
prophylaxis. Anti-inflammatory drugs have also shown efficacy in
suppressing tumor progression [13], counteracting chemoresistance
[14], decreasing cancer morbidity [15], and improving the survival of
cancer patients [16]. For example, non-steroidal anti-inflammatory
drug (NSAIDs) aspirin was reported to reduce the incidence of several
types of solid tumors including prostate cancer [17], melanoma [18]
and breast cancer [19]. Steroidal anti-inflammatory drugs such as
dexamethasone (DEX) has been used in combination with Venetoclax to
improve the sensitivity in myeloma [20]. Besides, DEX could enhance
the therapeutic effect of platinum and gemcitabine based chemother-
apeutics in the treatment of colon cancer [21], lung cancer [22] and
breast cancer [23]. Statins show ability to activate natural killer cells
which results in tumor inhibition and tumor microenvironment mod-
ulation [24]. Despite this, NSAIDs, steroids and statins have various
side effects, including kidney dysfunction [25], Cushing's syndrome
[26], gastrointestinal bleeding [27], osteroporosis [28], liver dysfunc-
tion [29] and coagulopathy [30], which however hindered their full
applications to cancer therapy.

Nanotechnology-based delivery systems have been widely explored
in recent years in chemo-drug delivery for improving water solubility
[31,32], prolonging blood circulation time [33], regulating the biolo-
gical distribution [34,35] and reducing side effects [36]. Besides, na-
nomedicine-based immunomodulation has created enormous impact in
both clinical and preclinical studies in cancer therapy [37-42]. Several
attempts have been reported on the preparation of nano-formulations of
anti-inflammatory drugs, and a few of them has been applied in cancer
therapy [43-45]. In one study, DEX was encapsulated in long-circu-
lating liposomes and crosslinked polymeric micelles for melanoma
treatment. Although long circulating half-lives and reduced systemic
side effects were observed, the nano-formulation only resulted in
modest tumor suppression effect, which might be attributed to un-
satisfactory drug release [46]. In another study, celecoxib was co-
loaded with doxorubicin in albumin which result in enhanced anti-
tumor efficacy of doxorubicin in non-small cell lung cancer treatment
[47]. Stimulus-responsive drug delivery systems have been reported to
further enhance the drug delivery efficiency by reducing unnecessary
drug release at normal tissues and promoting fast release inside tumor
[48]. However, stimuli-responsive drug delivery systems are still rarely
reported for delivering anti-inflammatory drugs for cancer therapy. We
hypothesized that the stimuli-responsive design may maximize ther-
apeutic effects of these anti-inflammatory drugs.

To validate such hypothesis, a kind of pH and redox dual responsive
polypeptide-DEX conjugate (L-SS-DEX) was developed for anti-tumor
therapy and tumor microenvironment modulation (Scheme 1). Poly-
peptide was chosen as the backbone materials in this study due to its
good biocompatibility [49], low toxicity [50] and versatile functiona-
lization [51]. The antitumor effect of L-SS-DEX was evaluated in a
murine CT26 colorectal tumor model compared to both free DEX and
non-sensitive DEX conjugate. In addition, the effects of L-SS-DEX on
TME modulation, including T cell infiltration, MDSCs, M1/M2 macro-
phages, as well as the expression of cyclooxygenase-2 (COX-2) and a-
smooth muscle actin (a-SMA), were also evaluated in detail. As ex-
pected, L-SS-DEX showed great potential in relieve the im-
munosuppressive TME, resulting in superior therapeutic effect over free
DEX. These results provide new possibilities for the application of anti-
inflammatory drugs in cancer therapy.

2. Materials and methods
2.1. Materials
N-g-benzyloxycarbonyl- 1-lysine-N-carboxyanhydride (Lys(Z)-NCA)

were synthesized based on our previous work [52]. 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyl  tetrazolium bromide (MTT), 3,3-
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dithiodipropionic acid (DTPA), 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) and poly (ethylene glycol) monomethyl ether
(mPEG, M, = 5000) were bought from Sigma-Aldrich. Anhydrous N’N-
dimetylformamide (DMF) was obtained through vacuum distillation.
Dexamethasone (DEX) was bought from Dalian Meilun Biotechnology
Co., LTD. Diisopropylcarbodiimide (DIC) was bought from Beijing J&K
Co., LTD. Fluorescein isothiocyanate (FITC) was provided by Aladdin.
Other reagents and solvents were provided by Sinopharm Chemical
Reagent Co., LTD.

