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Moringa oleifera leaf polysaccharides exert
retms oo a0s 1o @NTI-lUNG cancer effects upon targeting TLR4 to
4607 ~ reverse the tumor-associated macrophage
phenotype and promote T-cell infiltrationt
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Shukai Wang,} Qian Hu,i Zihao Chang, “2 Yuqi Liu, Ye Gao, Xiaowei Luo,
Lipeng Zhou, Yinxin Chen, Yitong Cui, Zhaohui Wang, Baojin Wang, Ya Huang,
Yue Liu,* Runping Liu "2 * and Lanzhen Zhang*

Tumor-associated macrophages (TAMs) participate in tumorigenesis, growth, invasion as well as meta-
stasis by facilitating an immunosuppressive tumor microenvironment. Reversing the pro-tumoral M2 phe-
notype of TAMs has become a hot spot in advancing cancer immunotherapy. In the current study, the
content of Moringa oleifera leaf polysaccharides (MOLP) was determined and characterized, along with
the anti-cancer mechanism of MOLP studied in a Lewis lung cancer (LLC) tumor-bearing mouse model
and bone marrow-derived macrophages. The monosaccharide composition and gel permeation chrom-
atography analyses show that MOLP are mainly composed of galactose, glucose, and arabinose, with
approximately 17.35 kDa average molecular weight (M,,). In vivo studies demonstrate that MOLP convert
TAMs from the immunosuppressive M2 phenotype to the antitumor M1 phenotype, thus inducing CXCL9
and CXCL10 expression and increasing T-cell infiltration in the tumor. Furthermore, macrophage
depletion and T cell suppression demonstrated that the tumor suppressive effect of MOLP was reliant on
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reprogramming macrophage polarization and T cell infiltration. In vitro studies revealed that MOLP could
induce the phenotypic switch from M2 macrophages to M1 by targeting TLR4. The current study high-
lights that MOLP are promising anticancer plant-derived polysaccharides with potential in modulating the

rsc.li/food-function immune microenvironment and have a bright application prospect in the immunotherapy of lung cancer.
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1. Introduction

Lung cancer, which can be categorized into non-small cell
lung cancer (NSCLC) and small cell lung cancer (SCLC), is one
of the most widespread malignancies with the highest inci-
dence and mortality rates worldwide." NSCLC, primarily squa-
mous cell carcinoma and adenocarcinoma, is responsible for
80-85% of all lung carcinoma cases, and most NSCLC patients
are already in the advanced disease stage when diagnosed.
Despite the drastic research efforts to develop effective treat-
ments for lung cancer, such as chemotherapy, targeted thera-
pies, and combination regimens, the incidence and mortality
of the disease have not decreased significantly.?
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There is growing evidence that the tumor microenvi-
ronment (TME) plays a critical role in tumor progression,
including local drug resistance, immune escape, and cancer
metastasis,” and hence, immunotherapy aiming to reverse or
reeducate the TME has achieved certain success in treating
various types of cancers.” As a complicated tumor ecosystem,
the TME is predominantly composed of tumor cells, stromal
cells, immune cells, and the extracellular matrix.® As the pro-
gression of cancer is regulated by the interaction between
tumor cells and the tumor site environment, efforts to develop
anti-cancer therapies are no longer just traditionally focused
on inhibiting tumor cell proliferation. Tumor-associated
macrophages (TAMs) are the major infiltrating cells in the
tumor immune microenvironment.” Activated macrophages
have two polarized states: classically activated M1-like macro-
phages and alternatively activated M2-like macrophage sub-
types. The M1-like macrophages participate in antigen presen-
tation and phagocytic clearance of tumor cells. Instead, M2-
like macrophages exhibit a vigorously immunosuppressive
phenotype to support tumor cell proliferation.® Studies have
shown that in the TME, TAMs are usually educated by tumor
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cells as co-conspirators and are phenotypically considered
mainly as M2 macrophages.® Therefore, it is generally accepted
that the discovery of effective drugs to selectively promote M1
polarization of TAMs is a promising therapeutic strategy for
malignancies.'®

Plant polysaccharides are widely found in nature and have
multiple biological activities, including anti-tumor, immuno-
modulatory, hypoglycemic, antioxidant, anti-radiation, etc.'!
Compared with other drugs, natural polysaccharides act as bio-
logical response modifiers (BRM) that produce broad immune
enhancement chiefly through activation of the host’s immune
system, both innate and acquired immunity."* They show little
cytotoxicity in humans and have great potential for combi-
nation therapy.'* Various available polysaccharides have
shown their anti-tumor properties. For instance, Dendrobium
officinale polysaccharides significantly inhibit tumor growth in
multiple tumor-bearing mice by targeting the TLR2 receptor of
TAMs to facilitate TAM polarization toward the M1 pheno-
type."* Apple polysaccharides prevent colitis-associated car-
cinogenesis by modulating macrophage polarization."?

