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Abstract
As a major component of the microenvironment of solid tumors, tumor-associated macrophages (TAMs) facilitate tumor 
progression. Intermediate-sized hyaluronan (INT-HA) fragments have an immunological function in cell differentiation; 
however, their role in promoting the polarization of non-activated macrophages to an M2-like TAM phenotype has not been 
characterized, and the underlying mechanisms remain unclear. Here, we used a miRNA microarray to find that some miR-
NAs (especially miR-935) were differentially regulated in INT-HA-induced M2-like macrophages. According to RT-qPCR 
and Western blot, there was an association between miR-935 and C/EBPβ, that control the polarization of macrophages. 
Moreover, we found that INT-HA induced an M2-like phenotype via the TLR4 receptor. In our study, there was a negative 
correlation between plasma HA and miR-935 in monocytes from the peripheral blood of patients with solid tumors. There 
was also a negative correlation between miR-935 and M2-like macrophage markers in monocytes. These findings suggest that 
HA fragments interact with TLR4 and educate macrophage polarization to an M2-like phenotype via miR-935. Therefore, 
this study provides new insight into the role of miR-935 in INT-HA-induced M2-like polarization, and suggests a potential 
therapeutic target for antitumor treatment.
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Arg1	� Arginase 1
BC	� Blank control
ECM	� Extracellular matrix
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
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HMW-HA	� High molecular weight hyaluronan
HYALs	� Hyaluronidases
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LMW-HA	� Low molecular weight hyaluronan
MiRNAs	� MicroRNAs
NC	� Negative control
RT-qPCR	� Quantitative PCR with reverse transcription
TAMs	� Tumor-associated macrophages
TLR4	� Toll-like receptor 4

Introduction

Macrophages, an important immunologic cell type, play a 
vital role in host defense against viral, bacterial, and par-
asitic infections. Macrophages are a heterogeneous cell 
population under different conditions and possess diverse 
functional programs [1]. As an important cellular com-
ponent of the tumor microenvironment, macrophages can 
differentiate into M1-like and M2-like tumor-associated 
macrophages (TAMs) [2]. M1-like macrophages produce 
pro-inflammatory cytokines and can kill microorganisms 
and tumor cells [1]. In contrast, M2-like macrophages sup-
press inflammatory signaling and play an important role in 
tumor progression [3].
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The biosynthesis and degradation of hyaluronan (HA), a 
major constituent in the extracellular matrix (ECM), have 
been proposed to play an important role in angiogenesis, 
cell proliferation and tumor progression [4]. In most tissues, 
native HA (high molecular weight hyaluronan, HMW-HA, 
>106Da) is composed of repeating disaccharides of (β, 
1–4)-glucuronic acid and (β, 1–3)-N-acetylglucosamine. 
Increasing the breakdown of HMW-HA by HYALs induces 
the accumulation of low molecular weight hyaluronan 
(LMW-HA), which has different functions than its precur-
sors [5, 6]. HMW-HA is known to maintain water home-
ostasis and matrix structure and inhibit tumor growth [7, 
8]. However, small- (6–20 kDa) or intermediate-sized HA 
(INT-HA) (50–1000 kDa) fragments activate dendritic cells 
and macrophages via CD44 or TLR, whereas HMW-HA 
do not [9–11]. As a HA receptor, CD44 has been shown 
to play an important role in signal transduction to control 
cell growth, differentiation, and survival [12, 13]. Previ-
ous studies have suggested that INT-HA fragments play 
an important role in the polarization of macrophages via 
CD44 [14–16]. However, toll-like receptor 4 (TLR4) also 
has a signal transduction effect because it promotes mac-
rophage differentiation toward a distinct activation pattern 
[13, 17]. Furthermore, there are many hyaluronan recep-
tors, but only TLR4 and CD44 are distinctly expressed in 
monocytes/macrophages [18]. Various transcriptional fac-
tors, such as STAT1, STAT6, PPARγ and C/EBPβ, control 
the polarization of macrophages [13]. For example, activat-
ing the PPARγ/STAT6 or C/EBPβ pathway could promote 
the expression of M2-associated genes, such as mannose 
receptor 1 (Mrc1), arginase 1 (Arg1), IL10, CCL17, and 
CCL18 [19, 20]. More importantly, there is a close relation-
ship between TLR4 and C/EBPβ in macrophage polariza-
tion [13, 21]. Therefore, these findings suggest that whether 
hyaluronan induce macrophage polarization via TLR4 or not 
needs to be investigated.

