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A B S T R A C T

One of the most important reasons underlying the resistance of tumors is the immune suppression induced by
cancer cells. Myeloid-derived suppressor cells (MDSCs), which exerts pivotal functions in immunosuppression, is a
key participator in tumor microenvironment and a novel target for cancer therapy. Here curcumin (Cur) was
employed as a specific MDSCs repressor to inhibit the number and function of MDSCs. Moreover, a novel self-
assembled nano-filament system was generated through the conjugation of Cur and a self-assembled peptide.
In vivo study demonstrated the powerful antitumor effect of curcumin-loaded nano-filaments (Nano-Cur) with
delayed tumor growth and longer survival. The immune status of tumor microenvironment (TME) was well
improved by Nano-Cur treatment with increased T cell proliferation and activation as well as enhanced pro-
duction of inflammatory mediators such as GM-CSF and IL-6, which revealed that Nano-Cur contributed to relieve
the tumor burden by regulating and improving the TME. Furthermore, flow cytometry analysis implied the lower
MDSCs levels under Nano-Cur treatment, which indicated that the anticancer effect of Nano-Cur may be asso-
ciated with the inhibition of recruitment and accumulation of MDSCs in the TME. Therefore, Nano-Cur may be a
novel therapeutic approach for lung cancer, and extensive studies of mechanisms are required to better under-
stand how TME affects tumor progression and provide new insights into anticancer therapeutics.
1. Introduction

Lung cancer ranked leadingly among the most dangerous cancers
worldwide, which can be mainly divided into two groups: small-cell lung
carcinomas (SCLC) and non-small cell lung carcinomas (NSCLC). The
morbidity and mortality of lung cancer continue to head the list of can-
cers [1,2]. According to the type and staging of cancer, a relatively
appropriate treatment option can be chosen from surgery, chemotherapy,
radiotherapy, molecular targeted therapy, and immunotherapy [3].
However, unless the lung tumors are localized without invading and
spreading, their responses to these therapies are still poor. Therefore, in
the field of cancer therapy, more efficient and effective approaches for
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cancer treatment are being studied, amongwhich nanomedicine deserves
our attention. Cancer treatment efficacy can be significantly improved for
the capability of nanotechnology to decrease the toxicity of anticancer
drugs and optimize the therapeutic index of free drugs [4].

Immunotherapy has revolutionized cancer therapy, aiming at har-
nessing the immune system to mount effective antitumor responses [5,6].
The goal of immunotherapy is not simply limited to activating the im-
mune system against the tumor, but also to relieve the immunosup-
pressive tumor microenvironment (TME) [7]. TME is complex and
continuously evolving. In addition to stromal cells, fibroblasts, and
endothelial cells, the TME comprises innate (macrophages, neutrophils,
dendritic cells, innate lymphoid cells, myeloid-derived suppressor cells
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(MDSCs), and NK cells) and adaptive immune cells (T cells and B cells)
[8]. MDSCs served as a major constitute of the tumor microenvironment.
MDSCs are generated from the bone marrow and tumor-bearing hosts,
and later would be recruited to the peripheral lymphoid organs and
tumor to participate in the formation of the tumormicroenvironment [9].
MDSCs can be divided into two subgroups of cells with either a mono-
cytic (M-MDSCs) or a neutrophilic (G-MDSCs) morphology [10,11]. The
immunosuppressive capabilities of MDSCs are performed by the inhibi-
tion of T-cell proliferation and activation, suppressive cytokines, and
high levels of arginase, nitric oxide, reactive oxygen species (ROS), and
prostaglandin E2 [12,13]. A range of transcription factors, such as Irf8
and Stat3, are also reported to implicated in MDSCs expansion [14,15].
In addition, MDSCs promote immune tolerance in cancer by inducing NK
cell anergy [16]. MDSCs can also recruit Tregs by expressing CD40 to
shape the immunosuppressive microenvironment [17].

The previous study has demonstrated that in the peripheral blood of
patients with advanced stage of NSCLC, MDSC level is up-regulated
significantly along with fewer CD8þ T cells [18]. Moreover, in the lung
cancer microenvironment, MDSCs are associated with a worse prognosis
and a negative effect on chemotherapy and immunotherapy [19]. In
breast cancers, MDSCs favor tumor progression through suppression of T
cells and induction of breast cancer-related osteolysis as osteoclast pro-
genitors [12]. Therefore, as an important regulatory immune cell popu-
lation in tumor microenvironment., MDSCs exert crucial functions for
promoting the growth and metastasis of cancer and weakening the effect
of MDSCs irrelevant anticancer immunotherapy, which suggests the
application of MDSCs as an indicator of tumor progression and a target of
immunotherapy for cancer treatment [20].

