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Aim: Our research aimed to evalu
(CRC).

Methods: We tested the ef}
macrophages by MTT thiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay. The pro-inflammato ession and secretion was analyzed by real-time

RT-PCR and ELISA assay.

eron A (IFN ), tumor necrosis factor o (TNF-a), and nitric oxide (NO)
MyD88/TLR4-dependent signaling pathway. One noteworthy observation is that

further suggesting that TLR4 signaling plays a vital role in the anti-cancer effects of PAM.

Conclusion: Therefore, PAM may prove to be a potential candidate in cancer

immunotherapy.
colorectal cancer,
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Introduction

Classical cancer therapies include radiation, surgery, and cytotoxic chemotherapy,
and aim to eradicate cancer cells thoroughly. However, the growing pattern of
malignant cells is aggregation but not isolation. Moreover, in the tumor microenvir-
onment, stromal cells such as macrophages and T cells must also be considered to
obtain effective treatment outcomes."> One way of achieving such positive outcomes
could be via cytotoxic CD8+ T cells (applied in checkpoint blocking treatment),

which are the major effectors in the immune system. The outcomes can also be
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indirectly reached by specifically targeting other types of
immune cells, for example, macrophages.2 Currently,
immunotherapy is well-accepted as an approach in treating
tumors, either alone or combined with more classical treat-
ment choices such as chemotherapy.® Reinforcement of the
immune system plays an important part in cancer treatment
reacting to drugs against tumors. Recently, proteoglycans
and polysaccharides extracted from natural sources have
been recognized for their prevention of tumor growth by
activating effector cells in the immune system, which
include macrophages. Such a mechanism is useful for
developing anti-tumor drugs from proteoglycans and poly-
saccharides, which potentiate the immune system.

from Atractylodes
(PAM) are major bioactive components which are consid-

Polysaccharides macrocephala
ered to modulate immune system function through anti-
stress and antioxidant mechanisms and to promote
immune reactions.*> Furthermore, PAM can significantly
enhance the proliferation of T-lymphocytes in peripheral
blood (in mice, chickens, and humans) and T-lymphocytes
in the spleen (in chickens and mice), inducing T-lympho-
cytes to transform to the G2/M and S phases, and effi-
ciently elevating the ratio of CD8+ and CD4+ T cells.*® In
addition, PAM can remarkably elevate the generation
IFN-y, TNF-0, and IL-6 in the serum of mice, and t
generation of IFN-y, IL-2, IL-4, IL-6, and Z=

production of serum IgG and i
humoral reaction.® It has also

bioactive coé

which was @ Gmatect mice from acute pulmonary
injury caused ipopolysaccharide (LPS) though the
of Toll-like receptor 4 (TLR4) and

activation of NF-kW.

inhibited expres
However, there are no reports
regarding the anti-cancer immune responses mediated
by PAM.

In this research, we systematically characterized and
identified the anti-tumor and immune-modulating effects
of PAM in cells and animal models. Furthermore, this
research also aimed to determine the mechanism and role
of the TLR4 signaling pathway in tumor suppression and
immune-regulation induced by PAM.

\V‘
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Materials and methods

Cell culture and reagents

We purchased MC38 cells, derived from C57BL/6 murine
colon adenocarcinoma, and CT26 cells, derived from
BALB/c from JENNIO
Biological China). The
Raw264.7 cells, the macrophage from BALB/c mouse,

murine colon carcinoma,

Technology  (Guangzhou,
were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). As previously described,
the primary bone marrow-derived macrophages (BMDMs)

with 5% CO,.
PAM (purity
(Xi’an, China)

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
ide) was purchased from Biodee Co.,

), TLR1 (#2029), TLR2 (#12276), TLR4
TLR6 (#12717), and p-p65 (#3033) were pur-
ased from Cell Signaling Technology (Danvers, MA,
SA). Anti-TRIF (NB-120-13810) was purchased from
Novus Biological. Anti-B-actin (sc-58673), MyD88 (sc-
136970), and anti-rabbit (sc-2004) or mouse (sc-2031)
secondary antibodies labeled with HRP were purchased
from Santa Cruz Biotechnology (Dalla, TX, USA). The
primary antibodies were diluted at 1:1000, and the second-
ary antibodies were diluted at 1:5000.

Assay of cell viability

The cells were seeded in 96-well plates at a density of
4x10°~1x10* cells/well. After one day, PAM was added to
the cells at the specified concentrations for multiple
time points. After MTT was added and incubated for 4 h
at 37 °C, DMSO (150 pl) was added to each well and a
microplate reader was used to measure the optical density
at 490 nm.

