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Abstract

Alleviating immunosuppression of the tumor microenvironment is an important strategy to improve immune
checkpoint therapy. It is an urgent but unmet need to develop adjuvant therapeutics for assisting the mainstay
immunotherapies. Trichosanthin is an approved gynecology drug in China and its immunomodulatory effects
have drawn much attention as an old drug for new applications in cancer. In this work, a recombinant
cell-penetrating trichosanthin (rTCS-LMWP) was prepared via genetic fusion of a cell-penetrating peptide
sequence (LMWP) to trichosanthin aiming to overcome the intratumoral penetration and intracellular delivery
challenges. The potential of trichosanthin as an adjuvant therapy was explored, including its effects on tumor
cells, antigen-presenting cells, tumor immune microenvironment, and the synergistic effect in combination with
anti-PD-1. The results revealed that rTCS-LMWP can stimulate the maturation of dendritic cells via activating
the STING-TBKI-IRF3 pathway, repolarize the protumor M2-type macrophages, and upregulate the
pro-inflammatory cytokine expression. Moreover, rTCS-LMWP can enhance anti-PD-1 therapeutic efficacy in
a CT26-bearing mouse model. The synergistic effect involved the induction of immunogenic cell death in the
tumors, the proliferation and functionalization of cytotoxic T cells, and the suppression of the
immunosuppressive regulatory T cells. These findings indicate that trichosanthin can be developed as an
immunomodulator to facilitate cancer immunotherapy.

Keywords: Trichosanthin, cell-penetrating peptide, anti-PD-1 therapy, tumor immune microenvironment, colorectal cancer

Introduction

Colorectal cancer (CRC) is the second cause of
cancer-associated death with a mortality rate of 9.4%
[1]. Early screening has improved the 5-year survival.
However, 20% of newly diagnosed CRC patients have
metastatic disease, and 25% of other-stage CRC
patients will develop metastatic disease [2, 3]. And
metastatic CRC patients have a poor prognosis with a
5-year survival rate of less than 20% [3, 4]. Developing
an effective treatment for CRC patients is an urgent

need. Cancer immunotherapy, as a new treatment
modality to drive the immune system to recognize
and annihilate cancer cells, has been changing the
treatment paradigm of CRC [5, 6].

Immune checkpoints are normally a self-protec-
tion mechanism to prevent excessive immune
responses in the healthy body but are responsible for
tumor immune escape. Immune checkpoint inhibitors
(ICIs) can restore the effector cytotoxic T cells to
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eradicate tumor cells by releasing the brake of
immune checkpoints on the immune system [7]. PD-1
antibodies (pembrolizumab and nivolumab) and the
combination of nivolumab and ipilimumab (CTLA-4
antibody) have been approved for the treatment of
refractory CRC patients who have mismatch-repair-
deficient or high microsatellite instability (dMMR-
MSI-H) [5]. However, the overall clinical benefit of
anti-PD-1 is largely limited by the tumor immuno-
suppressive microenvironment (TIME) [8]. The
majority (around 85%) of CRC patients are immuno-
logically cold and characterized by mismatch-repair-
proficient or microsatellite instability-low (pMMR-
MSI-L) [9]. The pMMR-MSI-L tumors do not generate
immunostimulatory neoantigen and sufficient T cell
infiltration, resulting in ineffective responses to
immunotherapy [9]. Ameliorating the tumor
immunosuppressive microenvironment is an effective
strategy to improve the response rate of ICls; for
example, inducing immunogenic cell death (ICD) of
tumor cells and increasing tumor-infiltrating lympho-
cytes (TILs) can improve the anti-PD-1/PD-L1
therapeutic efficacy [10-12].

Trichosanthin (TCS), from the root of Tricho-
santhes kirilowii Maxim., is a type I ribosome-
inactivating protein and has been clinically used for
hydatidiform mole, extrauterine pregnancy, stillbirth,
and abortion in China for decades [13]. Notably, TCS
can effectively inhibit tumors like fibrosarcoma [14]
and glioma [15], and restore the sensitivity of tumors
to chemotherapeutics [16, 17]. In our lab, we
previously revealed that TCS induced anticancer
immunity, such as increasing the intratumoral
infiltration of CD8* T cells and stimulating the
dendritic cells, thus serving as a vaccination adjuvant
[18, 19]. It suggested the potential of TCS as an
immunostimulant to assist immune checkpoint
inhibition therapy.

In this work, the effect of TCS assisting anti-PD-1
therapy was investigated in a colon tumor model. It is
noteworthy that TCS is a macromolecule with poor
cell permeability, thus yielding inefficient
intratumoral diffusion and intracellular uptake. To
address this delivery issue, a recombinant
cell-penetrating TCS (termed rTCS-LMWP) was
prepared by site-specific  fusion with a
cell-penetrating peptide (low-molecular-
weight protamine, LMWP). LMWP is a shortened
sequence derived from protamine, an FDA-approved
drug, unlike the common TAT which is derived from
a viral protein of HIV. Compared to TAT, LMWP has
a similar arginine-rich structure and an equivalent
capacity for intracellular delivery of its cargo [20].
Importantly, LMWP is safer than protamine, and the
biosafety profile has been confirmed in different

experimental animal models; for example, LMWP is
not antigenic [21], and elicits only minor complement
activation and non-detectable hypotensive responses
in dogs [22]. Moreover, LMWP can be produced in
large quantities by enzymolysis of native protamine
[23, 24]. Therefore, LMWP was selected to assist TCS
delivery.