Moringa oleifera leaf refers to the leaves of the Moringa olei-
fera tree, a tropical deciduous perennial tree native to India.'®
Polysaccharides of Moringa oleifera leaf (MOLP) have been
identified as potential immunoregulators as they enhance the
production of M1 phenotype-related genes interleukin-6 (IL-6)
and tumor necrosis factor-a (TNF-a) in RAW 264.7 cells,"”
suggesting that MOLP may have the ability to polarize M2 phe-
notype TAMs into the anti-tumor M1 phenotype. However,
little research has been conducted to identify the possible
anti-tumor effects of MOLP.

Our current study utilizes a Lewis lung cancer (LLC) xeno-
graft mouse model to investigate the anti-tumor effects of
MOLP and explore the underlying immunoregulatory mecha-
nisms and further demonstrated that MOLP inhibited tumor
growth by binding the TLR4 receptor to polarize TAMs toward
the M1 phenotype, thereby promoting the infiltration of cyto-
toxic lymphocytes and reeducating the immunosuppressive
TME.

2. Materials and methods
2.1 Chemicals and reagents

Standards (fucose, rhamnose, glucose hydrochloride, amino
galactose hydrochloride, arabinose, galactose, glucose, xylose,
mannose, ribose, galacturonic acid and glucuronic acid) were
obtained from Huaster Bio-Technology Co, Ltd (Wuhan,
China). All organic solvents used were at least of analytical
grade. In addition, all reagents, chemicals, and solvents were
purchased from commercial sources unless otherwise stated.

2.2 Sample preparation and characterization

Moringa oleifera leaves were purchased from Anhui Jiu li Xiang
Pharmaceutical Co., Ltd (Anhui, China), and identified by
Professor Chunsheng Liu, School of Chinese Materia Medica,
Beijing University of Chinese Medicine. Leaves were first
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washed with deionized water, followed by drying at 60 °C.
Dried samples were further crushed using a pulverizer, and
passed through a 0.3 mm metal sieve for storage at 4 °C. The
crude polysaccharides were obtained through hot water extrac-
tion as well as ethanol precipitation based on previous
studies'® with some modifications. Briefly, powder of the dried
Moringa oleifera leaves (500 g) was extracted twice with water
(12.5 L) at 90 °C. The crude extract was centrifuged, filtered,
and concentrated. The extracts were precipitated by anhydrous
ethanol and the crude polysaccharides were collected by cen-
trifugation. Subsequently, the precipitate was redissolved to
dialyzed for 24 h at ambient temperature using MWCO 3500
Da dialysis bags. Post dialysis, the retentate was deproteinated
twice using the Savage method."® The fractions were collected,
precipitated, and finally lyophilized to obtain MOLP.

The total protein, carbohydrate, and uronic acid contents in
the MOLP were determined by the Coomassie Brilliant Blue
G-250 dye-binding method,>® the phenol-sulfuric acid
method®' and the carbazole-sulfuric acid method,"® respect-
ively. High performance liquid gel permeation chromato-
graphy (HPGPC),”*> PMP derivatized polysaccharide hydrolysate
method,”® scanning electron microscopy,” and infrared spec-
troscopy analysis®® of the molecular weight, monosaccharide
composition, microstructure and main functional groups were
performed, respectively.

2.3 Cell culture and viability

LLC and RAW 264.7 cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) plus 1% penicillin-
streptomycin, maintained at 37 °C in a humid environment
containing 5% CO,.

Cell proliferation was measured by a Cell Counting Kit-8
(CCK-8) assay. Briefly, cells were seeded in quadruplicate on
96-well plates and incubated overnight under the standard
conditions to allow cell attachment. Then, the cells were
treated with MOLP in concentrations of 0 to 1000 pg mL ™" and
incubated for 24 hours. After adding 10 pL of CCK-8 (Lablead,
Beijing, China) to each well and incubating at 37 °C for 2 h,
the cell viability was calculated based on the OD values at
450 nm.

2.4 Acquisition and polarization of BMDMSs in vitro

Referring to previous studies,”® to harvest bone marrow-

derived macrophages (BMDMs), femurs and tibias were first
isolated from 8-week-old C57BL/6 mice, followed by flushing
bone marrow with a 1 mL syringe, separating cells from the
bone into RPMI 1640 medium and filtering through a 70 pm
cell strainer to remove bone, hair and other tissues. Next, the
cells were centrifuged at 500g for 10 min. Finally, cells were
inoculated into 6-well tissue culture plates containing RPMI
1640 medium with 10% FBS and 10% L929 supernatants, and
the medium was changed every 3 days.