2.2. Characterization

'H NMR spectra were characterized by Bruker AV-500 or Bruker
AV-300 NMR spectrometer. Drug release and biodistribution experi-
ments were calculated by high performance liquid chromatography
(HPLC), which is made up of a Waters 2414 Refractive Index Detector, a
Waters 515 HPLC pump and a reverse-phase C-18 column (Symmetry®).
Dynamic light scattering (DLS) was used to characterize the sizes of the
self-assemble nano-micelles. A JEOL JEM-1011 (Tokyo, Japan) was
used to obtain transmission electron microscopy (TEM) images.
Histological alterations were observed by optical microscope (Nikon
Eclipse Ti, Optical Apparatus Co., Ardmore, PA, USA). All the im-
munofluorescence slides and cellular uptake slides were pictured
through a confocal laser scanning microscope (CLSM, Carl Zeiss LSM
700, Germany).

2.3. Synthesis of polypeptide-DEX conjugates

Detailed synthesis method for mPEG-b-poly (i-lysine) (mPEG-b-
PLL), 3,3’-Dithiodipropionic acid functionalized mPEG-b-PLL (mPEG-b-
P (LL-DTPA)) and succinic acid functionalized mPEG-b-PLL (mPEG-b-P
(LL-SA)) was described in the supplementary information, following
our previously established method [36]. The polypeptide-DEX con-
jugates were prepared by esterification of hydroxyl in DEX with car-
boxyl on the side chains of mPEG-b-P (LL-DTPA) or mPEG-b-P (LL-SA).
Take L-SS-DEX as an example. Briefly, mPEG-b-P (LL-DTPA) (800 mg,
0.09 mmol) was dispersed in anhydrous DMF. Then, the DMF solution
of DEX (200 mg, 0.5 mmol), DMAP (36 mg, 0.3 mmol) and DIC
(150 mg, 1.2 mmol) was injected into the above solution under stirring.
After 36 h of continuous reaction, the mixture solution was poured into
cold diethyl ether. The L-SS-DEX crude product was obtained and
further purified through dialysis against deionized water for 72 h in
dark and a flaxen solid was obtained after lyophilization.

2.4. Stimuli-responsive drug release

L-SS-DEX or L-SA-DEX (containing 0.5 mg DEX, dissolved in 5 mL
buffer) was added to a dialysis bag (MW 3500 Da), and then immersed
in 45 mL buffer under shaking (90 rpm) at 37 °C at three conditions: pH
7.4 (10 mM, phosphate buffered saline (PBS)), pH 7.4 with 10 mM
glutathione (GSH) (10 mM, PBS), and pH 5.5 (10 mM, acetate buffer).
At each time point, 5.0 mL of the release solution was withdrawn and
5.0 mL of the same fresh buffer was replenished. The release tests were
repeated in triplicate under the same conditions. The amount of re-
leased DEX was measured by HPLC, with a mobile phase of water and
acetonitrile (60/40, V/V) and a flow rate of 1.0 mL/min. The final re-
lease solution was also tested with high performance liquid chromato-
graphy-mass spectrometry (HPLC-MS), and the detailed experiment
procedure is provided in the supporting information.

2.5. Cell lines and cell culture

The murine colorectal cancer CT26 cells were used to carry out the
in vitro and in vivo studies. CT26 cells were culture with Dulbecco's
modified Eagle's medium (DMEM) (containing 10% fetal bovine serum
(FBS), 50 U/mL penicillin and 50 U/mL streptomycin) and incubated at
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Scheme 1. Schematic illustration of L-SS-DEX for tumor microenvironment modulation. Intravenously injected L-SS-DEX selectively accumulates to the tumor
by “EPR” effect, and release DEX in response to the low pH and redox microenvironment inside the tumor. Anti-inflammatory effects of DEX result in TME
modulation, including increased CD8* T cells and M1 macrophages, decreased MDSCs, and significant tumor inhibition effect.

37 °C in an atmosphere of 5% CO,.