Materials and Methods

Materials

The original TCS plasmid was kindly provided
by Prof. Pang-Chui Shaw at the Chinese University of
Hong Kong. The pTXB vector containing Intein-
mediated purification with affinity chitin-binding
domain (CBD) was obtained from New England
Biolabs (Ipswich, USA). L-cysteine, ampicillin,
isopropyl beta-D-1-thiogalactopyranoside (IPTG), and
5-FITC were purchased from Meilun Biotechnology
(Dalian, China). Lipopolysaccharide (LPS) was
obtained from Sigma-Aldrich (St. Louis, USA). The
recombinant murine granulocyte-macrophage colony-
stimulating factor (mGM-CSF), interleukin-4 (mIL-4),
interferon-gamma (IFN-y), and macrophage colony-
stimulating factor (mM-CSF) were purchased from
PeproTech (Cranbury, USA). The enhanced BCA
protein assay kit, secondary antibodies, red cell lysis,
RIPA lysis, and DAPI were purchased from the Beyo-
time Institute of Biotechnology (Shanghai, China).
Fetal bovine serum (FBS), RPMI-1640 medium, and
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco)
were provided by Thermo Fisher (Waltham, USA).
The rabbit monoclonal anti-IRF3 (ab68481) and
anti-TMEM173 (ab288157) antibodies were purchased
from Abcam (Cambridge, UK). The flow cytometry
antibodies including PerCP anti-mouse CD3 (Cas,
100326), FITC anti-mouse CD4 (Cas, 100509), PE
anti-mouse CD8 (Cas, 100707), Brilliant Violet 510™
anti-IFN-y (Cas, 505842), Alexa Fluor® 647 anti-FoxP3
(Cas, 126408), FITC anti-CD11c (Cas, 117306), PE
anti-CD80 (Cas, 104708), PE/Cyanine7 anti-CD86
(Cas, 105013), FITC anti-F4/80 (Cas, 123107), APC
anti-CD206 (Cas, 141707), and Alexa Fluor® 594
anti-CD169 (Cas, 142416) were obtained from
BioLegend (California, USA). The flow cytometry
antibodies including eFluor™ 660 anti-Ki67 (Cas,
50-5698-82), PE/Cyanine5.5 anti-Granzyme B (Cas,
35-8898-82), and APC anti-MHC-II (Cas, 17-5320-82)
were from eBioscience (California, USA). The ELISA
kits including IL-1p, IL-2, IL-6, TNF-a, and IFN-y
were purchased from Dakewe Biotech. (Shenzhen,
China). The TRIeasy™ Total RNA extraction reagent,
cDNA synthesis SuperMix kit, and qPCR SYBR®
Green Master Mix were provided by Yeasen Biotech.
(Shanghai, China). The primers of IL-1§, IL-6, IL-10,
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IL-12, IL-23, TBK1, IRF3, IP-10, TNF-a, and iNOS were
obtained from Generay Biotech (Shanghai, China)
(Table S1). All other reagents were of analytical grade
and provided by Sinopharm Chemical Reagent
(Shanghai, China).

Cells

The CT26 murine colon cancer cells, bEnd3
mouse brain microvascular endothelial cells, and
human umbilical vein endothelial cells (HUVEC)
were provided by the National Collection of
Authenticated Cell Cultures (Shanghai, China). The
CT26 cells were cultured in RPMI-1640 supple-
mentary with high glucose and 10% FBS. The bEnd3
and HUVEC cells were cultured in DMEM
supplementary with 10% FBS. The cells were
incubated in an incubator at 37 °C and 5% COx.

The bone marrow-derived dendritic cells
(BMDCs) were induced from the bone marrow
mononuclear cells derived from BALB/c mice using
mGM-CSF (20 ng/ml) and mIL-4 (10 ng/ml), as
described in a previous report [18]. The loosely
attached immature DCs were collected for the
subsequent experiments.

The bone marrow-derived macrophages
(BMDMs) were induced from the bone marrow
mononuclear cells derived from BALB/c mice using
mM-CSF (20 ng/ml) under 37 °C and 5% CO; for 4-5
days. The fresh medium containing LPS (100 ng/ml)
and IFN-y (20 ng/ml) was utilized to further induce
the M1 phenotype for 48 h, whereas mIL-4 (40 ng/ml)
was used for M2 polarization. The polarized M1 and
M2 macrophages were used for the following
experiment.

Animals

The female BALB/c mice (18-20 g) were
provided by Shanghai Laboratory Animal Center Co.,
Ltd. (Shanghai, China), and housed at the
specific-pathogen free (SPF) care facility with
sterilized food pellets and water under a 12 h
light/dark cycle. All animal experiments were carried
out according to the protocols approved by the
Institutional Animal Care and Use Committee,
Shanghai Institute of Materia Medica, Chinese
Academy of Sciences.

Preparation and characterization of rTCS and
rTCS-LMWP

The plasmid DNA encoding rTCS-LMWP was
constructed by adding the LMWP-encoding sequence
to the 3’-end of the rTCS-encoding gene using a
standard PCR method. The sequence of rTCS or
rTCS-LMWP was subcloned to the Ndel and Xhol site
of the protein-expressing vector pTXB1 containing the
intein-mediated purification with affinity chitin-

binding domain (CBD) to prepare the recombinant
plasmids. The recombinant plasmids were trans-
formed into E. coli BL21 (New Cell & Molecular
Biotech., Suzhou, China). The bacteria were cultured
in the LB medium supplemented with 100 pg/ml
ampicillin at 37 °C and 250 rpm. When ODsw nm
reached around 0.6, IPTG (final concentration,
0.3 mM) was added to induce the protein expression
at 25 °C and 150 rpm for 16 h. The bacteria were
collected via 9, 000 rpm centrifugation for 3 min and
resuspended with binding buffer (20 mM HEPES,
500mM NaCl, 1T mM EDTA, pH 85). The
resuspension was sonicated using an ultrasonic
homogenizer (Scientz Biological Technology, Ningbo,
China). The supernatant was harvested via
centrifugation at 12, 000 rpm and 4 °C for 40 min and
then loaded onto the pre-equilibrated chitin column.
The binding proteins were cleaved with the
L-cysteine-containing binding buffer by overnight
incubation at 4 °C. The target protein was collected
and concentrated by an ultrafiltration centrifuge tube
(MWCO, 10 kDa) at 4 °C and 4, 000 rpm, and further
purified using fast protein liquid chromatography
(AKTApurifier 10, GE Healthcare, Fairfield, USA)
equipped with a desalting column (GE Healthcare).
The purified protein was quantified using an
enhanced BCA protein assay kit and characterized by
SDS-PAGE electrophoresis and MALDI-TOF-MS
(MALDI TOF/TOF 5800 analyzer, AB Sciex,
Framingham, USA).