Cell polarization conditions were as follows: M1: 100 ng
ml~" LPS (L2880, Sigma-Aldrich), M2: 10 ng mL™" recombinant
mouse IL-4 and 10 ng mL™' recombinant mouse IL-13
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(PeproTech, Rocky Hill, NJ, USA). For tumor education, the cell
culture medium was collected from the LLC cancer cell line
and incubated in a serum-free medium for 24 h and added to
BMDMs for 24 h on day 7.

2.5 Conditioned medium preparation

Different polarized macrophages were cultured in a serum-free
medium for 24 h. The conditioned media of M2 BMDM (BCM)
and three different concentrations of MOLP of treated or
untreated M2 macrophages were collected, centrifuged at
1000g for 5 min and stored at —20 °C until use.

2.6 Animal experiments

All the animal experiments were approved by the Institutional
Animal Care and Use Committee at Beijing University of
Traditional Chinese Medicine, Beijing, China (approval code
no. BUCM-4-2022111502-4040), and conducted in compliance
with the local animal welfare laws, guidelines and policies. Six-
week-old female C57BL/6 mice were purchased from Beijing
SPF (Beijing) Biotechnology Co., Ltd (Beijing, China). Animals
were acclimatized to laboratory conditions (22 °C + 1 °C,
humidity (40 + 5%), 12-12 h light-dark cycle, and free access
to food and water) 1 week before the experiment and fasted
24 h before operation. To establish a tumor model, LLC cells
(1 x 10° per mouse) were inoculated subcutaneously in the left
axilla of C57BL/6 mice, respectively. When the tumor size
reached approximately 5 mm in length, the mice were ran-
domly divided into three groups (6 mice per group) and
treated with distilled water or MOLP (0.5 or 1 g kg™* per day,
oral gavage) for 12 days, respectively. Mice were executed by
cervical dislocation after 12 days and the tumor tissues were
collected. The tumor size and weight of the mice were moni-
tored once every 3 days, while the tumor volume was deter-
mined based on the following equation: length x width® x 0.5.
Clodronate liposomes (CL) were used primarily for macro-
phage depletion; in short, CL (Sunnipo, Shanghai, China) were
taken out of a refrigerator and restored to room temperature
(20 °C). The CL were mixed 8 times upside down and 200 pL of
PL was injected intraperitoneally into each mouse.
Macrophages were depleted twice a week for 2 weeks.
Regarding immunosuppression, tacrolimus (1 mg kg™,
TargetMol) was given intraperitoneally on alternate days.

2.7 Quantitative real-time PCR

Total RNA was isolated by using a FastPure Cell/Tissue Total
RNA Isolation kit (Vazyme), following the manufacturer’s pro-
tocol. cDNA was synthesized from 1 pg of total RNA with the
HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme)
and quantitative real-time polymerase chain reaction
(qQRT-PCR) was performed using a Bio-Rad CFX96 real-time
system (Bio-Rad, USA) by using the Taq Pro Universal SYBR
gPCR Master Mix (Vazyme), following the manufacturer’s
instructions. The mRNA expression of each sample was calcu-
lated by normalization with HPRT-1 as an endogenous control.
All reactions were performed in triplicate and the relative gene
expression was calculated on a comparative threshold cycle
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(Ct) method.”” The primer sequences are presented in
Table S1.7

2.8 Tumor digestion and flow cytometry

Tumor tissues were excised as well as digested with 1 mg mL™"
collagenase I (Biorigin) and 0.2 mg mL ™" DNase I (Biorigin) for
30 min at 37 °C. After termination of digestion with DMEM
containing 5% FBS, the tumor cells were passed through a
70 pm filter and the resulting filtrate was centrifuged at 850g
for 5 min, and the tumor cells were washed with PBS contain-
ing 2 mM EDTA twice.

Tumor single cell suspensions or BMDMs were stained with
PE/Cyanine7-CD11b  (Biolegend, cat#101215), PE-F4/80
(Biolegend, cat#123109), AF488-CD86 (Biolegend, cat#105017)
and APC-CD206 (Biolegend, cat#141707) antibodies for 40 min
at 4 °C in the dark, and then washed with PBS twice and resus-
pended in PBS. Finally, the single-cell suspensions after stain-
ing were analyzed using a BD FACS Canto II.

2.9 Histology and immunohistochemistry

All tissues were fixed in 4% paraformaldehyde for 24 h at room
temperature, imbedded in paraffin, cut into slices of 5 pm
thickness, de-paraffinized, and rehydrated for hematoxylin and
eosin (H&E) staining and immunohistochemical processing.