MicroRNAs (miRNAs) are small, non-coding RNAs 
that suppress gene expression at the post-transcriptional 
level. It is increasingly clear that miRNAs participate in the 
regulation of most biological and physiological processes, 
including differentiation, cell proliferation, apoptosis and 
metabolism. Furthermore, recent studies have revealed that 
microRNAs are important mediators of the macrophage 
activation process [22–24]. For example, miR-155 has 
been reported to promote classical macrophage activation 
(M1-like polarization) by down-regulating the inhibitor 
SOCS1 by binding to its 3′-UTR [25]. Recent data also indi-
cated that several distinct miRNAs, such as miR-142-5p, 
miR-let-7c, and miR-511-3p, are induced upon alternative 
macrophage activation (M2-like polarization) [26–28]. How-
ever, whether miRNAs contribute to the M2-like polariza-
tion of hyaluronan-activated macrophages has not been 
explored.

In the present study, we first explored which hyaluro-
nan molecular weight could induce macrophage polariza-
tion. Then, we screened the miRNAs expression levels in 
macrophages using a microRNA microarray, and found 
that miR-935 expression was decreased through TLR4 in 
hyaluronan-treated macrophages. Moreover, we also inves-
tigated the relationships among the monocyte miR-935 lev-
els, M2-like macrophages, and plasma HA concentrations 
in patients with solid tumors.

Method

Acquisition of INT‑HA

HMW-HA was purchased from Sigma-Aldrich (USA). 
LMW-HA (10 kDa) was purchased from Lifecore (USA). 
INT-HA fragments were prepared by digesting HMW-HA 
as previously described [17, 29]. In our study, HMW-HA 
was digested with 30U of testicular hyaluronidase for 40 min 
at 37 °C. Thereafter, the digested samples were adjusted 
to a neutral pH and filtered through Detoxi-Gel Endotoxin 
Removing Columns (Thermo Scientific, USA) to remove 
endotoxin; then, the samples were used for cell stimulation. 
The endotoxin levels in all samples were measured, and the 
endotoxin concentration in the working fluid was less than 
0.0005 EU/ml. The sizes of the INT-HA fragments were 
determined by 0.5% agarose gel electrophoresis and images 
were collected (Supplementary Figure 1).

Monocyte isolation and culture

Peripheral blood monocytes from healthy donors and 
patients were isolated from frozen PBMCs by a CD14 
microbead mediated sorting system (Miltenyi Biotec, USA). 
Then, the purified monocytes were cultured in T-25 plates 
(Corning, USA) at 5 × 105 cells/ml in RPMI 1640 medium 
(Gibco, China) with 10% FBS (Gibco, BRL) at 37 °С and 
5% CO2; the cells were then allowed to adhere overnight. 
Over 90% of the adherent cells were monocytes as deter-
mined by flow cytometric analyses. In some experiments, 
the monocytes were incubated with different concentrations 
and molecular weights of hyaluronan for 72 h.

Cell line

The human monocyte THP-1 cell line was maintained in 
RPMI 1640 medium at 37 °C and 5% CO2; the cells were 
allowed to differentiate during an overnight incubation with 
320 nM PMA (Merck Millipore, Germany). The PMA-
containing medium was removed after incubation and the 
adherent cells were treated with hyaluronan in fresh culture 
medium for 72 h to generate M2-like polarized macrophages.
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RT‑qPCR

RNA was isolated from monocytes and THP-1-derived 
macrophages using TRIzol (Takara, Japan). RNA quantity 
was measured using a NanoDrop 2000 spectrophotom-
eter (Thermo Scientific, USA). Quantitative real-time PCR 
(RT-qPCR) was conducted with an ABI 7500 instrument 
(ABI, USA) and SYBR Premix Ex Taq™ (Takara, Japan) 
according to the manufacturer’s instructions. The primers 
sequences for the selected genes are listed in Supplementary 
Table 1.

ELISA

The concentrations of M2-related cytokines (Human 
CCL18, CCL22, TGF-β and IL10) in the culture superna-
tants were measured by ELISA kits (R&D, USA) according 
to the manufacturer’s instructions.

Plasma concentrations of HA

The concentrations of plasma total hyaluronan (Maglumi 
2000, China) were measured by the chemiluminescence 
method according to the manufacturer’s instructions.