2.6. In vitro cytotoxicity assays

The in vitro cytotoxicities of free DEX, L-SA-DEX and L-SS-DEX were
evaluated using MTT assay. 8000 CT26 cells were seeded per well with
200 pL of complete culture medium to 96-well culture plates. After
overnight incubation, free DEX and polypeptide-DEX (0-100 pg/mL
DEX) was added. MTT assay test was carried out after incubation for
another 24 or 48 h. The absorbances of each well were measured at
490 nm on a Bio-Rad 680 microplate reader. The relative cell viability
(%) was determined through comparing the absorbance values of
sample wells with that of control wells. The same method was used to
evaluated the in vitro cytotoxicities of mPEG-b-P (LL-SA) and mPEG-b-P
(LL-DTPA).

2.7. Cellular uptake

2 x 10° CT26 cells were seeded per well in a 6-well plate. After
overnight incubation, the culture medium was replaced with fresh
medium which contained FITC-labeled L-SA-DEX or L-SS-DEX micelles,
respectively. After 1, 3 or 6 h incubation, the culture medium was re-
moved, and the cultured cells were washed with cold PBS and fixed
with PBS containing 4% (w/v) formaldehyde. Then the cell nuclei were
stained with DAPI, and images were taken on a CLSM microscope.

2.8. Pharmacokinetics study

All animal studies were carried out according to the guidelines ap-
proved by the Animal Care and Use Committee of Jilin University.
Female SD rats (average weight 220 g) were assigned into two groups at
random (n = 3). DEX (10 mg/kg, dissolved in the 8:1:1 mixture of PBS
and ethanol, Cremophor EL®) or L-SS-DEX (10 mg DEX/kg, dissolved
in PBS) were administered via tail vein. Blood samples were collected
from the orbital cavity through capillary tube at each desired time point
(5 min, 0.5, 1, 2, 4, 8, 12 and 24 h), mixed with heparin sodium, and
the plasmas were obtained after centrifugation, and was treated with
1 M hydrochloric acid following 1.2 M disodium hydrogen phosphate.
Finally, the obtain plasmas were detected by HPLC according to the
reported procedure [53]. The half-life of the drug (t;,5) and area under
the drug concentration-time curve from 0 to 24 h in plasma (AUCo.,)
were calculated using PKSolver [54].

2.9. Biodistribution study

The female BALB/c mice (6-8 weeks old) were subcutaneously
embedded with CT26 cells (2 x 10°) into the abdomen. Once the tumor
volumes reached approximately 300 mm?, free DEX or L-SS-DEX na-
noparticles was intravenously injected into the mice at the same dose of
DEX (10 mg/kg) (n = 3 per group). The tumor tissues and major organs
(heart, liver, spleen, lung and kidney) were excised at predetermined
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Fig. 1. Synthesis routes of L-SS-DEX and L-SA-DEX.

time points (6 h, 24 h, 48 h), accurately weighed and ground into
pieces. The tissue debris was treated with 1 M hydrochloric acid fol-
lowing 1.2 M disodium hydrogen phosphate. Finally, the obtain su-
pernatant was detected by HPLC according to the reported procedure
[531.

2.10. In vivo antitumor efficiency

The female BALB/c mice (6-8 weeks old) were subcutaneously
embedded with CT26 cells (2 x 10°) into the abdomen. Once the tumor
volume reached approximately 140 mm?, the mice were assigned into 4
groups at random (n = 5) and received the treatment of PBS, DEX
(10 mg/kg, dissolved in the 8:1:1 mixture of PBS and ethanol,
Cremophor EL®), L-SA-DEX (10 mg/kg at DEX) or L-SS-DEX (10 mg/kg
at DEX). The mice were intravenously injected with different formula-
tions every three days and received six treatments in total. Body
weights and tumor volumes were recorded every other day. The day
when the treatment started was designated as day 0. The tumor volume
was measured with calipers and calculated as following: tumor volume
(V) = a x b%/2, where a is the major axis and b is the minor axis of the
tumor. The tumor suppression rate (TSR) was calculated as following:
TSR (%) = [(V.- Vx)/V.] X 100%, where V. represents the mean tumor
volume of the PBS group and Vy represents the mean tumor volume of
the treatment group.