Cellular uptake of ¥rTCS and rTCS-LMWP

rTCS and rTCS-LMWP were labeled with 5-FITC
via Michael addition reaction between the -NH, of
protein and -N=C=S of FITC. The cellular uptake of
FITC-labeled rTCS and rTCS-LMWP in CT26 cells,
BMDCs, and M2-type BMDMs was detected via an
inverted fluorescence microscope and flow cytometry.

The CT26 cells, BMDCs, or BMDMSs were seeded
into the 24-well plates at a density of 5 x 10 cells/well
and cultured for 24 h. The cells were treated with
equivalent FITC-labeled rTCS or rTCS-LMWP for 4 h.
Afterward, the cells were washed with PBS three
times, fixed with 4% paraformaldehyde for 20 min,
and stained with DAPI for 15 min. Fluorescent images
were captured by the inverted fluorescence
microscope (CARL ZEISS, Oberkochen, Germany).

The CT26 cells, BMDCs, or BMDMs were seeded
into the 24-well plates at a density of 5 x 10* cells/well
and cultured for 24 h. The cells were treated with
equivalent FITC-labeled rTCS or rTCS-LMWP for 4 h.
The cells were collected and washed with PBS three
times. The cellular uptake efficiency was detected
using flow cytometry (Agilent NovoCyte, Palo Alto,
USA).
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Tumor spheroid penetration of rTCS and
rTCS-LMWP

rTCS and 1TCS-LMWP were labeled with
Cy5-NHS. The CT26 cells were seeded into the 96-well
plates pre-coated with 1% (w/v) agarose gel at a
density of 5 x 103 cells/well and cultured for 5 days.
The thus-formed tumor spheroids were treated with
Cyb5-labeled rTCS or rTCS-LMWP for 5 h. After being
rinsed with PBS three times, the tumor spheroids
were placed in confocal chambers and subjected to a
confocal laser scanning microscope (CLSM) (TCS-SP8,
Leica, Germany).

Cell viability assay

The cells of BMDCs, M2-BMDMSs, bEnd3, and
HUVEC were seeded into the 96-well plates at a
density of 5 x 103 cells/well for 24 h. The cells were
treated with different concentrations of rTCS and
rTCS-LMWP for 24 h. A standard MTT assay was
carried out and absorbance at 490 nm was determined
using a microplate reader (Thermo Scientific,
Varioskan® Flash, USA).

Immunogenic cell death induction assay

The CT26 tumor cells were seeded into the
24-well plates at a density of 5 x 104 cells per well for
24 h. The cells were treated with different
concentrations of rTCS and rTCS-LMWP for 8 h. The
treated cells and the supernatant were harvested
separately. The collected cells were washed with PBS
three times and stained with the Alexa Fluor®
647-anti-Calreticulin at 4 °C for 30 min, followed by
flow cytometry analysis (BD FACS Calibur, Franklin
Lakes, USA). ATP and HMGB1 levels of the
supernatant from CT26 cells after treatments were
detected by using the ATP release assay kit and
HMGB1 ELISA kit.

The tumor cells were seeded onto the round
coverslips placed in the 24-well plates at a density of
5 x 104 cells per well for 24 h. The cells were treated
with rTCS or rTCS-LMWP at a final concentration of
5puM for 8 h. The cell-attached coverslips were
washed with PBS three times and fixed with 4%
paraformaldehyde for 10 min, followed by PBS
washing and Alexa Fluor 488-anti-Calreticulin
staining. The cells were then stained with DAPI and
detected under a confocal laser scanning microscope
(CLSM) (TCS-SP8, Leica, Germany).

Stimulation of BMDCs and BMDMs

The BMDCs were seeded into the 12-well plates
at a density of 1 x 10° cells per well and incubated
with rTCS or rTCS-LMWP (5 puM) for 24 h. The cells
were then collected and washed three times with PBS.
The STING pathway and DC maturation-associated

markers were detected via a standard RT-qPCR, flow
cytometry, or western blotting method.

For RT-qPCR, the cells were treated with the
total RNA extraction solution. The extracted RNAs
were then used as templates to prepare cDNAs by
using a cDNA synthesis SuperMix kit. cDNA was
amplified with the qPCR SYBR® Green Master Mix
and the primers, and the mRNA levels of the target
molecules were calculated with GADPH as the
internal reference.

For flow cytometry, the cells were stained with
anti-CD11c¢, anti-CD80, anti-CD86, and anti-MHC-II.
The stained cells were detected by flow cytometry
(Calibur, BD Pharmingen, USA).

For western blotting, the cells were lysed with
the RIPA lysate containing cocktail protease inhibi-
tors. The supernatant was collected by centrifugation,
and the protein concentration was determined by the
enhanced BCA protein assay kit. The western blotting
procedure was carried out with staining with anti-
IRF3, anti-TMEM173, and anti-GAPDH antibodies,
and the images were taken using a gel imaging system
(Biorad, USA).

The polarized M2 macrophages in the 12-well
plates were treated with rTCS or rTCS-LMWP (5 pM)
for 24 h. The cultured medium was discarded and the
cells were washed with PBS three times, followed by a
standard RT-qPCR assay to detect pro-inflammatory
and anti-inflammatory cytokines.

In vivo therapeutic effect

The tumor model was constructed by
subcutaneously injecting CT26 tumor cells into the
back of the right forelimb of the mice. On day 6 after
inoculation, the mice were randomly divided into
four groups, as untreated group (n = 5), rTCS-LMWP
group (n = 5), anti-PD-1 group (n = 5), and
rTCS-LMWP + anti-PD-1 group (n = 6). rTCS-LMWP
was peritumorally injected once every two days at a
dose of 250 pg/kg three times, and anti-PD-1 was
intraperitoneally injected once every two days at a
dose of 10 mg/kg five times. The tumor sizes were
determined by detecting the tumor length (L, mm)
and width (W, mm) via a vernier caliper every two
days. The tumor volume (V, mm?3) was calculated as
the formula:

V=LxW2/2

When the tumor volume reached about
2000 mm?3, the mice were humanely sacrificed and the
tumors were harvested for further assay.