MicroRNA expression

RNA from human primary macrophages treated with 
or without 50 µg/ml INT-HA for 72 h was isolated using 
TRIzol (Takara, Japan) and purified with an RNeasy mini 
kit (QIAGEN, Germany) according to the manufacturer’s 
instructions. RNA quality and quantity were determined 
using a NanoDrop 2000 spectrophotometer and RNA integ-
rity was measured by gel electrophoresis. MiRNA micro-
array analysis was performed by the KangChen Corpora-
tion (Shanghai, China) and used to compare the miRNA 
expression profiles. Briefly, the samples were labeled using 
the miRCURY™ Hy3TM/Hy5™ Power labelling kit and 
hybridized on a miRCURY LNA Array (v.19.0; Exiqon, 
Vedbaek, Denmark) according to the array manual. The 
slides were washed and scanned using an Axon GenePix 
4000B microarray scanner (Axon Instruments, Foster City, 
CA). The scanned images were then imported into Gene-
Pix Pro 6.0 software (Axon) for grid alignment and data 
extraction. miRNA replicates were averaged, and miRNA 
with intensities ≥ 30 for all samples were chosen to calculate 
the normalization factor. The expressed data were normal-
ized using the median normalization. After normalization, 
significant differentially expressed miRNAs between the 
two groups were identified by fold change calculations. 
RT-qPCR was performed using the miRcute Plus miRNA 
First-Strand cDNA Synthesis Kit and miRcute Plus miRNA 
qPCR Detection Kit (Tiangen, China) using an ABI 7500. 

U6 was used as an internal control and the expression levels 
of mature miRNAs were calculated. Each sample was meas-
ured in triplicate. The Gene Expression Omnibus database 
accession number is GSE110339 for the miRNA microarray.

Bioinformatics methods

Potential miRNA targets were identified using online soft-
ware. TargetScan (http://www.targe​tscan​.org/index​.html), 
miRDB (http://www.mirdb​.org/), and miRWalk (http://zmf.
umm.uni-heide​lberg​.de/apps/zmf/mirwa​lk/index​.html) were 
used to analyze the potential targets.

Transfection of miRNAs

miRNA mimics, inhibitors and their negative controls 
were purchased from Ribobio (China). THP-1 derived 
macrophages were transfected with 20 nM miRNA mim-
ics (miR10004978, sense: 5′-CCA​GUU​ACC​GCU​UCC​
GCU​ACCGC-3′, antisense: 5′-GCG​GUA​GCG​GAA​GCG​
GUA​ACUGG-3′) and negative control (miR01101, sense: 
5′-UUU​GUA​CUA​CAC​AAA​AGU​ACUG-3′, antisense: 
5′-CAG​UAC​UUU​UGU​GUA​GUA​CAAA-3′), 40 nM miRNA 
inhibitors (miR20004978, sense: 5′-GCG​GUA​GCG​GAA​
GCG​GUA​ACUGG-3′) and negative control (miR02101, 
sense:5′-CAG​UAC​UUU​UGU​GUA​GUA​CAAA-3′). Tran-
sient transfections were performed using riboFECT™ CP 
reagent (Ribobio, China) according to the manufacturer’s 
instructions.

Western blotting

Cells were lysed in cell lysate buffer (RIPA), and the cell 
lysates were incubated on ice for 45 min and centrifuged at 
12,000×g at 4 °C for 10 min, then the supernatant was col-
lected. Protein levels were measured using a bicinchoninic 
acid (BCA) protein quantitation kit (Thermo Scientific, 
USA). Equal amounts of proteins from each cell lysate were 
subjected to SDS-PAGE electrophoresis before transferred 
to PVDF membranes. After blocking with 5% skimmed milk 
powder, membranes were incubated with primary antibody 
against CEBPβ (1:1000 dilution, CST, USA) overnight at 
4 °C, followed by incubation with horseradish peroxidase-
linked goat anti-rabbit secondary antibody (1:5000 dilution, 
liankebio, China) at room temperature for 1 h. Subsequently, 
protein on the membranes was visualized by enhanced 
chemiluminescence assay (ECL, Thermo Scientific, USA).

Statistical analysis

Normally distributed data are expressed as the mean ± SD, 
which was determined by two-tailed unpaired Student’s t 
test between two groups, and multiple comparisons were 

http://www.targetscan.org/index.html
http://www.mirdb.org/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html
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conducted using one-way ANOVA and Tukey tests. Non-
normally distributed data are expressed as a median (P25-
P75), which was determined by Mann–Whitney U test. All 
statistical analyses were carried out using GraphPad Prism 
Software Version 7.0 (GraphPad Software Inc., La Jolla, 
CA, USA). A p value of < 0.05 was considered statistically 
significant.