2.11. Immunohistochemical and immunofluorescence analyses

Mice were sacrificed on day 16, major organs and tumors were
obtained, and soaked into 4% PBS buffered paraformaldehyde for 24 h,
then soaked into 15% (w/v) and 30% (w/v) PBS-buffered sucrose so-
lution successively, and finally all the organs and tumor tissues were
kept in 30% (w/v) PBS-buffered sucrose solution before use. To obtain
paraffin slices, the paraffin embedded tissues were cut into 5 pm
thickness. Histological alterations of tumors and the major organs were

evaluated by staining the paraffin slices with hematoxylin and eosin (H
&E). Immunofluorescence analyses was carried out on frozen sections
using antibodies against COX-2, a-SMA, CD3, CD4 and CD8. TUNEL
staining was carried out following the manufacturer's protocol (KeyGen
Biotech, KGA703).

2.12. Flow cytometry analysis

To analyze the immune cells in the tumor tissues, the harvested
tumors were digested using tumor dissociation buffer. Single-cell sus-
pensions were obtained after nylon mesh filtration, and incubated with
various antibodies against the immune cells (Table S2), following a
previously published procedure [55]. FACS test was carried out on a
flow cytometry machine (BECKMAN COULTER, CytoFLEX). The results
were analyzed with the CytExpert (BECKMAN COULTER).

2.13. Inflammatory cytokines analyses

To analyze inflammatory cytokines in the tumor tissues, the har-
vested tumors were homogenized in PBS buffer, and the supernatant
was obtained after centrifugation. Cytokines in the supernatant, in-
cluding interferon-gamma (IFN-y), tumor necrosis factor alpha (TNF-a),
interleukin 4 (IL-4), interleukin 10 (IL-10) and prostaglandin E2
(PGE2), were detected using ELISA kits (Table S3). All the tests were
carried out following the manufacturer's protocols.

2.14. Statistical analyses

All experiments were performed at least three times and expressed
as means * standard deviation (SD). For comparison between two
groups, student's t-test was used. For comparison between multiple
groups, one-way ANOVA was used.
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3. Results and discussion
3.1. Synthesis and characterization of polypeptide-DEX conjugates

The synthesis method of mPEG-b-P (LL-DTPA) and mPEG-b-P (LL-
SA) is consistent with our previous work [36]. As high glutathione
concentration is a basic hallmark of cancer cells [42], 3,3’-dithiodi-
propionic acid was used to modify the side chain to introduce disulfide
linker between drug and the carriers, while the succinic acid modified
mPEG-b-PLL (mPEG-b-P (LL-SA)) was synthesized as a control. All the
peaks of the resulting copolymers, mPEG-b-P (ZLL), mPEG-b-PLL,
mPEG-b-P (LL-DTPA) and mPEG-b-P (LL-SA), were well assigned in the
'H NMR spectra (Fig. S1). DEX was conjugated to the two kinds of
polypeptides by esterification of hydroxyl in DEX with carboxyl on the
side chains of polypeptides, and resulted in L-SS-DEX and L-SA-DEX
(Fig. 1). There are three hydroxyl groups in DEX, while the one at beta
position of the carbonyl is more reactive due to less steric hindrance. In
L-SS-DEX, the chemical shifts of methylene at the carbonyl beta posi-
tion (j) in DEX switched from § 4.53-4.45 (dd, 1H) ppm and §
4.04-4.02 (d, 1H) ppm to § 5.08 (d, 1H) ppm and & 4.83-4.80 (d, 1H)
ppm, and the hydrogen peak in the reactive hydroxyl disappeared,
which should be at § 4.7 ppm (r) in the free DEX in 'H NMR spectrum
(Fig. 2A and B). By comparing the characteristic peaks intensities of
DEX at § 7.30 (d, 1H) ppm, 8 6.22 (dd, 1H) ppm and § 6.01 (s, 1H) ppm
with the proton intensities of mPEG at § 3.8 ppm, the average conjugate
number of DEX was about 5.0 per polypeptide, and the drug loading
content was 17.1 wt%. L-SA-DEX was also successfully synthesized as
confirmed by 'H NMR spectrum (Fig. S2). The average conjugate

a *om?nu‘?nu}-om«
(a)
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number of DEX was about 3.2 per polymer, and the drug loading con-
tent was 13.2 wt%.