A previous study has investigated the potential role of curcumin,
which is a polyphenol extracted and purified from the Curcuma longa
rootstock, for treating colorectal cancer [21]. It is noted that curcumin is
effective in enhancing the effect of chemotherapy and radiotherapy. The
possible mechanism may include the inhibition of NF-kB pathway [22].
Nevertheless, the bad solubility of curcumin largely limited its potential
application in previous studies [23]. Curcumin was dissolved in corn oil
and administered orally with low bioavailability. To improve the solu-
bility of curcumin and increase the tumor retention effect, nano-drug
delivery system was employed to deliver curcumin [24,25]. As re-
ported in our earlier studies, curcumin-loaded nanoparticles were pre-
pared by using methoxy polyethylene glycol–poly (caprolactone)
(mPEG–PCL) as the amphiphilic polymer matrix. Curcumin was incor-
porated into mPEG–PCL-based nanoparticles with high encapsulation
efficiency due to its lipophilicity [26]. In vitro preliminary study showed
that there was some increase of tumor cell retention time but it was still
not satisfying.

In this article, we primarily aimed to use nanoplatforms to restrain the
development of lung cancer for its capacity to effectively restrict anti-
cancer drugs at the tumor sites. Recent advance in self-assembled nano-
filaments has shed light on how to improve the loading efficiency and
tumor retention effect of nano-drug delivery systems, especially based on
peptide [27,28]. Peptides were utilized as the construction carriers for
drug assembly, which confers several advantages, including good
biocompatibility and degradability [29]. Hao Wang's group developed a
polymer-peptide conjugates (PPCs) synthesis strategy, which could
induce nanoparticle self-assembly and optimized cancer therapeutic ef-
ficacy both in vitro and in vivo [30]. Bing Xu et al. reported
enzyme-guided assembly of peptides for specifically eliminating
ALP-overexpressed tumor [31]. To our best knowledge, the dipeptide
diphenylalanine had a benign for self-assembly. In the current study, we
conjugated curcumin with peptide FFE-ss-EE. The structure of “Curcu-
min-FFE-ss-EE” (called Nano-curcumin, Nano-Cur) has several advan-
tages. Firstly, it can self-assemble into nano-filaments in PBS. It is
reported that nano-filaments have enhanced tumor retention ability than
nanoparticles. Secondly, the loading efficiency of curcumin was signifi-
cantly improved [32]. Thirdly, curcumin itself was incorporated into the
2

peptide, which made it ema part of hydrogelator and release the drug
molecules persistently from the hydrogel.

In the study, our objective is to employ this Nano-Cur to achieve well
anti-tumor effects on lung cancer. According to our results, the use of
Nano-Cur effectively inhibited the progression of lung cancer in in vivo
models with a significantly decreased tumor burden and lower histo-
logical scores. Additionally, Nano-Cur treatment dramatically suppressed
MDSCs recruitment and immunosuppressive function both in in vitro and
in vivo models. Altogether, this study indicates that Nano-Cur provides an
effective approach to treat lung cancer through an inhibition of MDSCs,
which may help widen the chemotherapeutic and immunotherapeutic
modality for lung cancer treatment.