Results

INT‑HA induces human macrophage polarization 
toward the M2‑like phenotype

To investigate the effects of hyaluronan on the macrophage 
polarization, we used hyaluronan with different molecular 
weights and different concentrations to stimulate primary 
human monocytes. As shown in Fig. 1 and Supplementary 

Figure 2, compared with positive control by IL-4/IL-13 
treatment, we found that the M2-like polarization of mac-
rophages induced by 50 µg/ml INT-HA fragments was also 
particularly evident, whereas the effects of HMW-HA and 
LMW-HA were not obvious. In contrast to untreated mono-
cytes (M0), INT-HA-treated monocytes exhibited higher 
mRNA levels of M2 phenotype markers such as arginase 1 
(ARG1), IL10, CCL18, CCL22, and CCR2, and produced 
higher levels of TGF-β in culture supernatant. However, the 
M1 phenotype markers, such as TNF-α, IL-1β, and IL-6 
remain unchanged (Fig. 1 and Supplementary Figure 2).

MiR‑935 is down‑regulated in INT‑HA‑induced 
M2‑like macrophages

To screen for the miRNAs whose abundance was changed 
significantly following the incubation of monocytes under 
INT-HA conditions, we compared miRNA expression levels 

Fig. 1   Gene expression and cytokine secretion in human monocytes 
in response to hyaluronan of different molecular weights. Primary 
human monocytes (1 × 106) were treated with 50 µg/ml low molecu-
lar weight HA (LWM-HA50), intermediate-sized HA (INT-HA50) 
or high molecular weight HA (HMW-HA50) for 72 h. Moreover, the 
treatment by IL-4/IL-13 was used as a positive control. The results 
are expressed as the means ± SD (n = 3). mRNA expression levels 
of M2 or M1 macrophage markers were assessed by RT-qPCR and 
normalized to GAPDH expression. Gene expression levels of Arg1, 

CCL18, CCL22, CCR2, and IL10 steadily increased with INT-HA50 
treatment (a). Furthermore, gene expression levels of TNFα, IL-1β, 
and IL-6 were not changed with INT-HA50 treatment, but IL-23 level 
was decreased (a). The secretion of CCL18, IL10, and TGF-β by 
macrophages into the culture medium was measured by ELISA; add-
ing INT-HA50 increased the secretion levels (b). *, **, ***, and ****: 
significantly different from the blank control (BC) with p < 0.05, 0.01, 
0.001, and 0.0001, respectively
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in the untreated cells versus the INT-HA treated monocytes 
by miRNA microarray analysis. Clustering analysis revealed 
significant alterations in the expression of 52 miRNAs (32 
increased and 20 decreased, respectively, Fig. 2a). Next, we 
searched for and identified miRNAs that might be involved 
in the hyaluronan-driven polarization of human monocytes 
to M2-like macrophages. We focused our investigation on 
miR-935, which was a markedly down-regulated miRNA 
in this analysis. RT-qPCR validated the dramatic decrease 
in miR-935 expression upon the INT-HA-induced differen-
tiation of monocytes into macrophages (Fig. 2b). Further-
more, according to online analysis software, we found that 
the potential target genes of miR-935 in macrophage polari-
zation were STAT1/C/EBPβ (Fig. 2c). The transcriptional 
factor STAT1 controls macrophage polarization from M0 
to M1, but C/EBPβ drives macrophages toward M2 polari-
zation. Therefore, there are intricate mechanisms involved 
in the regulation of macrophage polarization via miR-935.

Down‑regulation of miR‑935 in M2 macrophages 
is dependent on HA–TLR4 interactions

To elucidate the mechanism through which INT-HA induces 
TAM, we investigated the interactions between INT-HA and 
CD44 and TLR4 in THP-1-derived macrophages; CD44 and 
TLR4 were chosen because they are the main hyaluronan 
receptors on the surface of monocytes or macrophages. 
THP-1-derived macrophages were pretreated overnight with 
CD44 and TLR4 blocking antibodies (20 µg/ml), followed 
by INT-HA for 3 days. In the presence of the TLR4 block-
ing antibody, INT-HA induced an approximately threefold 
decrease in Arg1 expression, a twofold decrease in IL10 
expression, and up to a twofold decrease in CCL18 expres-
sion (Fig. 3a, b). This decrease was statistically significant 
(p < 0.001). Moreover, there were no obvious changes in 
CCR2 and CCL22 after using the TLR4 blocking antibody. 
The isotype IgG2 control had no effect on Arg1/IL10/CCL18 
levels. However, following treatment with the CD44 block-
ing antibody, we did not find any obvious changes in Arg1, 
IL10, CCL18, CCL22, or CCR2 expression levels with 
INT-HA treatment. According to the previous studies, LPS 
induces the differentiation of macrophages to M1 phenotype 