3.2. Self-assembly and in vitro drug release of polypeptide-DEX conjugates

Due to the amphiphilicity, both L-SA-DEX and L-SS-DEX can easily
dissolve in PBS and assemble into micelles. The hydrodynamic radii
(Ry) of L-SA-DEX and L-SS-DEX micelles determined by DLS were
about 38 and 33 nm, respectively (Fig. S3A). The sizes of L-SA-DEX and
L-SS-DEX micelles will conduce to better accumulation in tumor tissues
via EPR effect [56]. The zeta potentials of L-SA-DEX and L-SS-DEX
micelles were about —7.8 mV and —5.2 mV, respectively. To evaluate
the stability of the micelles, the sizes of L-SA-DEX and L-SS-DEX mi-
celles in PBS medium with 10% FBS were monitored by DLS for 72 h.
The sizes of the two self-assembled micelles did not change much
during the observation period, suggesting the prepared micelles could
keep stable once getting contact with plasma. This may be due to the
existence of PEG, which contributed to reduce the adsorption of pro-
tein, and the hydrophobic moiety ensured that micelles formed a stable
core (Fig. S3B). TEM images further confirmed the uniform size and
spherical morphologies of L-SA-DEX and L-SS-DEX, the average dia-
meters of L-SA-DEX and L-SS-DEX micelles measured by TEM were
around 32 and 29 nm, respectively (Figs. S3C and D).

Tumor tissue is infiltrated with a large number of pro-inflammatory
cytokines and immunosuppressive cells [55,57]. Therefore, sustained
and effective release of drug is of great significance for the regulation of
tumor microenvironment [40]. Polymer-drug conjugates can efficiently
increase the accumulation and protracted retention at the tumor tissue
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Fig. 2. H NMR spectrum of L-SS-DEX. (A) H NMR spectra of mPEG-b-P (LL-DTPA) (a), DEX (b) and L-SS-DEX (c) in DMSO-ds. (B) The characteristic chemical
shifts changes of DEX in L-SS-DEX conjugates (e) compared with free DEX (d).
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The release experiments were repeated in triplicate under the same conditions. Data were presented as the mean *= SD (n = 3).

by EPR effect, which prolongs the acting time of drugs [58]. Tumor
endosome (pH = 5-6) is significantly acidic than the normal tissues
(pH = 7.4) [59], which will increase the protonation degree of f-
thiopropionate, and subsequently active the neighbouring ester bonds
(Fig. 3A). The release rate of DEX was faster in the condition of pH 5.0
compared with that of pH 7.4, and 49% of the total amount of DEX
released from L-SS-DEX micelles at the end (120 h). All these proved
that L-SS-DEX had the ability of enhanced acid-triggered release. The
disulfide bonds can be cut off in the presence of GSH, and the exposed
thiol groups are linked with the carbonyl group to release the drug.
There was more than 66% of DEX released from L-SS-DEX micelles at
pH 7.4 with 10 mM GSH as the trigger. All these results proved the pH
and GSH dual-responsiveness of DEX release from L-SS-DEX (Fig. 3B).
The release of DEX from L-SA-DEX micelles was slow and insensitive to
acidic and GSH. There was only less than 10% of DEX released from the
L-SA-DEX in 120 h (Fig. 3C). We further used HPLC-MS to detect the
release solution obtained at the final time point of the release experi-
ment. As shown in Fig. S4, the released DEX matched the parent
compound in the presence of GSH or in the condition of pH 5.5, and the
accumulative release rate determined by HPLC-MS was in consistent
with that obtained from HPLC with a UV detector (Table S1).

3.3. Invitro cytotoxicities and cellular uptake
The cytotoxicity of mPEG-b-P (LL-DTPA) and mPEG-b-P (LL-SA)

were carried out on CT26 murine colon tumor cells by MTT assays.
After incubation for 24 h or 48 h, no obvious cytotoxicity was observed

in both materials even at 1000 pg/mL (Fig. 4A). Similar to free DEX,
both L-SS-DEX and L-SA-DEX didn't show obvious cytotoxicity to
CT26 cells (Fig. 4B).