Concerning immunohistochemistry, the de-paraffinized
sections were heated in an antigen repair solution (Servicebio,
Beijing, China) (pH 9.0) for 15 min and then cooled to room
temperature. Endogenous peroxidase was incubated in 3%
hydrogen peroxide for 25 min, protected from light, followed
by rinsing with PBS. Slides were blocked in 3% BSA for 30 min
at room temperature before incubation overnight at 4 °C with
primary antibodies (anti-iNOS, anti-cleaved caspase-3, anti-
CD206, anti-CD68, anti-CD31, anti-CD4 and anti-CDS,
Servicebio, China). After incubation with HRP-conjugated sec-
ondary antibodies for 50 min at room temperature, the sec-
tions were stained with diaminobenzidine (DAB) and the
nuclei were counterstained with hematoxylin.

2.10 Statistical analysis

Results were displayed as mean + SEM and were subject to ana-
lysis by one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison post hoc test; p values <0.05 were
regarded as statistically significant.

3. Results

3.1 Chemical composition and characterization of MOLP

After a series of steps including water extraction, alcoholic pre-
cipitation, deproteinization as well as dialysis, a crude polysac-
charide of 3.1 g was obtained from the powder of Moringa olei-
fera leaves, yielding 6.2%. Chemical composition analysis
showed that MOLP contained 72.13% =+ 1.06% total sugar,
1.22% + 0.21% proteins, and 2.69% = 0.27% glyoxylates
(Table S21). HPLC analysis determined that polysaccharides
were composed of diverse monosaccharides, with galactose,
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glucose, and arabinose accounting for the highest content of
44.60%, 24.19%, and 16.93%, respectively (Fig. 1A and B).
Infrared spectroscopy is a powerful tool for characterizing the
feature groups of organic compounds. As shown in the IR
spectrum, polysaccharides have two distinctive absorption
bands: O-H and C-H stretching vibrations have absorption
bands at 3400 cm ™" and 2923 em™, respectively. The absorp-
tion peaks in the range of around 1100 to 1000 cm™ were
attributed to C-O-C and C-O-H vibrations, suggesting the
presence of pyranose. The featured absorption bands at
898 cm™' and 846 cm™' revealed that both o and B confor-
mations of the sugar unit may be present in MOLP (Fig. 1C).
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The results of gel permeation chromatography showed that
MOLP have a relatively homogeneous molecular weight
with an average molecular weight of 17.345 kDa (Fig. 1D).
Scanning electron microscopy images (Fig. 1E and F)
offer intuitive evidence of the varied morphological profiles of
the polysaccharides. They show that the surface of MOLP is
relatively rough, with many fine protruding particles and irre-
gular pores, and exhibits a honeycomb-like porous structure.
This interconnection of polysaccharide molecules to form a
pore-like morphology is presumed to be correlated with the
interaction between the multi-branched polysaccharide
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Fig. 1 Chemical characterization of MOLP. (A) Monosaccharide composition analysis by HPLC of the standard monosaccharides: 1-mannose, 2-p-
glucosamine, 3-rhamnose, 4-glucuronic acid, 5-galacturonic acid, 6-p-galactosamine HCl, 7-glucose 8-galactose, 9-xylose, 10-arabinose and
10-fucose. (B) The chromatogram of the monosaccharide composition in MOLP. (C) The FT-IR spectrum of MOLP. (D) The HPGPC elution profile of
MOLP. (E-G) Scanning electronic micrograph for MOLP at magnifications of x1000, x2000 and x8000.
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Fig. 2 The anti-tumor effect of MOLP on LLC-bearing mice (n = 6). (A) Schematic of the experimental design (B) and cell viability of LLC after incu-
bation at different MOLP concentrations. (C) Tumor image. (D) Tumor weight. (E) Tumor suppression rate. (F) Tumor volume. (G) Body weight
change rate. (H) Immunohistochemical analysis and H&E staining images of the tumor (n = 3). (I) Immunohistochemical statistics (n = 3). (J)
Statistical results of VEGF and Ki67 mRNA levels relative to the model group. (K) H&E staining images of the tumor liver and kidney tissues. (L) The
orange index error bars are represented as means + SEM. *p-value <0.05, **p-value <0.01, ***p-value <0.001. Scale bar, 50 um.
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Fig. 3 Effect of MOLP on the immune cells of LLC tumor-bearing mice. (A) Immunohistochemical images and statistical results of the macrophage
polarization markers in the tumor tissues (n = 3). (B) Flow analysis of the macrophage phenotypes and the statistical results (n = 3). (C) The mRNA
levels of the macrophage markers in the tumor tissues (n = 6). (D) Immunohistochemical images and statistical analysis of T cells from the tumor
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value <0.05, **p-value <0.01, ***p value <0.001.
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Fig. 4 MOLP exhibit anti-tumor effects through TAMs (n = 6). (A) Schematic of the experimental design. (B) Tumor image. (C) Tumor weight. (D)
Tumor suppression rate. (E) Tumor volume. (F) Immunohistochemical analysis of the tumor tissue (n = 3). (G) Immunohistochemical statistics. Error
bars are represented as means + SEM. *p-value <0.05, **p-value <0.01 and ***p-value <0.001. Scale bar, 50 pm.