2. Materials and methods

2.1. Materials

Cell line of Lewis lung carcinoma was obtained from the Cell Bank at
the China Academy of Science. C57BL/6 (6 weeks of age) mice were
purchased from the Model Animal Research Center of Nanjing University
and kept under specific pathogen-free conditions. All procedures were
approved by the Committee the Ethics of Animal Experiments of Nanjing
University Medical School. Curcumin was purchased from Sigma-
Aldrich. Curcumin-peptide (cur-peptide) conjugates was synthesized
according to our previous report [22]. Dulbecco's Modified Eagle's Me-
dium, FBS and Penicillin-Streptomycin Solution were purchased from
Gibco. Anti-Ki-67 antibody was purchased from Roche (Basel,
Switzerland). Tumor dissociation kit, Myeloid-Derived Suppressor Cell
Isolation Kit, recombinant protein of granulocyte-macrophage colony
stimulating factor (GM-CSF) and murine interleukin 6 (IL-6) were pur-
chased from Miltenyi Biotec (Bergisch Gladbach, Germany).
Anti-mouse-CD11b antibody, anti-mouse-CD11c antibody,
anti-mouse-CD4 antibody, anti-mouse-CD8 antibody, anti-mouse-CD11b
antibody, anti-mouse-Ly6C antibody, anti-mouse-Ly6G antibody,
anti-mouse-CD45 antibody, anti-mouse-CD4 antibody, anti-mouse-CD25
antibody, anti-mouse-Foxp3 antibody, anti-mouse-IL-17 antibody, and
the ELISA kits for G-CSF, IL-1α, IL-6, IFN-γ,GM-CSF,TNF-α, CXCL1 were
purchased from Biolegend (San Diego, CA, US). TRIzol Reagent was
purchased from Invitrogen (USA).

2.2. Construction of nano-filaments

We first synthesized nano-filaments and its control compound [22]. In
briefly, 1 mg of conjugates were added in 0.1 mL of PBS buffer solution
containing Na2CO3 in a ratio of 1:3, which were used to neutralize the
compounds with a final pH value of 7.4. And then 0.1 mL of PBS buffer
solution containing 4 equiv. of glutathione (GSH) and Na2CO3 (which
were needed to neutralize GSH) was added. The hydrogel composed of
entangled nano-filaments would form after being kept at 37 �C for 1 h.

2.3. In vitro drug release, rheology, morphology, and uptake study

In vitro release and rheology were reported in our previous study
[22]. A JEM 1010 transmission electron microscope (JEOL, USA, Inc.,
Peabody, MA) was used to observe the morphology of the filament at an
accelerating voltage of 80 kV. Digital images were generated and ob-
tained by the AMT Imaging System (Advanced Microscopy Techniques
Corp., Danvers, MA). In the uptake study, nano-cur was incubated with
LLC cells for 2 h and then observed by TEM.

2.4. Lung cancer models and tumor histopathology

Cells were cultured in Dulbecco's Modified Eagle's Medium contain-
ing 10% FBS, 100 U/ml penicillin and 100 U/ml streptomycin, 37 �C, 5%
CO2 incubator in the closed-culture. For tumor model establishment, 5�
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105 LLC cells supplemented in 100 μl of PBS were injected subcutane-
ously into mice. For LLC-Blank group (blank nano-filament), LLC-Cur
group, and LLC-Nano-Cur group, blank nano-filaments, free Cur, and
Nano-Cur were injected intratumorally, respectively. The diameters of
tumor mass and bodyweight of mice were measured and recorded every
three days. Tumor volumes were calculated as length � (width)2 � 1/2.
After mice were euthanized, tumor and spleen were extracted from every
mouse and weighed. Paraffin-embedded tumor samples were sectioned
and stained with hematoxylin and eosin (H&E). A professional patholo-
gist was invited to assess the tumor grade, to whom mouse genotype and
treatment were kept unknown, according to previous clinical and path-
ological scoring criteria [33]. For immunohistochemical staining, tumor
sections were stained with the anti-Ki-67. Images of stained sections were
reviewed under a light microscope. To evaluate the proliferation index,
we referred to the standard that positive cells/tumor cells with brown
staining were counted in 10 consecutive areas.

2.5. Flow cytometric analysis

The spleen, peripheral blood, and tumor tissues were taken out from
each mouse. Tumor tissues were cut and ground into small pieces and
digested by enzymes following the protocol. The gentlMASCTM dis-
sociator was used to dissociate the samples and pass them through a 200-
mesh sieve with a diameter of 74 μm. Tumor dissociation kit and a
gentlMASCTM dissociator were utilized to extract suspension of single-
cell from tumor tissue. The splenocytes were washed out from spleen
by 1 � PBS and then transmitted through the 200-mesh sieve to generate
the single-cell suspension. Red blood cells were removed by ACK Lysing
Buffer. All single-cell suspension was processed by FACS after washing.
We used the following antibodies for flow cytometric detection: Anti-
Fig. 1. The in vitro inhibition of MDSCs differentiation by Nano-Cur. Bone marrow ce
Nano-Cur were added during differentiation. (A) Typical flow cytometry images of M
different treatment groups were determined by flow cytometry. (C) Quantitative an
periments were performed with three replicates. Error bars, SD. * Represents P < 0
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CD11b (#101211), anti-CD11c (#117305), anti-CD4 (#100405), anti-
CD8 (#140403), anti-CD11b (#101205), anti-Ly6C (#128015), anti-
Ly6G (#127607), anti-CD45 (#103129), anti-CD4 (#100516), CD25
(#102012), Foxp3 (#320107), IL-17 (#146303). FlowJo software
(Treestar, Inc., San Carloos, CA) was utilized to analyze the data.