Internalization of L-SS-DEX and L-SA-DEX micelles was evaluated
with CLSM using FITC labeled L-SS-DEX and L-SA-DEX. As shown in
Fig. 4C, green fluorescence of FITC could be observed and uniformly
distributed in the cell cytoplasm after incubation for 3 h. When the
incubation time was extended to 6 h, much stronger green fluorescence
ascribing to FITC moieties could be observed in L-SA-DEX or L-SS-DEX
treated cells. All these results proved that L-SA-DEX and L-SS-DEX
could be endocytosed by tumor cells.

3.4. Pharmacokinetics

The pharmacokinetics of L-SS-DEX and free DEX were investigated
in SD rats. As shown in Fig. 5, L-SS-DEX micelles could extend the
blood circulation time (t;,» = 8.93 * 0.65 h) compared with free DEX
(t32 = 3.54 = 0.35 h). Free DEX was quickly cleared from blood
circulation and couldn't be detected at 12 h post injection. As shown in
Table 1, the AUCy, of the L-SS-DEX in 24 h was 95.72 + 10.30 pg/
mL h, which was much higher than that of the free DEX
(8.78 = 2.07 pg/mL h). All these results demonstrated L-SS-DEX
possessed longer half-life and superior bioavailability compared with
free DEX.
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Fig. 4. In vitro cytotoxicity and cellular uptake study. (A) In vitro cytotoxicities of mPEG-b-P (LL-SA) and mPEG-b-P (LL-DTPA) to CT26 cells at different polymer
concentrations after incubation for 24 and 48 h (n = 5). (B) In vitro cytotoxicities of free DEX, L-SA-DEX and L-SS-DEX to CT26 cells at different DEX concentrations
after incubation for 24 and 48 h (n = 5). Data were presented as the mean + SD. (C) CLSM images of cellular uptake by CT26 cells after incubation with FITC-

labeled L-SA-DEX and FITC-labeled L-SS-DEX for 1, 3 and 6 h.
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Fig. 5. Pharmacokinetic results of free DEX and L-SS-DEX in SD rats. All
DEX formulations were administered at equivalent DEX dose of 10 mg/kg. Data
were shown as means = SD (n = 3).

Table 1
Pharmacokinetic parameters estimated for free DEX and L-SS-DEX in SD rats.

12" (h) AUC,." (ug/mL h)
DEX 3.54 = 0.35 8.78 = 2.07
L-SS-DEX 8.93 * 0.65 95.72 * 10.30

2 t1/9: half-life.
b AUC,_: area under the drug concentration—time curve from 0 to 24 h in
plasma.

3.5. Biodistribution

The biodistribution of L-SS-DEX compared to free DEX was assessed
in CT26 tumor bearing mice. After one intravenous injection, the ac-
cumulation of DEX in tumors of the L-SS-DEX group was much higher
than that of the free DEX group, which was about 4.4 folds (at 6 h), 8.2
folds (at 24 h) and 9.7 folds (at 48 h), respectively (Fig. 6). This result
demonstrated that L-SS-DEX had better tumor accumulation ability
than free DEX. The accumulation of L-SS-DEX in major organs was
higher than free DEX, which might be attributed to the prolonged cir-
culation time of L-SS-DEX. But the concentration of L-SS-DEX in major
organs tended to decrease over time, which meant that L-SS-DEX could
be removed from these organs including liver and kidney. At 48 h after
injection, the cumulative ratio of L-SS-DEX in tumor to kidney, liver
and lung was 1.7, 1.03 and 5.16, respectively, which was much higher
than that of free DEX (0.27, 0.26 and 0.91) (Table S4), indicating the
accumulation of DEX in solid tumors was significantly enhanced in the
L-SS-DEX formulation compared to the free form.

3.6. Hematological analysis

Before in vivo therapeutic study, we firstly carried out the routine
blood tests and blood chemistry analysis to evaluate the tolerability and
toxicities of the DEX in various formulations for BALB/c mice. Healthy
BALB/c mice received 6 times different treatments, and whole blood
cells and serum was analyzed at 24 h after the last treatment. As shown
in Fig. S6, there were no significant difference in hematological para-
meters between the L-SS-DEX treated group and PBS group, including
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Fig. 6. Biodistribution results of free DEX and L-SS-DEX in CT26 tumor-
bearing mice. All DEX formulations were administered at equivalent DEX dose
of 10 mg/kg. Data were shown as means *+ SD (n = 3). # indicated the value
was below the detection limit by HPLC.

white blood cell (WBC), red blood cells (RBC), hemoglobin (HGB) and
hematocrit (HCT), while free DEX significantly reduced the white blood
cell numbers. All treatments did not cause significant alterations in
alanine transaminase (ALT), aspartate aminotransferase (AST) and
creatinine (CREA), which meant no obvious influence in liver and
kidney functions (Fig. S7). The above results prove that L-SS-DEX has
better tolerability than free DEX in BALB/c mice.