3.2 MOLP inhibit tumor growth in LLC xenograft mouse

models

To evaluate the anti-tumor efficacy of MOLP in vivo, an LLC
tumor-bearing mouse model was constructed. Firstly, it was
found that MOLP had almost no inhibitory effect on the viabi-

This journal is © The Royal Society of Chemistry 2023

lity of LLC in our in vitro study (Fig. 2B). Interestingly, we
observed significant tumor inhibition in LLC-bearing mice
after treatment with MOLP, with approximately 37.15% inhi-
bition in the low-dose group (0.5 g kg™') and 44.29% inhi-
bition in the high-dose group (1 g ke™") (Fig. 2C-F). The find-
ings suggested that the anti-tumor effects of MOLP may be
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due to immunomodulatory effects rather than cytotoxic
effects.

To observe the anti-tumor effect of MOLP, we isolated
tumor tissues and performed histopathological analysis and
immunohistochemical analysis. H&E staining results found
that the tumor cell nuclei were loosely arranged, and the divi-
sion of the nuclei was obviously reduced and the tumor necro-
tic areas were significantly increased compared with the model
group. Caspases belong to a family of proteolytic enzymes that
mediate apoptosis and they play a key role in the process of
apoptosis. Among them, caspase-3 is a key executor of apopto-
sis, and its activation is central to apoptosis and it is mainly
found in mammals, and cleaved caspase-3 is the activated
form of caspase-3. In this study, MOLP significantly increased
the expression of cleaved caspase-3 in the tumor tissues of
LLC-bearing mice (Fig. 2H and I), proving that MOLP can
induce apoptosis and suppress the growth of lung cancer cells
in vivo. Tumor vascularization is an important condition for
tumor development, infiltration, and metastasis. CD31 is an
important indicator used to assess tumor angiogenesis and a
key marker of endothelial cell tissue, which can be used to
evaluate the degree of malignant proliferation of tumors. The
immunohistochemical results of tumor tissues revealed that
MOLP could reduce the expression of CD31 in tumor tissues
(Fig. 2H and 1), effectively inhibiting the vascular growth of
tumors and blocking the supply of nutrients and oxygen, thus
inhibiting tumor growth. The mRNA levels of Ki67 and VEGF
in tumor tissues were measured by qRT-PCR, and it was found
that MOLP exerted inhibitory effects on both genes (Fig. 2]). Of
these, Ki67 is an important indicator of tumor malignant pro-
liferation and VEGF is a key signaling molecule controlling
tumor angiogenesis.

Furthermore, the body mass index (Fig. 2G), organ index
(liver and kidneys) (Fig. 2L) and H&E (Fig. 2K) staining showed
no significant toxicity or negative effects on mice after MOLP
administration. Collectively, these results indicate that MOLP
show non-toxicity and can serve as an effective anti-cancer
drug, and their anti-cancer effect was mainly to inhibit angio-
genesis and promote tumor cell necrosis and apoptosis.

3.3 MOLP promote TAM polarization to the M1 phenotype in
tumor-bearing mice

TME is a complex environment for the survival of tumor cells,
in which immune cells are key players in shaping the tumor-
suppressive microenvironment. TAMs, as an essential com-
ponent of immune cells, are usually divided into two subtypes:
M1 type and M2 type. The former exhibits typical anti-tumor
functions, while the latter promotes tumor cell growth and
migration, as well as pro-angiogenic effects.”® To investigate
whether MOLP can polarize TAMSs to the M1 phenotype in vivo,
firstly, iNOS (M1-type marker) and CD206 (M2-type marker)
were immunohistochemically stained in tumor tissues
(Fig. 3A), and also the ratio of (CD206'/CD11b'F4/80" cells) M2
TAMs was analyzed by flow cytometry (Fig. 3B). The results
revealed that treatment with MOLP could promote M1-type
expression and suppress M2 expression in LLC xenograft
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tumors. The expression of pro-inflammatory cytokines TNF-a
and iNOS was found to be upregulated by MOLP. The
expression of the immunosuppressive markers Arg-1 and
CD206 was markedly reduced (Fig. 3C). The above data fully
illustrate that MOLP can promote the polarization of M2 TAMs
to the M1 phenotype.