2.6. Quantitative RT-PCR analysis

TRIzol Reagent was used to extract RNA from tumor tissue or primary
MDSCs following the Manufacturer's instructions. We used oligo (dT)
primer to reverse the mRNAs into cDNAs. Q-PCR assays were performed
on the platform of ABI vii 7 detection system (Applied Biosystems) or
StepOne Plus using SYBR Green PCR master mix solution. The reaction
conditions were under pre-denaturation in a temperature of 95 �C for 10
min, and then experienced 40 cycles of 95 �C for 15 s, 60 �C for 1 min.
Formula of 2�ΔΔCT was utilized to measure the relative expressive level of
the genes with GAPDH used as an internal control.

2.7. ELISA

The ELISA kits for IL-1α, IL-6, G-CSF, IFN-γ, GM-CSF, CXCL1 and TNF-
α were used to detect GM-CSF, G-CSF, IL-6, IL-1α, TNF-α, IFNγand
CXCL1. Experiments were performed following the instructions.

2.8. Extraction of MDSCs and MDSCs functional assay

A Specific kit for MDSC isolation (#130-094-538) was utilized to
isolated the MDSC from tumor tissue in mice. The T cells extracted from
spleen (105 cells/well) were co-cultured with previously-isolated MDSCs
at different ratios in the 96-well plate, with the addition of 1 μg/mL plate-
lls from C57BL/6 mice were stimulated with GM-CSF and IL6 for 6 days. Cur and
DSCs (CD11bþGr1þ cells) in various groups. (B) The proportions of MDSCs in
alysis of MDSC differentiation in tumors from mice in various groups. All ex-
.05, and ** represents P < 0.01.
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bound anti-CD3 monoclonal antibody (mAb) and 0.5 μg/mL soluble anti-
CD28 mAb for 72 h. Cells were treated by 0.5 μCi/well [3H] thymidine
for the last 16 h of incubation. For evaluating proliferative level, an LS
6500 Multi-Purpose Scintillation Counter (Beckman Coulter, California,
US) was used measuring [3H] thymidine incorporation in triplicate.
2.9. Isolation of bone marrow-derived MDSCs

Tibiae and flushing femurs were used for isolating BM cells from
mice. Afterwards, the extracted BM cells were then centrifuged. Culture
medium with the addition of Nano-Cur or free Cur was used to resuspend
the debris of BM cells. Parallelly, we used GM-CSF and IL-6 with the
concentration of 40 ng/mL as the positive control. The culture is sus-
tained for 5 days.
2.10. Statistical analysis

Prism 5 (Graphpad Software, Inc, San Diego, CA) was used to perform
the statistical analysis for the experimental data. Approaches of Student's
t-test (two-tailed) or two-way ANOVA were used for analyzing the sig-
nificance of differences between groups, with all data expressing as
means � SD. P value < 0.05 were considered as statistically significant.
At least three repeated experiments were performed for all the in vivo and
in vitro investigations.
Fig. 2. The in vitro inhibitory effect of Nano-Cur on the function of MDSCs. Cur an
cultured with CD8þ T cells (A) or CD4þ T cells (B). [3H] thymidine in-corporation w
scriptional expression of Arg-1, iNOS, S100A9 and S100A8 in differentiated MDSCs w
Error bars, SD. * Represents P < 0.05, and ** represents P < 0.01.
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3. Results