Phagocytosis assay

Flow cytometry-based phagocytosis tests were performed
to measure the phagocytic capabilities of macrophages.
After 6-8 days of differentiation, macrophages were
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obtained and were stained with CellTrace™ CFSE
(Thermo Fisher, Shanghai, China). The MC38 cells were
stained with CellTrace™ Far red (Thermo Fisher) and
mixed with macrophages, incubated at 37 °C for 2 hrs,
and finally
Accuri C6).

analyzed using flow cytometry (BD

Macrophage trans-well assay

We used Corning Costar Transwell plates (Corning, 3422)
following the manufacturer’s protocol. After the process of
trypsinization and cell counting, an aliquoted number of
cells were suspended in the appropriate media in the upper
chamber and seeded at 25,000 cells per chamber. After
incubation in a 5% or 10% CO, environment separately at
37 °C for 24 h, the upper chambers were removed and the
non-migrating cells excised using cotton swabs.
Subsequently, the cells that migrated to the bottom of the
upper chamber were fixed and then stained with crystal
violet. The results represent three independent tests with

double technical replicates in every stimulation condition.

Enzyme-linked immunosorbent assay
(ELISA)

BMDMs were cultured in 6-well plates. After on&@day
PAM was added to the cells at the specified concentral

TNF-0, and IFN-A in the
instructions from the ma

-well plates with a density of
. one day, PAM was added to the
cells at the ified concentrations for 24 hrs. By measur-
ing the concentM@ton of nitrite from the cell culture super-
natants, the generation of NO could be evaluated. The
nitrite generation was assessed by the Griess reaction
using a nitric oxide assay kit (Applygen, Beijing, China)

following the protocol provided by the manufacturer.

Western blot analysis
Using cold PBS, the BMDMs were washed twice, and the
proteins were obtained using a lysis buffer on ice

(100 mM DTT, 2% SDS, 10% glycerol, and 10 mM
Tris (pH 6.8)), and the proteins were boiled for ten
minutes at 98 °C. The protein levels were measured
using immunoblot analysis, as previously described
(52). In short, the proteins were separated using SDS-
PAGE and then transferred to PVDF membranes. Next,
TBST with 3-5% nonfat milk powder was used to block
the membranes for one hour at room temperature, and
then the membranes were incubated with the primary
antibodies in a 4 °C environment overnight. For the

next step, secondary antibodies ed with HRP were

-CGGCACAGTCATTGAAAGCCTA-3', and 5'-
TGATGGCCTGATTGTC-3"; TNF-a: 5-CCCCTTT
ATTGTCTACTCCT-3' and 5'-AAAGCCCATTTGAGTCCT
TG-3"; GAPDH: 5'-GCGACTTCAACAGCAACTCC-3" and
5'-CACCCTGTTGCTGTAGCCGT-3".

In vivo PAM experiments

TLR4 KO C57BL/6 or wildtype (6-week-old) mice (N=6
for each group) were housed in our laboratory. The C57BL/
6 mice were inoculated using MC38 colorectal cancer cells
(5% 10° cells per mouse) in their flanks. Seven days after
cell injection, the mice received intraperitoneal injection of
PAM (500 mg/kg) or PBS as a negative control (Control).
The drug injection was administered three times a week for
a total of two weeks. The tumor volume (size) was calcu-
lated as 0.523x (length x width x height) and evaluated
the
Institutional Animal Use and Care Committee in Affiliated

dynamically. This research was approved by
Hospital of Zunyi Medical University and followed the

Regulations for the Management of Animal Laboratories.

Statistical analysis
The statistical analysis was conducted by using graphpad
prism 5 (San Diego, CA, USA). Paired Student’s tests
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were used to calculate p-values. Differences were statisti-
cally significant at a p<<0.05 unless indicated otherwise.