To further confirm whether MOLP play an anti-tumor role
by regulating the phenotype polarization of TAMs, a macro-
phage-depleted LLC tumor-bearing mouse model was con-
structed (Fig. 4A). The results revealed no significant difference
between the CL group and the CL-MOLP group (Fig. 4B-E),
and the suppressive effect of CL-MOLP on tumor growth was
less than that of the MOLP group; this was mainly attributed
to the depletion in TAMs. Cleaved caspase-3 is a critical
protein for apoptosis. Immunohistochemical staining of the
tumor tissues for cleaved caspase-3 revealed that the
expression of the protein in the CL-MOLP group was lower
than that in the MOLP group (Fig. 3F and G).
Immunohistochemical results of the tumor tissues showed
that CD68, as the marker of macrophages, was hardly
expressed in the CL group and CL-MLOP group, which con-
firmed the success of model construction (Fig. 3F and G).
These outcomes, on one hand, indicated that MOLP can
promote macrophage polarization, and on the other hand,
indicated that depletion of macrophages in tumor-bearing
mice can weaken the tumor suppressive effect of MOLP,
suggesting that the anti-tumor effects of MOLP are partly due
to the polarization of macrophages.

3.4 MOLP promote macrophage polarization to the M1
phenotype via TLR4

Given that the above results suggest that the anticancer effect
of MOLP was partly based on the polarization of TAMs, we
assessed whether MOLP could act directly on macrophages by
cellular assays. First, as shown in Fig. 5A and discussed in
section 2.4, the mature BMDMs were induced into the M2 phe-
notype. The marker genes of the M2 phenotype (TGF-§, Arg-1
and CD206) versus the M1 phenotype (iNOS, TNF-a and IL12-
p40) were assessed at the mRNA level (Fig. 5B). The results
revealed a significant decline of M1 phenotype-related genes
and a significant increase in M2 phenotype-related genes after
induction into M2 BMDMs compared to the untreated MO
BMDMs; successful modeling of M2 BMDMs was additionally
verified by flow cytometry (Fig. 5C). Then, by treating M2
BMDMs with MOLP, we found that the expression of M2
BMDM marker genes was remarkably decreased, whereas the
expression of M1 marker genes was dramatically increased.
The flow cytometry results also revealed that the proportion of
M2 BMDMs among macrophages was considerably lower. The
above results confirmed that MOLP prompted the induction of
M2 macrophages to M1 macrophages.

Given the tumor-promoting effects of M2 TAMs in vivo, to
simulate the TAMs, the LLC serum-free supernatant was gath-
ered and used as a conditioned medium (CM), as shown in
Fig. 5D. The CM-treated BMDMs showed an increase in both
M1 and M2 marker genes (Fig. 5E), with extremely increased
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level of the M2 marker gene Arg-1, since the simulated TAMs
were macrophages associated with a specific pathological con-

dition, and their

activation

status

4616 | Food Funct, 2023, 14, 4607-4620

resembles

that of

M2 macrophages. However, TAMs are not only a distinct popu-
lation of M2 myeloid cells, but also have both M1 and M2
characteristics. Tumor-educated BMDMs treated with MOLP
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showed a significant increase of M1 marker genes and
achieved reduction of M2 genes. In vitro studies demonstrated
that MOLP can induce the polarization of M2-like TAMs to the
M1 type, which is consistent with the effect of MOLP on RAW
264.7 cells (Fig. S1 and S2+).

For the purpose of investigating whether MOLP can have
antitumor  effects by driving the conversion of
M2 macrophages to M1, we first studied the inhibitory effect
of MOLP on LLC cells (Fig. 2B), and found that MOLP had no
inhibitory effect on LLC cell viability. Next, we collected the
supernatant (BCM) of M2 BMDMs and drug-treated M2
BMDMs to determine the cell viability of LLC cells by the
CCK-8 method (Fig. 5F), which indicated that the BCM of M2
BMDMs had no impact on LLC cell viability, whereas the
supernatant of M2 BMDMs treated with MOLP explicitly inhib-
ited cell viability (Fig. 5G). The above in vitro results indicated
that MOLP can convert M2 macrophages to the M1 type and
thus play a suppressive role in the viability of LLC cells.

Since polysaccharides are macromolecules that cannot
directly penetrate cell membranes, it is impossible for polysac-
charides to regulate immune responses and intracellular
events through interactions with target molecules within
macrophages.”* Through in-depth studies, polysaccharides
were found to intervene in the activation of immune response
and play an immunomodulatory role by specifically binding to
pattern recognition receptors (PRPs) of macrophages. The
PRPs can recognize plant polysaccharides (mainly TLR2, TLR4,
Dectin-1, CR3, CD14, and MR).** We determined the mRNA
levels of the relevant PRPs in RAW 264.7 cells affected by
MOLP and found that the TLR4 expression level was signifi-
cantly increased (Fig. 5H); this is mainly caused by the specific
binding of TLR4 to polysaccharides. All the above data suggest
that MOLP may shift the macrophage phenotype towards the
M1 phenotype by targeting the macrophage TLR4 receptor,
and releasing pro-inflammatory factors to suppress tumor
activity.