3.1. In vitro inhibition of the function and differentiation of MDSCs by
nano-cur

As reported in our previous study, Nano-Cur was characterized by
TEM with a diameter of about 30 nm and length of micrometers. The
drug loading content of curcumin in Nano-Cur was nearly 40%,
demonstrating a high loading efficiency of self-assemble supramolecular
nano-filaments [22]. In vitro studies with bone marrow cells were first
performed to evaluate the effect of Nano-Cur in mediating the accumu-
lation and function of MDSCs. Bone marrow cells were acquired and
differentiated into MDSCs with the stimulation of GM-CSF and IL-6.
External supplement of Nano-Cur markedly reduced the percentage of
MDSCs, mainly G-MDSCs (Fig. 1A–C). Co-culture of MDSCs and T cells
with Nano-Cur contributed to the significantly higher proliferation of
both CD8þ and CD4þ T cells as compared to free Cur (Fig. 2A and B).
Meanwhile, the expression of iNOS, Arg-1, S100 Calcium Binding Protein
A9 (S100A9) and S100 Calcium Binding Protein A8 (S100A8) was sub-
stantially reduced upon Nano-Cur treatment (Fig. 2C).
3.2. Inhibition of lung cancer growth by nano-cur

To further assess the anti-cancer effect of Nano-Cur in lung cancer,
Lewis lung cancer models were established by injecting LLC cells
d Nano-Cur were added during differentiation. Differentiated MDSCs were co-
as used to assess the immunosuppressive capabilities of MDSCs. (C) The tran-
ere determined by qPCR. All experiments were performed with three replicates.
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subcutaneously into C57BL/6 (6 weeks) mice. Mice were then randomly
divided into four groups following different treatments: LLC, LLC-Blank,
LLC-Cur, LLC-Nano-Cur. As shown in Fig. 3A and B, either the treatment
of Cur or Nano-Cur resulted in obvious inhibition of tumor growth,
compared with control group, respectively. Moreover, Nano-Cur treat-
ment inhibited the growth of tumor with a higher efficiency than free
Cur. The weight of spleen was also measured in each mouse. Upon LLC
5

injection, the spleen is enlarged, while treatment of Cur and Nano-Cur
reversed the splenomegaly in tumor-bearing mice (Fig. 3C). In addi-
tion, The Kaplan-Meier (KM) analysis demonstrated the most effective
benefit of Nano-Cur on increasing overall survival among all the treat-
ment groups (Fig. 3D).

Tumor malignancy is closely associated with the proliferation of
tumor cells. Fast progression requires a high proliferative rate, which
Fig. 3. The in vivo inhibitory effect of Nano-Cur on
the lung cancer growth in LLC mouse model. 5 � 105

LLC cells supplemented in 100 μl of PBS were subcu-
taneously injected into the right flank of the mice (n
¼ 8 per group). Mice models were sacrificed on day
21. The growth curves of xenograft tumors (A) and
tumor weights (B) were measured in mice of different
treatment groups as previously mentioned. Spleen
were isolated from each mouse and spleen weight
were measured (C). Kaplan-Meier curves for survival
analysis (D). All experiments were repeated at three
times and the data shown represents one of them.
Error bars, SD. * Represents P < 0.05, ** represents P
< 0.01, and *** Represents P < 0.001.

Fig. 4. The in vivo inhibitory effect of Nano-Cur on
the tumor proliferation in LLC mouse model. Mice
were treated as described in Fig. 2. (A–B) The typical
histological images and histologic scores of lung can-
cers in different groups. H&E staining were performed
on the acquired tumor tissues. (C–D) The images of
the immunohistochemistry analysis and the quantita-
tive results of Ki67 expressive degree of the tumors
from different groups. The standard of Ki67 positivity
was determined as the mean value of Ki67 positive
cells in 10 randomly selected areas. Data represent
one of three independent experiments. Error bars, SD.
* Represents P < 0.05, ** represents P < 0.01, and ***
Represents P < 0.001.
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could be characterized by a histological study including H&E and
immunohistochemical (IHC) staining. Histological scores and Ki-67
staining are two of the main indicators of tumor proliferation in clinic.
As shown in Fig. 4A and B, tumors in Nano-Cur group had lower histo-
logical scores than the other three groups. The results revealed that lower
scores were significantly related with histological types and lower tumor
grade. Tumor nodules from each group were excised and examined for
the expression of Ki-67 by IHC. It is noted that Nano-Cur or Cur alone
suppressed the expression of Ki-67 more effectively than saline. More-
over, as compared to the group of free Cur, positive staining of Ki-67 was
almost inhibited to a much lower degree in the group of Nano-Cur
treatment (Fig. 4C and D), implying a significant association of the low
ki-67 expression with good DFS and OS. These data suggest that Nano-
Cur treatment can significantly inhibit the growth of lung cancer than
free Cur.
3.3. Nano-cur regulation on the immune cells within the tumor
environment