Results
PAM enhanced the phagocytosis of tumor

cells by macrophages

To study the anti-tumor immune effects of PAM, its effects
on cell proliferation of BMDMs derived from MC38 tumor
cells xenografted into C57BL/6J mice or mouse derived
Raw264.7 cells were tested. As shown in Figure 1A, differ-
ent concentrations of PAM produced no overt effects on
BMDMs and Raw264.7 cell proliferation when compared
with control cells. Similarly, PAM treatment also did not
affect the proliferation of MC38 or CT26 tumor cells
(Figure 1B). Next, we investigated whether PAM would
induce phagocytosis of MC38 by BMDMs. The MC38
cells were co-incubated with BMDMs at a 1:1 ratio, and
treated with different concentrations of PAM. As revealed
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by the flow cytometry results, PAM increased phagocytosis
of MC38 cells by macrophages in a concentration-depen-
dent manner (Figure 1C). To determine if these results are
specific to contact with macrophages, tumor cells were co-
cultured with BMDMs using trans-well plates. Our data
suggested that PAM treatment induced migration of
BMDMs when co-cultured with MC38 cancer cells
(Figure 1D). These results collectively suggest that PAM
treatment activates anti-cancer immunity of macrophages.
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Figure | Effects of PAM on MC38 cells and BMDMs. (A) The cell viability of BMDMs (left) and Raw 264.7 cells (right) treated with various concentrations of PAM (ng/mL)
for 24 and 48 h. (B) The cell viability of MC38 (left) and CT26 (right) cells treated with various concentrations of PAM (ug/mL) for 24 and 48 h. (C) Both BMDMs and MC38
cells treated with different concentrations of PAM were stained with Celltracker CSFE or Far red and mixed for 2 h. Phagocytosis was analyzed by flow cytometry. (D) The
migration of BMDMs co-cultured with MC38 cells was analyzed using the trans-well assay.
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treated with PAM. PAM administration remarkably ele-
vated the mRNA levels of IL-6, TNF-a, and IFN-A in
BMDMs (Figure 2A). NO (nitric oxide) is among the
most multifunctional modulators of the immune system.''
We measured the effect of PAM on the production of NO
by BMDM cells. The NO production by BMDMs was
remarkably induced by PAM administration in a concen-
tration-dependent manner (Figure 2B). Compared with the
control group, the concentrations of NO in supernatants
extracted from BMDM cells were significantly elevated to
23.93+1.18, 23.54+0.52, 23.094+0.49, and 22.63+0.45 uM
by administering PAM at concentrations of 500, 200, 100,
and 50 pg/mL, separately. Furthermore, our results sug-
gested that the anti-cancer mechanism involves TPG-1-
elevated protein and mRNA expression of inducible nitric
oxide synthase (iNOS) from BMDMs (Figure 2C-E).
Taken together, our results revealed that PAM treatment

caused the activation of macrophages.

A

-
[¢)]
@

TNFo mRNA

Induction of immunomodulatory
factors by PAM is mediated by TLR4

Toll-like receptors (TLRs) have an important role in the

activation of macrophages and control of parasitic
infections.'? Therefore, we investigated the regulation of
multiple TLRs in BMDMs in response to PAM treatment,
including TLR1, TLR2, TLR4, TLR6. Interestingly, only
TLR4 expression was induced by PAM treatment in a con-
centration-dependent manner (Figure 3A), suggesting that
the TLR4 pathway was activated by PAM. The TLR4 down-

and NF-kB were

stream effectors, such as MyDg&4
also activated by PAM (Fig
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Figure 2 Effects of PAM on the cytokine production and iNOS activity in BMDMs. (A) The expression of TNFa, IFNA, and IL6 in BMDMs treated with indicated
concentrations of PAM was analyzed using RT-PCR. (B) The secretion of TNFa, IFNA, and IL6 in the supernatant of BMDMs treated with indicated concentrations of PAM
was analyzed by ELISA. (C) The Griess reaction was used to detect NO levels from BMDMs which were treated with PAM for 24 h. (D) Extracted cell lysates and total RNA
from BMDMs were treated with PAM for 24 h, and quantitative real-time PCR was performed to detect iNOS. (E) The immunoblotting of iNOS in BMDMs treated with
PAM for 24 h.
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Figure 3 PAM treatment induced the activation of TLR4 signaling in BMDMs. (A) The expression of the TLR family proteins in BMDMs treated with PAM. (B) The
expression of the TLR4 signal pathway proteins in BMDMs treated with PAM. (C) The expression of indicated cytokines in WT BMDMs treated with PAM without or in
combination with the TLR4 inhibitor, TAK-242 (1 pM TAK-242). (D) The expression of indicated cytokines in WT or TLR4 KO BMDM s treated with PAM. (E) The migration
rate of WT BMDMs treated with TAK-242 (I pM) with or without PAM co-treatment (left), WTand TLR4 KO BMDMs treated with PAM (right). N=3 for each experiment.
**p<0.01.

obtained TLR4 KO BMDMs from MC38 xenografted TLR4  abandoned in TLR4 KO BMDMs (Figure 3D). Moreover,
KO mice. By comparing the cytokine expression in WT and  inhibition or deletion TLR4 in BMDMs abolished its migra-
TLR4 KO BMDMs, we found that the induction of TNF-a,  tion activity when co-cultured with MC38 cells (Figure 3E).
IFNA, and IL6 induced by PAM in WT BMDMs was all  Therefore, our data indicated that activation of the TLR4
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pathway by PAM triggered macrophage maturation in
response to PAM treatment.