3.5 Increased T-cell infiltration and function are essential for
the anti-tumor activity of MOLP

T cells, as essential components of immune cells, play indis-
pensable roles in the immunotherapy of tumors. The amount
of infiltrating T cells in tumors is closely related to the survival
benefits of patients with tumors and the response to immu-
notherapy.®® As major immunosuppressive cells in tumor
tissues, PD-L1 is overexpressed on TAMs from several cancer
tissues. The ligand binds to PD-1, which is expressed on
effector T cells, and can inhibit T cell receptor (TCR) signaling,
thereby suppressing T cell function and contributing to apop-
tosis.>*> The previous study proved that MOLP effectively
reversed immunosuppressive M2 TAMs to the M1 phenotype.
We next studied whether MOLP have an impact on effector T
cells, and interestingly, tumor tissues of LLC-bearing mice
stained for CD4 and CD8 were analysed by immunohisto-
chemical analysis after MOLP were given orally, and we found
that MOLP significantly recruited more CD4" and CD8" T cells
in the tumor tissue (Fig. 3D). CXCL9 and CXCL10 are impor-
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tant chemokines released by immune cells to recruit T cells.
By measuring the expression of CXCL9 and CXCL10 genes in
tumor tissues, we found that the levels of these chemokines
were significantly increased, as seen in Fig. 3E. This also
explained that MOLP alleviated the pressure of immunosup-
pression in the TME. Perforin and granzyme B are critical cyto-
kines for tumor cell killing by CTL, and their corresponding
mRNA levels were notably higher than those in the model
group (Fig. 3E). Collectively, after treatment with MOLP, LLC-
bearing mice improved the immunosuppressive environment,
prompted TAMS to release chemokines that recruit T cells, and
restored the T cell function to inhibit tumor growth.

FK506 was then used to inhibit T cell activation to investi-
gate whether MOLP exert antitumor effects through T cells. In
line with the expected results, the FK506 treatment signifi-
cantly reduced the tumor suppressive effect of MOLP (Fig. 6B-
E). Furthermore, FK5086 significantly reduced the infiltration
of CD4" and CD8" T cells (Fig. 6F and G); these results collec-
tively indicated that the antitumor activity of MOLP largely
depends on T cells.

4. Discussion

Tumor cells and their microenvironment are functional
wholes; they interact with each other and jointly evolve to
foster tumorigenesis. TME mainly consists of tumor cells,
their surrounding immune cells, fibroblasts and adjacent
stromal tissues.>® TAMs are the main component of immune
cells in the TME and are functionally heterogeneous under
stimulatory conditions with two main subpopulations, M1 or
M2 phenotypes, respectively. M1 macrophages maintain
robust antigen presentation capacity and induce intense Th1
responses. In contrast, M2 TAM can exhibit tumor-propelling
and immunosuppressive effects through multiple pathways.**
For example, TAMs can be involved in promoting tumor cell
proliferation by secreting EGF and PDGF; participation in
tumor invasion and metastasis by releasing pro-tumor cell
metastasis factors such as MMPs (e.g., MMP2 and MMP9);
engagement in the immune escape of tumor cells by produ-
cing IL10, PGE2, and TGFp; and participation in the growth of
tumor microvessels by expressing vascular (lymphatic vessel)
growth factors such as vascular endothelial growth factor
(VEGF).>> However, TAMs are phenotypically more inclined to
the M2 phenotype, and thus TAMs are critical for the gene-
ration of an immunosuppressive TME. Macrophages rely on
TGF-p and IL-10 to convert Th1 cells to Th2 cells to reverse the
antitumor effects of CD8" cytotoxic T cells and CD4"' Thi1
cells,*® which is considered as a tumor immune escape mecha-
nism. Research on how to effectively educate M2 TAMs into
the M1 phenotype is a hot topic in immunotherapy. Plant poly-
saccharides have numerous pharmacological effects, primarily
including strengthening or activating the immune response,
which in turn provides immunomodulatory, antitumor, and
other therapeutic effects, the main mechanism of action being
their inherent immunomodulatory effect on immune cells,*”
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especially on macrophages. Thus, the study of plant polysac-
charides offers a direction for the discovery of new therapeutic
drugs.