In vivo remodeling of the TIME

The CT26 tumor-bearing mice were randomly
divided into four groups (n = 3) on the 6% day of
inoculation and started treatment as described above.
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On the 7t day after the last treatment, the tumors
were harvested for flow cytometry, ELISA, and
immunofluorescence detection, and the immune
responses in the TME were analyzed.

For flow cytometry, the tumor tissues were
prepared into single-cell suspensions. The cells were
stained with the flow cytometry antibodies including
anti-CD3, anti-CD4, anti-CD8, anti-IFN-y, anti-
Granzyme B, anti-FoxP3, anti-F4/80, anti-CD86,
anti-CD206, and anti-CD169 according to a standard
protocol, and then subjected to flow cytometry.

For ELISA, the tumor tissues were mechanically
crushed and then lysed with the RIPA lysate solution
containing cocktail protease inhibitors. The super-
natants were used for detecting the cytokine levels
using ELISA Kkits after adjusting the same protein
concentrations.

For immunofluorescence staining, the tumor
sections were pretreated with 5% BSA containing
0.03% triton-X 100, followed by incubation with
anti-CD206, anti-PD-L1, anti-CD8, anti-Calreticulin,
and anti-HMGBI1 antibodies for overnight at 4 °C. The
sections were incubated with the Alexa Fluor 488 or
Cy3-labeled secondary antibodies at room
temperature for 1 h and then stained with DAPI for
20 min. The treated slides were observed and
recorded by CLSM (TCS-SP8, Leica, Germany).

Preliminary safety evaluation of rTCS-LMWP

The BALB/c mice were randomly divided into
three groups, as untreated, CpG ODNs (ODN 1826),
and rTCS-LMWP. CpG ODNs (250 pg/kg) and
rTCS-LMWP (250 pg/kg) were subcutaneously
continually injected three times once every two days.
The body weight was measured before injection. At
6 h after the last dosing, the mice were euthanized and
the blood, skin of the injection site, and major organs
were collected for serum cytokine detection, skin
H&E staining, and organ coefficient determination,
respectively.

Statistics

All the data were shown as mean * standard
deviation (SD) (n = 3). The statistical analysis was
performed by t-test and one-way ANOVA.
Statistically, the significant difference was defined as
*p < 0.05; **p < 0.01; *p < 0.001; and ****p < 0.0001;
ns, not significant.

Results

Preparation and characterization of rTCS and
rTCS-LMWP

rTCS and rTCS-LMWP were prepared using an
IPL (intein-mediated protein ligation) method. The
L-cysteine-inducing and intein-mediated cleavage

was performed on-column to yield rTCS (Figure 1A)
or rTCS-LMWP (Figure 1B). The collected protein
solution was purified via FPLC equipped with a
desalting column (Figure 1C, 1D) and characterized
by SDS-PAGE electrophoresis (Figure 1E) and
MALDI-TOF (Figure 1F, 1G).

Cellular uptake and tumor spheroid
penetration of rTCS and rTCS-LMWP

The enhanced cell/tissue penetration ability of
rTCS-LMWP was detected via the cellular uptake
assay in CT26, BMDCs, and M2-type BMDMs, and the
tumor spheroid penetration assay, with rTCS as a
control. The enhanced cellular uptake efficiency of
rTCS-LMWP was observed in the cells (Figure 2A-I).
Furthermore, rTCS-LMWP exhibited enhanced tumor
spheroid penetration compared to rTCS (Figure 2],
2K). It indicated that LMWP promoted the
intracellular delivery and tissue penetration of the
protein.

Besides, the in vitro biocompatibility of rTCS-
LMWP on BMDCs, M2-like BMDMs, and normal cells
such as bEnd3 and HUVEC was detected via MTT
assay. The cell viability was all above 70% after
treatment with 5 pM of rTCS-LMWP for 24 h (Figure
S1, Supporting Information).

Immunogenic cell death (ICD) effect

ICD is a specific regulatory cell death that is
driven by stress and induces adaptive immunity
against the antigens released from the dying cells [25].
The ICD-occurring cancer cells release the ATP and
high-mobility group box 1 protein (HMGB1) and
expose calreticulin (CRT) to the serosal surface [26].
The extracellular ATP sends a “finding-me” signal to
DC progenitors and macrophages, thereby promoting
the recruitment of myeloid cells to the tumor; HMGB1
binds multiple pattern recognition receptors
expressed by myeloid cells to activate immunity; the
exposed CRT serves as an “eating-me” signal and
promotes the phagocytosis of tumor cells by
phagocytes [27]. ICD plays an important role in
triggering an anti-tumor immune response.

The ICD induction of rTCS-LMWP was
demonstrated by the results of flow cytometry and
immunofluorescence staining. The CRT level was
increased after treatment with rTCS-LMWP (Figure
3A), in a dose-dependent manner at a concentration
range of 0.1-5 pM. At a higher concentration (10 pM),
the tumor cells can be directly killed because of the
enhanced cytotoxic effect of TCS, and the ICD
induction was weakened. The optimal effect was
achieved at a concentration of 5 pM, and rTCS-LMWP
showed higher efficacy than rTCS (Figure 3B, 3C).
The results were also confirmed by the immuno-
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fluorescence staining of CRT (Figure 3F). Corres-
pondingly, the level of HMGB1 and ATP released
from the tumor cells was increased significantly after
rTCS-LMWP treatment (Figure 3D, 3E).

BMDC and BMDM stimulation of rTCS-LMWP

Dendritic  cells (DCs) are professional
antigen-presenting cells (APCs) and play key roles in
initiating, regulating, and maintaining the anti-tumor
immune response. The mature DCs facilitate the
anti-tumor immune response, while the immature
DCs lead to an impotent T-cell immune response due
to lacking the necessary co-stimulators for activating
T cells [28, 29]. The matured DCs are characterized by
upregulating the co-stimulators (e.g., CD80 and
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Figure 2. The cellular uptake and tumor spheroid penetration of rTCS and rTCS-LMWP. The cellular uptake of rTCS and rTCS-LMWP in CT26 cells via fluorescence
microscope (A) and flow cytometry (B&C). The cellular uptake of rTCS and rTCS-LMWP in BMDC:s via fluorescence microscope (D) and flow cytometry (E&F). The cellular
uptake of rTCS and rTCS-LMWP in M2-type BMDMs via fluorescence microscope (G) and flow cytometry (H&I). (J) CLSM images of CT26 tumor spheroids treated with rTCS
and rTCS-LMWP. (K) Quantitative analysis of the penetration depth of rTCS and rTCS-LMWP in CT26 tumor spheroids. **p < 0.01.