The tumor microenvironment remains to be the main battlefield
Fig. 5. The in vivo up-regulation of the infiltration level of T cells and myeloid cells in
(n ¼ 8 per group). Tumor tissues were isolated. The proportion of CD4þ cells (A),
CD4þCD25þFoxp3þ cells (F) in tumor tissues were determined by flow cytometry. Da
0.05, ** represents P < 0.01, and *** Represents P < 0.001.
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between the tumor and host immunity, whereas the cross-talk between
them seems to be important [34–37]. Immune cells infiltrated in tumor
microenvironment not only receives the signals from tumor cells but also
influence the malignant biological behavior of tumor cells. As parts of
immune cells in tumor microenvironment, CD4þ and CD8þ T cells, the
most powerful lymphocytes, form the basis of cell-mediated immunity
and are of great significance in inducing immune response against tumor
[38,39].

Therefore, the proportions of immune cells in the tumor microenvi-
ronment of each group were further detected. As shown in Fig. 5A and B,
Cur-treatment can increase the expression of both CD4þ T cells and CD8þ

T cells in tumor environment. Of note, Nano-Cur treatment induced more
CD8þ T cells than Cur-treated mice. Moreover, the innate and adaptive
immune cells were also detected in the mice model. As shown in Fig. 5C,
myeloid cells (CD11bþ cells) were significantly decreased upon free-Cur
and Nano-Cur treatment. However, the proportion of DC cells (CD11cþ),
Treg cells and Th17 cells showed no difference among those three groups
(Fig. 5D–F).

As mentioned above, strong infiltration of MDSCs along with fewer
CD8þ T cells remains to be one of the main factors for tumor resistance.
tumor microenvironment by Nano-Cur. Mice were treated as described in Fig. 2
CD8þ cells (B), CD11bþ cells (C), CD11cþ cells (D), CD4þIL17þ cells (E) and
ta represent one of three repeated experiments. Error bars, SD. * Represents P <
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Nano-Cur effectively initiated the increase of CD8þ T cells, which
demonstrated the potential to affect the proportion of immune cells in
tumor microenvironment and would definitely boost the immune system
through improving active immune response.
3.4. Influence on the expression of a variety of cytokines by nano-cur

The interaction between immune cells and tumor cells relies on the
messengers including cytokines, lymphokines, etc. Cytokines excreted
from immune cells could activate other immune cells or stromal cells in
the tumor microenvironment and facilitate the recognition of tumors by
cytotoxic immune cells, which leads to the consequent tumor inhibition
[40]. To further understand the possible mechanism of immune response
recovery by Nano-cur, primary tumor cells were extracted from mice and
then cultured for 24 h. Multiple cytokine detection assays showed that
the expression of parts of the detected cytokines, such as IL-6, GM-CSF,
TNF-alpha, and CXCL-1, were significantly lower in either Cur or
Nano-Cur treatment group than in LLC group (Fig. 6A and B). Moreover,
Nano-Cur exhibited stronger inhibitory effect on the expression of these
cytokines than free Cur (Fig. 6B). As confirmed by qPCR and ELISA,
7

Nano-Cur significantly inhibited the release of GM-CSF, IL-6 and TNF-α,
when compared with free Cur (Fig. 6B and C).

As a kind of myeloid cells, MDSCs are a main obstacle for hampering
anti-cancer immunity [12,13]. A variety of pro-inflammatory mediators
such as GM-CSF and IL-6 can be released by tumor and host cells to
invigorate MDSCs and enhance their accumulation and immunosup-
pressive effects [38]. As GM-CSF and IL-6 are critical modulators to
maintain the differentiation, proliferation and function of MDSCs,
reverse of their high level in tumor microenvironment by Nano-Cur en-
ables the re-establishment of active immune response.
3.5. Inhibition of the recruitment and function of MDSCs in tumor tissues
by nano-cur