Previously, some studies demonstrated that MOLP have
immunomodulatory properties, and since tumor growth is
greatly mediated by immunomodulation, we built an LLC
tumor-bearing mouse model and found that tumor growth was
restricted by oral administration of MOLP, although we failed
to observe an inhibitory effect of MOLP on LLC cells in vitro.
Such findings were also reported for other plant polysacchar-
ides - for example, Lachnum polysaccharides showed no inhibi-
tory effect on S180 cells, but tumor inhibition has been found
in in vivo experiments."?

In the current study, we revealed that MOLP could restrain
tumor growth and suppress tumor angiogenesis. By establish-
ing a macrophage depletion model and a T cell suppression
model in LLC-bearing mice, we concluded that MOLP exerted
anti-tumor effects mainly because MOLP could polarize TAM
to the M1 phenotype as well as increase T cell infiltration with
enhanced function. Organ indices of mice and H&E staining
of the liver or kidneys ensure the safety of MOLP in vivo, so it
is a safe and effective anti-cancer drug. Similar to the results
in vivo, in our cellular experiments, MOLP could polarize the
tumor education or IL4 + IL13-induced BMDM phenotype to
M1 BMDMs by binding to the TLR4 pattern recognition recep-
tor. MOLP boosted the levels of iNOS, 1L-1p and TNF-a and
significantly suppressed the levels of the immunosuppressive
TGF-f and Arg-1 genes. The treatment of tumor cells with the
polarized supernatant significantly inhibited the growth of
tumor cells.

Macrophages are important enforcers of innate immunity,
allowing them to recognize the pathogen-associated molecular
pattern (PAMP) conserved on the surface of pathogenic micro-
organisms through PRRs such as TLRs expressed on their
surface,®® and to regulate the expression of various immune
response genes through downstream signaling pathways to
clear pathogens. Evidence suggests that TLR agonists can
arrest tumor growth and progression by activating antigen-pre-
senting cells, including macrophages to exert an innate anti-
tumor response.*® Abundant studies have illustrated that plant
polysaccharides can activate the intracellular signaling
pathway of macrophages mediated by TLR receptors to
promote the release of relevant cytokines and exert their
immunomodulatory functions. Dendrobium polysaccharides
have been proven to inhibit multiple tumor growth processes
by targeting the TLR2 receptor of TAMs.*° Similarly, our experi-
mental study found that MOLP could increase the mRNA level
in RAW 264.7 cells, which was mainly attributed to the reco-
gnition of MOLP by TLR4.

T lymphocytes are the main type of tumor-infiltrating lym-
phocyte, and can directly kill tumor cells and optimize
immune function. However, they are in a suppressed state in
the TME, resulting in a low activity of tumor-infiltrating T lym-
phocytes, and it is important to improve the TME to achieve
normal function and a stable number. TAMs serve as the most
infiltrated immunosuppressive cells in tumor tissues; T cells
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interact with TAMs. The interaction between T cells and TAMs
is mediated via intercellular communication and liquid phase-
mediated mechanisms such as cytokines and chemokines. M2
TAMs were proven to produce Arg-1 and TGF-B for suppressing
anti-tumor T cell responses, M1 TAMS by secreting CCLS5,
CXCL9, CXCL10 and CXCL11 for recruiting Thi1, Th17, and
cytotoxic T cells,*’ and IFN-c excreted by T cells for acting on
antigen presenting cells such as macrophages and increasing
their expression of MHC II molecules for resetting the pheno-
type of M2 TAMs.*? In the present study, we found that MOLP
significantly increased the infiltration of CD4" and CD8' T
cells, in addition to increasing the expression of granzyme B
and perforin. We examined the levels of CXCL9 and CXCL10
in tumor tissues, and found that MOLP promoted the
expression of these chemokines in vivo. After FK506 inhibited
the infiltration of T cells, we found that the efficiency of MOLP
inhibition of tumor was almost nil. These data demonstrate
that the anticancer effect of MOLP mainly lie in the recruit-
ment of T cells by polarizing TAMs to release chemokines,
increasing T-cell infiltration, improving the immunosuppres-
sive microenvironment, and restoring T-cell function.

5. Conclusion

In the present study, active polysaccharides, MOLP, were
obtained from Moringa oleifera leaves and their average mole-
cular mass, monosaccharide composition, and microstructure
were chemically characterized. Through in vivo and in vitro
experiments, it was established that MOLP promote the polar-
ization of M2 TAMs to the M1 phenotype through TLR4 recep-
tors, alleviate the immunosuppressive microenvironment,
inhibit tumor angiogenesis, suppress the supply of nutrients
and oxygen required for tumors, restore T cell infiltration in
tumor tissues and enhance their cytotoxic function, thus
achieving immunomodulatory and anti-tumor effects.
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