The stimulator of interferon genes (STING)
pathway is activated by the cytoplasmic DNA
released from infectious microorganisms or damaged
autologous cells and thus initiates the immune
responses [31]. The STING subsequently activates the
TBK1-IRF3 signal pathway and induces the type I IFN
expression, resulting in activated innate immune
responses [32]. The related molecules of the STING
pathway, such as STING (aka TMEM173), TBK1, and
IRF3, were detected. The results showed that TBK1
and IRF3 mRNA was significantly upregulated in the
BMDCs treated with rTCS-LMWP (Figure 4E, 4F), and
the downstream interferon-inducible protein 10
(IP-10) was also increased (Figure 4G). The increased

protein expression of IRF3 and TMEM173 was
observed via western blotting assay (Figure 4H).
These results revealed that rTCS-LMWP treatment
could activate the STING pathway to stimulate
BMDCs.

Macrophages are potent phagocytic cells and can
also serve as APCs to present antigens to promote an
adaptive immune response [33]. However, tumor-
associated macrophages (TAMs) are primarily the
pro-tumor phenotype (M2) in TME, instead of the
anti-tumor phenotype (M1). Therefore, the repolari-
zation of TAMs from M2 to M1 can effectively
mitigate the tumor immunosuppressive microen-
vironment (TIME) and activate anticancer immunity
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[19, 34, 35]. After rTCS-LMWP treatment, the M2
BMDMs were repolarized toward the M1 phenotype,
as reflected by the increased levels of the M1-related
mRNA (e.g., TNF-a, IL-6, IL-12, and iNOS) (Figure
41-L).

In vivo therapeutic effect

The synergistic effect of rTCS-LMWP in
combination with anti-PD-1 therapy was investigated
in a CT26 subcutaneous tumor model. The tumor
growth in the untreated group was very rapid after
inoculation. By contrast, the combo of rTCS-LMWP
and anti-PD-1 exhibited potent antitumor activity

A

0.1 uM 1uM

(Figure 5A-G), with much higher efficacy than the
single treatment of either rTCS-LMWP or anti-PD-1.

On the 28th day after tumor inoculation, no mice
in the untreated group survived. On the 68t day,
merely 20% of mice survived in the single treatment
group (rTCS-LMWP or anti-PD-1). By contrast, 80% of
mice in the combo group remained, showing a
significantly prolonged survival rate (Figure 5H-M).
These results demonstrated the synergistic effect of
the combination therapy of rTCS-LMWP and
anti-PD-1.

5uM 10 uM

Untreated Untreated

Untreated Untreated

ITCS rTCS rTCS ITCS
rTCS-LMWP rTCS-LMWP rTCS-LMWP
1 100 1 1 16t 1 w0t 1 10 16t i 1wt 1 10 16t 1 w0 1 10 1ot
B, s C... D ..
21 25 P 1.5 *k%
2.0 x ;E k- g * %
- O 0pM — 20 [)) -v_-;‘%
h'd % & (1d *kkk % = **
014- A 0.1uM (@) -& o 1.0
15 1
5 Ll | 5 @
1 v 1uM 1 QO
L L [0}
c o 5pM c 10 =
@ 7 © ~— 0.5
o) ) 2]
= o 10uM S s (O]
=
I
0 v r 0 v v Q 0.0 T T T
P R eI\ S & Q
& \>§$ \@fb & %\9 \@'b\ ¢ &\V\
v Ny “d Ny &
E «© g &
701 * %
T F
__ 601 Untreated rTCS rTCS-LMWP
=
= S0 *%
(0]
B 401 [y £
2 30 a
e &
Q- 20 8
<
104
0 T r T
> S Q
& & &
& &
N O

Figure 3. ICD induction of rTCS and rTCS-LMWP on CT26 cells. (A) Calreticulin (CRT) exposure of CT26 treated with rTCS and rTCS-LMWP by flow cytometry. (B)
Statistical analysis of the mean fluorescence intensity in (A). (C) Mean fluorescence intensity of CRT of CT26 after treatment with 5 pM of rTCS and rTCS-LMWP. (D) HMGBI
level in the tumor cell culture supernatant after rTCS and rTCS-LMWP treatment. (E) ATP level in the tumor cell culture supernatant after rTCS and rTCS-LMWP treatment.
(F) CLSM images of calreticulin of CT26 treated with rTCS and rTCS-LMWP. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. The stimulating effect of rTCS and rTCS-LMWP on BMDCs and BMDMs. The mean fluorescence intensity of CD80 (A) and CD86 (B) of BMDC:s after treatment. The
mRNA levels of IL-12 (C), IL-23 (D), TBK1 (E), IRF3 (F), and IP-10 (G) of BMDC:s after treatment. (H) The protein expression of IRF3 and TMEM173 (STING) of BMDCs
measured by western blotting. (I-L) The mRNA levels of TNF-a, IL-6, IL-12, and iNOS of BMDMs treated with rTCS and rTCS-LMWP. **p < 0.01; ***p < 0.001; ****p < 0.0001.

In vivo remodeling of the TIME

CD206*, PD-L1*, and CD8* T cells in the tumor
tissues after the therapeutic experiment were detected
by immunofluorescence staining. The results showed
that the intratumoral infiltration of CD8* T cells was
significantly increased in the combination therapy
group containing anti-PD-1; in addition, the
combination therapy significantly down-regulated the
levels of PD-L1 and CD206 in the tumor (Figure 6).
Notably, PD-L1 and CD206 are overexpressed in the
M2-type TAMs [36, 37]. Therefore, the results
suggested the repolarization of M2-type TAMs.