Since Nano-Cur effectively reduced the expression of GM-CSF and IL-
6, the infiltration of MDSCs in the spleen, peripheral blood and tumor
tissues of each group was examined to analyze the potential influence of
these cytokines. Both free Cur and Nano-Cur treatment induced subse-
quent down-regulation of MDSCs in tumor and peripheral blood.
Notably, significant differences were observed in the frequency of MDSCs
Fig. 6. The enhanced production of IL-6 and GM-CSF
in the tumor tissue by Nano-Cur treatment. Mice were
treated as described in Fig. 2 (n ¼ 8 per group). (A)
Primary tumor cells from LLC group and LCC-Nano-
Cur group were isolated and cultured from 24 h.
Cytokine production were detected using multiple
cytokine detection assay. (B) The production of GM-
CSF, IL-6, TNF-α, IFN-g, IL-1a, G-CSF, and CXCL1
were detected using ELISA. (C) Relative mRNA ex-
pressions of GM-CSF, IL-6 and TNF-α were detected by
qPCR. Data represent one of three independent ex-
periments. Error bars, SD. * Represents P < 0.05, **
represents P < 0.01, and *** Represents P < 0.001.



Fig. 7. The in vivo inhibitory effect of Nano-Cur on the accumulation of MDSCs in lung cancer. Mice were treated as illustrated in Fig. 2 (n ¼ 8 per group). Tumor
tissues were isolated from each mouse. (A) The typical flow cytometry images of MDSCs (CD11bþGr1þ cells) in tumor tissues from mice in various groups. (B) The
proportions of MDSCs in spleen, blood and tumor tissues in mice. (C) The typical flow cytometry images of G-MDSCs (CD11bþLy6Gþ cells) and M-MDSCs
(CD11bþLy6Cþ cells) in tumor tissues from mice in various groups. (D) The quantitative analysis of G-MDSCs and M-MDSCs proportions in tumors from mice in
different treatment groups. The shown data is derived from one of the three repeated experiments. Error bars, SD. * Represents P < 0.05, ** represents P < 0.01, and
*** Represents P < 0.001.
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between the group of Nano-Cur and free Cur, which demonstrated su-
perior effect of Nano-Cur in restricting the accumulation of MDSCs
(Fig. 7A and B). Based on the expression of surface antigens, two main
subpopulations of MDSCs can be distinguished in mice, G-MDSCs and M-
MDSCs. Emerging findings suggest that G-MDSCs and M-MDSCs may
inhibit T cell immune function via different mechanisms. The G-MDSCs
repress the immune function of T cells by over-expressing reactive oxy-
gen species (ROS), whereas M-MDSCs was found to produce large
amounts of nitric oxide through high expression of iNOS [39]. As shown
in Fig. 7C and D, the accumulation of G-MDSCs in tumor tissues, instead
of M-MDSCs, were significantly inhibited by either free Cur or Nano-Cur
treatment.

MDSCs can inhibit the immune system by multiple mechanisms,
mostly through production of arginase 1 (Agr-1), nitric oxidase synthase2
(Nos2) and several immunosuppressive cytokines, thereby inhibiting the
expansion of CD8þ and CD4þ T cells [40]. Thus, the function of MDSCs
could be evaluated by the expression of these cytokines and the prolif-
eration of T cells. The primary MDSCs were isolated from tumor tissues
and co-cultured with different types of T cells. As presented in Fig. 8A and
B, the primary MDSCs derived from LLC tumor-bearing mice inhibited
the proliferation of both CD8þ T cells and CD4þ T cells, while this
immunosuppressive function was significantly reversed by the treatment
of either Nano-Cur or free Cur, presenting as more proliferation of both
CD8þ T cells and CD4þ T cells, compared with control group. Impor-
tantly, Nano-Cur showed significantly stronger stimulatory effect in the
proliferation of T cells than free Cur. In the other hand, the
Fig. 8. The in vivo inhibitory effect of Nano-Cur on the function of MDSCs in lung ca
were derived from tumor tissues in mice and were then co-cultured with CD8þ T (A
using [3H] thymidine in-corporation. (C) The transcriptional expression of iNOS, Arg-
were repeated for at least three times. Error bars, SD. * Represents P < 0.05, ** rep
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transcriptional expression of iNOS, Arg-1, S100A9, and S100A8 in pri-
maryMDSCs frommice with Cur or Nano-Cur treatment was significantly
lower than that from control treatment group (Fig. 8C). Moreover,
Nano-Cur led to significantly lower expression level of Arg-1, S100A9 and
S100A8 than free Cur, which maybe parts of the explanation for its
restoration of superior antitumor immunity.