PAM treatment led to tlr4-dependent

activation of MyD88 signaling pathways in

BMDM cells

Since both MyD88 and TRIF were upregulated in PAM-
treated BMDMs, we further analyzed whether MyD88 and
TRIF played a part in macrophage activation induced by
PAM. BMDMs were previously treated with ST2825 and
NBP1-77221, which are MyD88 and TRIF inhibitors, sepa-
rately. Then, RT-PCR was performed to detect cytokine
levels of IL-6, TNF-a, and IFN A. As shown in Figure 4A,
only the presence of a MyD88 inhibitor significantly sup-
pressed cytokine production induced by PAM, when com-
pared with cells without a MyD88 inhibitor or with a TRIF
inhibitor (p <0.05). To clarify the role of MyD88 in anti-

>
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tumor immunomodulatory effects of PAM, we obtained
BMDMs from MyD88-KO (MyD88 ") and WT C57BL/
6] (MyD88""") tumor-bearing mice and administered PAM
treatment. By comparing the cytokine expression in MyD88
KO and WT BMDMs, we found that the induction of TNF-
a, [IFNA, and IL6 induced by PAM in WT BMDMs was also
suppressed in MyD88 KO BMDMs (Figure 4B).
Furthermore, depletion of MyD88 in BMDMs abolished
NF-«xB activation and the induction of iNOS (Figure 4C),
suggesting that MyD88 acts as the downstream effector of

TLR4 activation. Finally, we in sl the macrophage
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Figure 4 PAM treatment-induced activation of BMDMs was MyD88-dependent. (A) The expression of indicated cytokines in WT BMDMs treated with PAM without, or in
combination with a MyD88 inhibitor (I pM ST2825), or a TRIF inhibitor (0.2 ug/mL, NBP1-77221). (B) The expression of indicated cytokines in WT or MyD88 KO BMDMs
treated with PAM. (C) The expression of p-p65 and iNOS in WT or MyD88 KO BMDMs treated with PAM. (D) The migration rate of WT or MyD88 KO BMDMs treated

with PAM. N=3 for each experiment. N, p>0.05; *p<0.05; **p<0.01.
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In vivo anti-tumor activity of PAM

To determine whether the TLR4 signal pathway partici-
pates in the immunomodulatory and anti-tumor functions
of APS in animal models, TLR4-deficient (TLR4 ") and
C57BL/J (TLR4"") tumor-bearing mice were used in this
research. First, the anti-tumor effects of PAM in MC38
tumor-bearing C57BL/6J mice were investigated. We
found that PAM administration remarkably suppressed
the oncogenic effects of MC38 in vivo (Figure 5A).
Consistently, PAM treatment significantly lengthened the
survival time of mice with MC38 tumors (Figure 5B). The
calculated body weight curve indicated that PAM treat-
ment did not significantly affect body weights of mice
(Figure 5C). In contrast, the effects of PAM in oncogeni-
city suppression and tumor-bearing mouse survival were
absent in TLR4 KO mice (Figure 5SA and B). The cyto-
kines generated in serum were measured using ELISA.
Consistent with the in vitro results, PAM induced a higher
secretion of TNF-o, IFNA, and IL6 in the serum of WT
mice, but was unchanged in TLR4 KO mice (Figure 5D).
Therefore, these data suggest that PAM induced anti-tumor
immunity by triggering TLR4-dependent macrophage

activation.

my 3>

Discussion

Side-effects generate numerous challenges in radiotherapy
and chemotherapy for CRC cancer treatment, which makes
nontoxic herbal drugs as an alternative choice. Some herbs
having anti-cancer effects have garnered increasing atten-
tion from the biomedical field owing to their multiple
biological functions. In the case of Atractylodes macroce-
phala, its anti-tumor activity is recognized to be closely
related to the presence of bioactive polysaccharides.'® This
research aimed to explore if PAM, a polysaccharide

CRC cell growth and stimulate g
cells. These experiments su

d IL6, which suggested
of PAM-treated macrophages.
onstrated that PAM showed

effs er function because of the immune-
pote through the TLR4/MyD88 signaling
athwa vivo anti-cancer effects of PAM were
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Figure 5 Oncogenic activity of MC38 cells was inhibited by PAM in vivo. (A) Groups of WT or TLR4 KO C57BL/6] mice (N=6 for each group) bearing MC38 tumor
xenografts were treated with PAM (i.p., 500 mg/kg). (B) The survival of WT and TLR4 KO mice treated with PAM (N=8 for each group). (C) The weights of WT mice
following treatments. (D) ELISA for the detection of serum cytokines in WT or TLR4 KO mice treated with PAM or vehicle. **p<0.01.
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also elucidated, which will provide a therapeutic strategy
for CRC cancer.