For a further study of the TIME remodeling, the
tumor tissues were collected for detecting the
intratumoral immune cells and cytokines via flow
cytometry and ELISA assay. In the rTCS-LMWP
group and rTCS-LMWP + anti-PD-1 group, the

percentages of CD8* Ki67+ T cells, CD8* IFN-y* T cells,
and CD8* Granzyme B* T cells were increased,
demonstrating the enhanced T cell immunity (Figure
7A&B, Figure S3A&B, and Figure S4A&B). The
combination therapy led to the increased population
of F4/80* CD86* macrophages (Ml-type) and the
decreased population of F4/80* CD206* macrophages
(M2-type), indicating the M2—M1 repolarization of
TAMs (Figure 7C&D, Figure S3C&D). Meanwhile,
the combination group showed an increased
intratumoral F4/80+ CD169* population of macro-
phages, illustrating the enhanced antigen-presenting
ability of macrophages (Figure S4G&H). Further-
more, the intratumoral CD4* T helper cells were also
increased (Figure S4C&D), whereas the immuno-
suppressive regulatory T cells (Tregs, CD4* FoxP3*)
were reduced (Figure S4E&F), implying the
alleviated immunosuppression of TME.
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Figure 5. The synergistic anti-tumor effect and survival study of rTCS-LMWP combined with anti-PD-1 on CT26 subcutaneous tumor model. (A) The tumor growth curve
during 24-day treatment. (B) The tumor volume on the 24t day. (C) The body weight during 24-day treatment. The individual tumor growth curve of the untreated group (D),
rTCS-LMWP group (E), anti-PD-1 group (F), and rTCS-LMWP + anti-PD-1 group (G) during 24-day treatment. (H) The survival curve of mice. (I) The body weight changes. The
individual tumor growth curve of the untreated group (J), rTCS-LMWP group (K), anti-PD-1 group (L), and rTCS-LMWP + anti-PD-1 group (M). *p < 0.05; ***p < 0.001; ****p

< 0.0001.

TME is characterized by the hypersecretion of
anti-inflammatory cytokines for escaping immune
surveillance [38]. The intratumoral levels of the
anticancer cytokines (e.g., IL-1p, IL-2, IL-6, TNF-a,
and IFN-y) in the treated groups were all increased,
and the combination therapy showed the highest
increase (Figure 7E-I). These results indicated that
rTCS-LMWP enhanced anticancer immunity and
assisted anti-PD-1 therapy.

Moreover, the increased CD8* Ki67+ T cells and
MHC-II expression of CD11c* DCs after combination
treatment suggested the proliferation of CD8* T cells
and activation of DCs in the tumor-draining lymph
nodes (Figure S5A-D).

The immunofluorescence staining of the tumor

tissues also illustrated the ameliorated TIME by
combination therapy. The results showed that the
pro-tumor biomarkers of CD206 and PD-L1 were
downregulated, but the CD8* cytotoxic T cell
increased (Figure 8). HMGB1 and calreticulin were
also upregulated in the tumors after combination
therapy, demonstrating the ICD induction (Figure 8).

In summary, the results above demonstrated the
remodeling of the tumor immune microenvironment
and efficiently activated anticancer immunity.

In vivo biosafety of rTCS-LMWP

The preliminary safety of rTCS-LMWP was
tested. All the mice had no significant change in body
weight (Figure S6A). The rTCS-LMWP-treated mice
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showed no significance in organ coefficients
compared to the untreated group (Figure S6B).
Notably, rTCS-LMWP treatment did not cause
significant changes in spleen enlargement (Figure
S6B) and serum inflammatory cytokines (Figure
S6C), indicating the low possibility of rTCS-LMWP
causing immune-related adverse events (irAE).
Besides, the H&E staining of the injection-site skin
showed no observed inflammatory response after
treatment with rTCS-LMWP (Figure S6D).

Discussion

The clinical application of anti-PD-1/PD-L1 has
been limited by the low response rate [39]. TME plays
a critical role in determining the response rate to
anti-PD-1/PD-L1 therapy. In the TME, the tumor cells
have low tumor antigen expression and the immune
cells are in a dysfunctional state, resulting in poor
tumor-antigen recognition and presentation, further
leading to poor tumor-specific T-cell responses [38].
Therefore, increasing tumor antigenicity and
activating antigen-presenting cells are essential for
improving anti-PD-1/PD-L1 therapy.

In our previous work, TCS was applied as a
vaccine adjuvant and successfully induced cancer
immunization [18, 19]. But its application as an

Untreated

ITCS-LMWP

CD206

PD-L1

CD8

adjuvant therapy to the mainstay immune checkpoint
therapy was not yet revealed. In this work, a
recombinant TCS derivative (rTCS-LMWP) with
cell-penetrating ability was prepared and its
immunomodulatory effect on synergizing anti-PD-1
therapy was demonstrated. rTCS-LMWP can induce
tumor cells to occur ICD, thereby causing the release
of “danger” signaling molecules to stimulate DCs.
Meanwhile, rTCS-LMWP can promote DC maturation
by activating the STING-TBK1-IRF3 axis, and also
repolarize the macrophages toward a pro-inflam-
matory phenotype, thus enhancing the vigilance
function of APCs. Therefore, the combination of
rTCS-LMWP and anti-PD-1 can significantly enhance
immunotherapy efficacy. The remodeling of TIME
was reflected by the induction of ICD, the enhanced
proliferation and functionalization of cytotoxic T cells,
and the M2—M1 repolarization of macrophages.