3.7. In vivo antitumor efficacy

Murine colon cancer CT26 cells model was chosen for in vivo anti-
tumor study. When the tumors reached about 140 mm?, mice received
the treatment of PBS, free DEX, L-SA-DEX or L-SS-DEX every three days
for a total of six times on day 0, 3, 6, 9, 12 and 15. The injected DEX
doses were all 10 mg/kg on DEX basis (Fig. 7A). As shown in Fig. 7B,
tumors in the PBS group grew fast, and the tumor volume reached
approximately 2000 mm?® on day 16. The treatment of free DEX did not
show too much ability in tumor inhibitions as the average tumor vo-
lume reached about 900 mm® by the end of the observation (TSR
% = 49%). The treatment of L-SA-DEX showed modest therapeutic
effect (TSR% = 41%), which might be imputed to the low efficient DEX
release from L-SA-DEX. However, the L-SS-DEX showed the permanent
tumor inhibition effect during the whole treatment compared to other
groups, and resulted in a TSR% of 86% on day 16. More importantly,
there is no significant body weight loss during the treatments (Fig. 7C).
L-SS-DEX treatment significantly prolonged the median survival time
of mice, which was about 1.6 times to PBS and 1.4 times to free DEX or
L-SA-DEX (Fig. 7D).

3.8. Histological and immunofluorescence analysis

Histological analysis and immunofluorescence staining were per-
formed to further evaluate the antitumor activity, the modulation of
tumor microenvironment and the safety of the treatments. Large areas
of necrosis (especially in the central part of the tumor) were observed in
the L-SS-DEX treated group, as compared to the other groups (Fig. 8A).
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Fig. 7. Therapeutic results in CT26 tumor model. (A) The therapeutic schedule of the in vivo study. (B-D) Tumor volume, body weight changes and survival curves
of CT26 tumor-bearing mice after receiving various treatments; n = 5. Results are presented as means + SD; *p < 0.05, ***p < 0.001.
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Fig. 8. Histological and immunofluorescence staining of the tumors after various treatments. (A) H&E staining, (B) TUNEL staining and (C) a-SMA staining of
tumor sections after different treatments.
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Fig. 9. Histological analysis of different organs (heart, liver, spleen, lung and kidney) after various treatments.

TUNEL assay was also introduced to evaluate the apoptosis in the
tumor. Consistent with H&E results, much stronger green fluorescence
was observed in the tumors of the L-SS-DEX treated group, which re-
vealed higher cell necrotic and apoptosis after the treatment of
L-SS-DEX (Fig. 8B and Fig. S8). Besides, the treatment of L-SS-DEX
also significantly reduced the content of a-SMA at the tumor pro-
liferating margin areas (Fig. 8C and Fig. S9). a-SMA is a symbol of
activated tumor-associated fibroblasts. Decreased fibrosis in tumor tis-
sues will increase the permeability of tumors, which may be helpful for
the infiltration of nanoparticles as well as cytotoxic T lymphocytes. The
major organs (heart, liver, spleen, lung and kidney) were also stained
by H&E to evaluate the safety of these treatments. The major organs of
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all the treatment groups showed normal histomorphology and no pa-
thological abnormality was observed, suggesting no obvious systemic
toxicity of the treatments (Fig. 9).