Polysaccharides in conventional Chinese medicine, eg,
Schisandra chinensis (Turcz.) polysaccharides, curcumi-
noids, and Astragalus polysaccharides, have been shown
to regulate the immune system via the TLR4 signal path-
way, and finally to take part in modulating the activation of
NF-kB (nuclear factor kappa B).>'*'® PAM is one of the
components in Atractylodes macrocephala. Research has
shown that chronic use of Atractylodes macrocephala pro-
duces no adverse or toxic effects, and also PAM is an
effective and safe bioactive component from Atractylodes
macrocephala.'” Furthermore, PAM also protects the
immune system and strengthens immune function.'® In
this study, we first demonstrated that PAM also has anti-
cancer effects in CRC via activation of macrophages to kill
cancer cells. As key immune system cells, macrophages are
significant for antitumor effects by generating some cyto-
kines, for instance, NO, IL-6, and TNF-a.!” Much evidence
supports that some proteoglycans and polysaccharides can
strengthen immunity through the activation of macro-
phages. For example, SPS (Salicornia polysaccharides)
can remarkably stimulate the production of NO and the
transcription of iNOS within RAW264.7 cells.”® T
teoglycan extracted from Poria cocos activated RAW
cells by upregulating TNF-a.>' Moreover, thas
the anti-cancer activity
Atractylodes macrocephala.*
that the proteoglycan PAM

NO, and TNF-a
Furthermore, PA
iNOS levels in B refore, PAM is a potent immu-
nostimulant fg mor growth

Subsg e underlying mechanism
of PA: M activated the anti-cancer
immunit acrophages via the TLR4/MyD88 pathway.

s (TLRs) are one of the recognition mole-
cules with evolUMonarily conserved patterns.”® Previously,
it was elucidated that TLR4 can recognize pathogen-asso-
ciated molecular patterns (PAMPs), for example, endogen-
ous damage-associated molecular patterns (DAMPs) such
as hyaluronan and fibronectin, and gram-negative bacterial
lipopolysaccharide (LPS), which are generated in inflam-
matory reactions including non-infectious and infectious
conditions. There are some chronic inflammatory and
infectious conditions considered to facilitate the formation

of carcinoma. For example, viral hepatitis or Helicobacter
pylori infections can lead to liver or gastric cancers,
24.23 for TLR4 could

weaken the development of metastasis or carcinogenesis

respectively. While antagonists
induced by inflammation, TLR4 agonists have been
demonstrated to stimulate anti-tumor immune responses
in models and patients with established tumors.**?” A
combination of LPS and E6020 with trastuzumab, pacli-
taxel, and a whole cell tumor cell vector improved the
anti-cancer immune response in mice.”®*’ Furthermore, it

has been shown that TLR4 is o portance for the

rmacological mechanism.
PAM has
ffects via the up-regulation of the

promising

athway.’' In the cytoplasm, MyD88 contains
gath domain, which is combined with the structural
domain of TLR linked by MyD88 adaptor-like (MAL)
protein. MAL protein is a fundamental adapter protein
combined with MyD88 and can activate TRAF-6, which
is its downstream molecule. TRAM shares the same role
as MAL, which can bind with TLR and TRIF and speci-
fically plays a part in the signaling pathway independent
from MyD88.*! Considering these above, we measured the
protein expression of TRIF, TLR4, and MyD88 in
BMDMs. Compared with the control group in vitro,
these results suggested that the levels of key proteins
were dramatically upregulated by PAM. However, only
inhibition of MyD88, rather than TRIF inhibition, sup-
pressed inflammatory cytokine expression in BMDMs
treated with PAM, suggesting that MyD88 mediates the
anti-tumor immunity associated with PAM treatment.

In summary, our findings suggest that PAM can stimu-
late macrophages to produce an anti-cancer immune
response by activating the TLR4-MyD88-dependent sig-
naling pathway.

Conclusion
Thus, the TLR4-regulated MyD88-dependent signaling path-
way may be one of the signal pathways induced by PAM
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underlying the anti-tumor and immunomodulatory functions
of PAM both in cells and in animal models.
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