To seek a safe and effective immunostimulant for
assisting immunotherapy is an urgent but unmet
need. The rTCS-LMWP can effectively inhibit tumor
growth and prolong the overall survival of mice at a
low intratumoral dose, and alleviate the tumor
immunosuppression to synergize the anti-PD-1
therapy with no detectable effect on the systemic
immune response.

anti-PD-1 ITCS-LMWP + anti-PD-1

Figure 6. The immunofluorescent staining of CD206, PD-LI, and CD8 in the tumor tissues at the treatment endpoint.
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Figure 7. The in vivo remodeling of TIME on the 7th day after the last treatment. (A) The population of CD8* IFN-y* T cells in the tumor tissues. (B) The population of CD8*
GrzB* T cells in the tumor tissues. (C) The population of F4/80* CD86* macrophages in the tumor tissues. (D) The population of F4/80* CD206* macrophages in the tumor
tissues. (E-1) The intratumoral level of IL-1B, IL-2, IL-6, TNF-a, and IFN-y. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

There are some immune activators such as CpG
ODNs and poly(I:C), which are often investigated in
preclinical studies. However, their clinical translation
is still limited and long-term safety needs further
investigation [40]. Notably, apart from the
immunostimulation effect, CpG was reported to
simultaneously induce the compensatory expression
of immunosuppressive molecules that compromised
the anti-PD-1 efficacy [41]. Trichosanthin is an
approved drug in China and has been clinically used
for over 3 decades. The drug reposition of tricho-

santhin is a potential application for cancer
immunotherapy because it would be cost- and
time-saving and benefit from the well-documented
safety of TCS from the decade-long clinical practice.
However, the native TCS protein is not favorable for
application as an anticancer drug due to its poor
intratumor diffusion and cell permeability. The
recombinant rTCS-LMWP can improve delivery
efficiency, with the benefit of an easy preparation
process at a low cost.
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Figure 8. The immunofluorescence staining of CD206, PD-LI, CD8, HMGBI, and calreticulin of tumor tissues on the 7th day after the last treatment.
drug into new applications as a novel

Conclusion

In this work, the recombinant cell-penetrating
rTCS-LMWP has been constructed and it can serve as
an adjuvant to anti-PD-1 therapy. rTCS-LMWP can
remodel the tumor immune microenvironment by
inducing the ICD of tumor cells, stimulating DCs,
repolarizing TAMs, increasing cytotoxic T cells, and
suppressing Tregs, thus assisting anti-PD-1 therapy. It
indicates the promise of the translation of such an old

immunomodulator to synergize the anti-PD-1/PD-L1
therapy. Therefore, rTCS-LMWP is of potential
clinical value.

Supplementary Material

Supplementary figures and table.
https:/ / www.ijbs.com/v19p1698s1.pdf

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

1711

Acknowledgments

The work is supported by the National Key
Research and Development Program of China
(2021YFC2400600, 2021YFE0103100, China), NFSC
(81925035, 82050410361, China), Shanghai SciTech
Innovation Initiative (19431903100, 18430740800,
China), Chinese Pharmaceutical Association-Yiling
Pharm Joint Grants (CPAYLJ201901, China), High-
level new R&D institute (2019B090904008), High-level
Innovative Research Institute (2021B0909050003) from
Department of Science and Technology of Guangdong
Province, Science and Technology Bureau of
Zhongshan City (Creative Research Group Grant),
and Huadong Medicine Joint Funds of the Zhejiang
Provincial Natural Science Foundation of China
(LHDMZ23H190002). We thank the National Center
for Protein Science Shanghai, CAS, for the
MALDI-TOF assay and flow cytometry detection. We
also thank Prof. Pang-Chui Shaw, from the Chinese
University of Hong Kong, for kindly providing the
original TCS plasmid.

Author contributions

M. Zhang: Data curation; formal analysis;
investigation; writing the draft.

E. Liu: Formal analysis; project administration;
supervision.

G. Chen, Y. Tang, Y. Fang, Y. He, P. Zhao, C.
Zheng, B. Muhitdinov: Visualization; methodology;
validation.

Y. Huang: Formal analysis; project adminis-
tration; supervision; writing-review & editing.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;
71: 209-49.

2. Wolf AMD, Fontham ETH, Church TR, Flowers CR, Guerra CE, LaMonte SJ, et
al. Colorectal cancer screening for average-risk adults: 2018 guideline update
from the American Cancer Society. CA Cancer J Clin. 2018; 68: 250-81.

3. Biller LH, Schrag D. Diagnosis and Treatment of Metastatic Colorectal Cancer:
A Review. JAMA. 2021; 325: 669-85.

4. National Cancer Institute Surveillance, Epidemiology, and End Results
Program. Cancer stat facts: colorectal cancer. Accessed July 18, 2022.
https:/ /seer.cancer.gov/ statfacts /html/ colorect.html.

5. Johdi NA, Sukor NF. Colorectal Cancer Immunotherapy: Options and
Strategies. Front Immunol. 2020; 11: 1624.

6. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer J Clin. 2020; 70: 86-104.

7. Abril-Rodriguez G, Ribas A. SnapShot: Immune Checkpoint Inhibitors. Cancer
cell. 2017; 31: 848-848.e1.

8. Frankel T, Lanfranca MP, Zou W. The Role of Tumor Microenvironment in
Cancer Immunotherapy. Adv Exp Med Biol. 2017; 1036: 51-64.

9. Ganesh K, Stadler ZK, Cercek A, Mendelsohn RB, Shia ], Segal NH, et al.
Immunotherapy in colorectal cancer: rationale, challenges and potential. Nat
Rev Gastroenterol Hepatol. 2019; 16: 361-75.

10. Creelan BC, Wang C, Teer JK, Toloza EM, Yao J, Kim S, et al
Tumor-infiltrating lymphocyte treatment for anti-PD-1-resistant metastatic
lung cancer: a phase 1 trial. Nat Med. 2021; 27: 1410-8.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

33.

34.

35.

36.

37.

38.

Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian SL, Toy ST, et
al. Use of tumor-infiltrating lymphocytes and interleukin-2 in the
immunotherapy of patients with metastatic melanoma. A preliminary report.
N Engl ] Med. 1988; 319: 1676-80.

He ZD, Zhang M, Wang YH, He Y, Wang HR, Chen BF, et al. Anti-PD-L1
mediating tumor-targeted codelivery of liposomal irinotecan/JQ1 for
chemo-immunotherapy. Acta Pharmacol Sin. 2021; 42: 1516-23.

Xiang DJ, Chen LM, Gu JS, Stone P, Chen Q. Trichosanthin, a Chinese
medicine for the medical treatment of ectopic pregnancy with high levels of
beta-hCG. Reprod Sci. 2012; 19: 534-8.

Chen Y, Zhang M, Jin H, Tang Y, Wang H, Xu Q, et al. Intein-mediated
site-specific synthesis of tumor-targeting protein delivery system: Turning
PEG dilemma into prodrug-like feature. Biomaterials. 2017; 116: 57-68.