3.9. Tumor immune microenvironment evaluation

COX-2, an inflammatory stress kinase which catalyzes the formation
of PGE2 [60], gives free rein to tumor immune evasion and resistance to
cancer immunotherapy. DEX has been proved to exert its anti-in-
flammatory effects through destabilizing the COX-2 mRNA by in-
hibiting the mitogen-activated protein kinase p38 [61]. Thus, we fur-
ther analyzed the COX-2 expression inside the tumor tissues by
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Fig. 10. Tumor immune microenvironment evaluation after various treatments. (A) COX-2 immunofluorescence staining of CT26 tumor tissues, COX-2 (green),
DAPI (blue). (B) Relative optical densities of tumor sections from COX-2 staining; n = 3. (C) Flow cytometry analysis immune cells in TME after different treatments;

n = 4. (D) The content of various cytokines in tumors: IFN-y, TNF-q, IL-4, IL-10 and PGE2; n = 4. Results are presented as means =+

SD; *p < 0.05, **p < 0.01,

***p < 0.001; ns, no significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

immunofluorescence staining and Western blot analysis. As shown in
Fig. 10A and B and Fig. S10, the expression of COX-2 was significantly
reduced in L-SS-DEX treated group compared with PBS treated group
and other DEX formations treated groups. Western blot quantitative
analysis also confirmed this trend (Fig. S11). The reduction in COX-2
expression should benefit for relieve the immunosuppressive tumor
microenvironment. To confirm this, we tested the immune cell popu-
lations inside the tumor after various treatments by flow cytometry
analysis and immunofluorescence. As shown in Fig. 10B, L-SS-DEX
treatment resulted in an increase in CD8 " T cells inside the tumor, as
well as increase in M1 type macrophages and M1/M2 ratios, while
Tregs and MDSCs were much decreased (Fig. S12 and Fig. S13). The
increase of M1/M2 macrophages means that the tumor is changing
from a tumor-promoting inflammation status into a tumor-suppressing
inflammation status. Free DEX and L-SA-DEX showed weak effect on
these changes. Immunofluorescence staining confirmed these changes.
Specially, there are no significant changes in CD4™ T cells (Fig. S14),
while the CD8™ T cells were increased (Fig. S15).

We further analyzed the expression of various cytokines inside the
TME after various treatments. As shown in Fig. 10D, the expression of
the Thl type cytokines IFN-y and TNF-a were both enhanced in
L-SS-DEX treated group compared to other groups, which is consistent
with the increase of CD8" cells and M1 macrophages. Although there
was no significant difference in the expression of IL-4 in all groups, a
reduction of Th2 type cytokine IL-10 was observed after the treatment
of L-SS-DEX, while other treatments had no such effects. As the content
of COX-2 decreased, the secretion of PGE2 was also much reduced after
L-SS-DEX treatment. PGE2 is an important regulatory cytokine se-
creted by tumor cells in maintaining the immunosuppressive tumor
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microenvironment. The decrease in PGE2 explained the changes of
MDSCs and Tregs ratios inside the tumor after L-SS-DEX treatments.

4. Conclusion

In this study, we developed a polypeptide-DEX conjugate for neu-
tralizing tumor-promoting inflammation for colorectal cancer therapy.
This conjugate showed pH and redox dual sensitive release of DEX, and
much enhanced accumulation of DEX inside the tumor tissue (9.7-fold
over free DEX after 48 h). In vivo anti-tumor studies showed that the
polypeptide-DEX conjugates markedly inhibited murine CT26 tumor
growth as compared to free DEX or insensitive conjugates. Besides, the
polypeptide-DEX conjugates significantly increased the CD8* T cell
infiltration and the M1 over M2 macrophages ratios while decreased
the content of immunosuppressive MDSCs and Tregs inside the tumor.
Further analysis revealed that the inhibition in COX-2 and PGE2 may be
the major reasons of L-SS-DEX in reversal the immunosuppressive
microenvironment of the tumor.

We have to mention that the therapeutic effect of neutralizing
tumor-promoting chronic inflammation may be tumor type-dependent.
In most occasions, cancer occurs at sites of chronic inflammation, and
the abundant immune cells maintain an immunosuppressive micro-
environment and stimulate tumor cell proliferation. Therefore, ap-
plying anti-inflammation therapy should be helpful in reversal of the
immunosuppressive TME and in tumor growth inhibition. In some other
occasions like sarcomas, there lacks enough immune cell infiltration,
and strategies to increase immune cell infiltration to stimulate these
“cold” tumor into “hot” are necessary. Since epithelial cell cancers are
mainly accompanied with chronic inflammation, we believe our study
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suggested a promising approach in using properly designed anti-in-
flammatory drug formulations for cancer therapy.
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