4. Discussion

In recent studies, accumulating evidence indicates that tumor pro-
gression highly relied on the formation of Tumor Microenvironment
(TME) [41,42]. The immunosuppressive status, which favors cancer
development, is conducted by crosstalk between tumor cells and host
cells, where MDSCs play a critical central role in the immune suppression
of TME through the inhibition of T cell proliferation and activation, NK
cell activation and the induction of Tregs expansion [9]. In our study, the
total MDSCs and MDSCs subsets in lung cancer tissue and primary bone
marrow cells using the same markers. MDSCs are comprised of two
groups of cells with either a monocytic (M-MDSCs) or a neutrophilic
(G-MDSCs) morphology. The CD11bþGr1þ cells in lung cancer tissue and
primary bone marrow cells belong to total MDSCs. The CD11bþLy6Gþ

cells and CD11bþLy6Cþ cells in lung cancer tissue and primary bone
marrow cells belong to G-MDSC and M-MDSC, respectively.

The G-MDSC increased activity of STAT3 and NADPH, which results
in high levels of ROS and low levels of NO production. ROS induces post-
translational modification of T-cell receptors and may cause antigen-
ncer. Mice were treated as described in Fig. 2 (n ¼ 8 per group). Primary MDSCs
) or CD4þ T cells (B). The immunosuppressive function of MDSCs was assessed
1, S100A9 and S100A8 in tumor tissues were detected by qPCR. All experiments
resents P < 0.01, and *** Represents P < 0.001.
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specific T-cell unresponsiveness. However, the M-MDSC has upregulated
expression of STAT1 and iNOS and increased levels NO but little ROS
production. NO, which is produced by the metabolism of L-arginine by
iNOS, suppresses T-cell function through a variety of different mecha-
nisms that involve the inhibition of JAK3 and STAT5, the inhibition of
MHC class II expression and the induction of T-cell apoptosis. Addi-
tionally, both subsets have elevated level of ARG1 activity that causes T-
cell suppression through depletion of arginine [43,44]. A clinical trial on
patients with extensive small-cell lung cancer found that depletion of
MDSCs increased the CD8þ T cell levels and improved the immune
response to vaccination [45]. Besides, it is reported that the increase of
circulating MDSCs was associated with a heavier metastatic tumor
burden and a higher clinical cancer stage [46]. Altogether, MDSCs play a
pivotal role in the cancerous progression, making targeting on MDSCs a
promising approach for the treatment of lung cancer.

Earlier studies have demonstrated the potential inhibitory capacities
of Curcumin on MDSC [47]. However, small molecules of Curcumin are
easy to flow out from the tumor, resulting in a poor bioavailability of
Curcumin and largely limiting its therapeutic efficiency. To overcome
this problem, Curcumin is generally encapsulated into nanoparticles to
increase the tumor retention time, but its effect is still not satisfying
[48–50]. In this report, curcumin was conjugated with a self-assembled
peptide and formed a nano-filament structure. It is reported in a previ-
ous study that nano-formulation with fiber structure has longer tumor
retention time than spherical nanoparticles [51]. Moreover, the
nan-filaments would be mainly accumulated in tumor site due to the
shape and EPR effect. and then metabolized and excreted by liver and
kidney [52].

In this study, the application of Nano-Cur led to significant inhibitory
effect on the lung tumor growth with lower Ki-67 index and histological
scores. Additionally, the immune status of TME was well improved by
Nano-Cur treatment with increased proliferation and activation of T cells
and reduced production of inflammatory mediators such as GM-CSF and
IL-6, which revealed that Nano-Cur relieved the tumor burden by regu-
lating and improving the TME. Furthermore, Flow cytometry analysis
implied the lower MDSCs level of Nano-Cur treatment group than that of
control treatment group, which indicated that the anticancer effect of
Nano-Cur may be associated with the inhibition of infiltration and dif-
ferentiation of MDSCs in the TME.

5. Conclusion

In conclusion, we report a novel way to suppress the development of
lung cancer by affecting MDSCs through curcumin loaded nano-
filaments. In TME, MDSCs facilitate tumor progression by the up-
regulation of Arg1 and iNOS, overproduction of ROS, and release of IL-
10, which results in the inhibition of T-cell activation. The Nano-Cur
exerts anticancer effect by suppressing MDSCs in TME. Together with
all experimental findings, we propose the Nano-Cur as a new approach
for lung cancer therapy, and extensive studies of mechanisms are
required to better understand how TME affect tumor progression and
provide new insights into anticancer therapeutics.
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