Chen Y, Zhang M, Jin H, Li D, Xu F, Wu A, et al. Glioma Dual-Targeting
Nanohybrid Protein Toxin Constructed by Intein-Mediated Site-Specific
Ligation for Multistage Booster Delivery. Theranostics. 2017; 7: 3489-503.
Chen Y, Zhang M, Jin H, Tang Y, Wu A, Xu Q, et al. Prodrug-Like, PEGylated
Protein Toxin Trichosanthin for Reversal of Chemoresistance. Mol Pharm.
2017; 14: 1429-38.

Tang Y, Liang J, Wu A, Chen Y, Zhao P, Lin T, et al. Co-Delivery of
Trichosanthin and Albendazole by Nano-Self-Assembly for Overcoming
Tumor Multidrug-Resistance and Metastasis. ACS Appl Mater Interfaces.
2017; 9: 26648-64.

Wu A, Chen Y, Wang H, Chang Y, Zhang M, Zhao P,
Genetically-engineered ~ "all-in-one"  vaccine  platform  for
immunotherapy. Acta Pharm Sin B. 2021; 11: 3622-35.

Yisi T, Wufa F, Guihua C, Meng Z, Xueping T, Hairui W, et al. Recombinant
cancer nanovaccine for targeting tumor-associated macrophage and
remodeling tumor microenvironment. Nano today. 2021; 40: 101244.

Ye J, Shin MC, Liang Q, He H, Yang VC. 15 years of ATTEMPTS: a
macromolecular drug delivery system based on the CPP-mediated
intracellular drug delivery and antibody targeting. ] Control Release. 2015;
205: 58-69.

Tsui B, Singh VK, Liang JF, Yang VC. Reduced reactivity towards
anti-protamine antibodies of a low molecular weight protamine analogue.
Thromb Res. 2001; 101: 417-20.

Lee LM, Chang LC, Wrobleski S, Wakefield TW, Yang VC. Low molecular
weight protamine as nontoxic heparin/low molecular weight heparin antidote
(I): preliminary in vivo evaluation of efficacy and toxicity using a canine
model. AAPS PharmSci. 2001; 3: E19.

Park Y], Liang JF, Ko KS, Kim SW, Yang VC. Low molecular weight protamine
as an efficient and nontoxic gene carrier: in vitro study. ] Gene Med. 2003; 5:
700-11.

Chang LC, Lee HF, Yang Z, Yang VC. Low molecular weight protamine
(LMWP) as nontoxic heparin/low molecular weight heparin antidote (I):
preparation and characterization. AAPS PharmSci. 2001; 3: E17.

Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunogenic cell death
in cancer and infectious disease. Nat Rev Immunol. 2017; 17: 97-111.

Fucikova J, Kepp O, Kasikova L, Petroni G, Yamazaki T, Liu P, et al. Detection
of immunogenic cell death and its relevance for cancer therapy. Cell Death
Dis. 2020; 11: 1013.

Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P, Martinez AB, et al.
Consensus guidelines for the definition, detection and interpretation of
immunogenic cell death. ] Immunother Cancer. 2020; 8: e000337.

Gardner A, Ruffell B. Dendritic Cells and Cancer Immunity. Trends Immunol.
2016; 37: 855-65.

Tran Janco JM, Lamichhane P, Karyampudi L, Knutson KL. Tumor-infiltrating
dendritic cells in cancer pathogenesis. ] Immunol. 2015; 194: 2985-91.

Teng MW, Bowman EP, McElwee JJ, Smyth MJ, Casanova JL, Cooper AM, et
al. IL-12 and IL-23 cytokines: from discovery to targeted therapies for
immune-mediated inflammatory diseases. Nat Med. 2015; 21: 719-29.

Paludan SR, Bowie AG. Immune sensing of DNA. Immunity. 2013; 38: 870-80.
Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that
facilitates innate immune signalling. Nature. 2008; 455: 674-8.

Muraoka D, Seo N, Hayashi T, Tahara Y, Fujii K, Tawara I, et al. Antigen
delivery targeted to tumor-associated macrophages overcomes tumor immune
resistance. ] Clin Invest. 2019; 129: 1278-94.

Zhao P, Wang Y, Kang X, Wu A, Yin W, Tang Y, et al. Dual-targeting
biomimetic delivery for anti-glioma activity via remodeling the tumor
microenvironment and directing macrophage-mediated immunotherapy.
Chem Sci. 2018; 9: 2674-89.

Zheng Z, Zhang ], Jiang J, He Y, Zhang W, Mo X, et al. Remodeling tumor
immune microenvironment (TIME) for glioma therapy using multi-targeting
liposomal codelivery. ] Immunother Cancer. 2020; 8: €000207.

Yin W, Yu X, Kang X, Zhao Y, Zhao P, Jin H, et al. Remodeling
Tumor-Associated Macrophages and Neovascularization Overcomes
EGFR(T790M) -Associated Drug Resistance by PD-L1 Nanobody-Mediated
Codelivery. Small. 2018; 14: €1802372.

Yin W, Zhao Y, Kang X, Zhao P, Fu X, Mo X, et al. BBB-penetrating codelivery
liposomes treat brain metastasis of non-small cell lung cancer with
EGFR(T790M) mutation. Theranostics. 2020; 10: 6122-35.

Zou W. Immunosuppressive networks in the tumour environment and their
therapeutic relevance. Nat Rev Cancer. 2005; 5: 263-74.

et al
cancer

https://www.ijbs.com



Int. J. Biol. Sci. 2023, Vol. 19

1712

39.

40.

41.

Drake CG, Lipson EJ, Brahmer JR. Breathing new life into immunotherapy:
review of melanoma, lung and kidney cancer. Nat Rev Clin Oncol. 2014; 11:
24-37.

Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat
Med. 2013; 19: 1597-608.

Li T, Hua C, Yue W, Wu ], Lv X, Wei Q, etal. Discrepant antitumor efficacies of
three CpG oligodeoxynucleotide classes in monotherapy and co-therapy with
PD-1 blockade. Pharmacol Res. 2020; 161: 105293.

https://www.ijbs.com