Fig. 2   INT-HA50 alters the miRNA expression profiles in monocyte-
derived macrophages. a Primary human macrophages derived from 
peripheral blood monocytes (n = 3) were treated with 50 µg/ml INT-
HA for 72  h, and the miRNA expression profiles were analyzed by 
microarray. b Relative quantification of miR-935 expression at 72 h 

following INT-HA50 treatment as detected by RT-qPCR (mean ± SD, 
***p < 0.001, compared with untreated macrophages). c Potential tar-
gets of miR-935 according to the following online software: TargetS-
can, miRDB, and miRWalk
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via the TLR4-NF-κB/AP1/IRF3 pathway [13]. In contrast to 
INT-HA, LPS did not drive macrophage differentiate into 
M2-like phenotype (Supplementary Figure 3). Therefore, 
INT-HA induced M2-like macrophage differentiation via 
TLR4, which might be different from the signal pathway 
activated by LPS.

We next examined whether miR-935 down-regulation 
in THP-1-derived macrophages was due to the TLR4-
mediated regulation induced by INT-HA treatment. Simi-
lar to monocytes, we also observed that INT-HA could 
decrease the expression of miR-935 in THP-1-derived 
macrophages (Fig. 3c), which further indicated that TLR4 
blocking antibody treatment effectively inhibited the HA-
mediated decrease in miR-935 expression. In contrast, the 

CD44-blocking antibody and non-immune IgG control did 
not block the HA-mediated down-regulation of miR-935. 
These results indicate that miR-935 down-regulation in mac-
rophages is HA-dependent and TLR4-specific.

MiR‑935 is a negative regulator 
in hyaluronan‑induced M2 polarized macrophages

To confirm the roles of miR-935 in macrophage polari-
zation, we transfected THP-1-derived macrophages with 
miR-935 mimics to overexpress of miR-935 and inhibitors 
to suppress miR-935 expression. The expression of miR-
935 in M0 macrophages and INT-HA-induced M2-like 
macrophages after transfection of miRNA mimics and 

Fig. 3   Effects of CD44 and TLR4 blocking antibodies on INT-HA50-
stimulated THP-1-derived macrophage. a Gene expression levels of 
Arg1, CCL18, CCL22, CCR2 and IL10 were measured by RT-qPCR 
following the exposure of THP-1-derived macrophage to INT-HA50 
for 72 h after pretreatment with CD44 (10 µg/ml, clone IM7, eBio-
science) and TLR4 (20  µg/ml, clone HTA125, Biolegend) block-
ing antibodies. Reduced transcription levels of Arg1, CCL18, and 
IL10 were found after TLR4 blocking antibody treatment, while 

CCL22 and CCR2 were hardly affected by anti-TLR4 treatment. 
b CCL18 and IL10 levels in the corresponding culture media were 
also measured by ELISA; these levels were down-regulated after 
TLR4 blocking antibody treatment. c Increased expression levels of 
miR-935 were seen in the presence of the TLR4 blocking antibody 
but were not affected by anti-CD44 treatment. (*p < 0.05, **p < 0.01, 
***p < 0.001)
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inhibitors were shown in Supplementary Figure 4. We 
measured the expression and secretion of ARG1, IL10 
and CCL18 in macrophages transfected with the miR-935 
mimics or inhibitors. We found that transduction of the 
macrophages with the miR-935 mimics reduced CCL18 
and IL10 secretion and expression (Fig. 4b-c). Moreo-
ver, we also demonstrated an opposite effect in M2 mac-
rophages transfected with miR-935 inhibitors. To further 
investigate the roles of miR-935 in INT-HA-induced M2 
polarized macrophages, we transduced M2 macrophages 
(INT-HA treated for 72 h) with miR-935 mimics. Our 
results showed that the expression and secretion of Arg1, 
CCL18 and IL10 were decreased in INT-HA-induced 
M2-like macrophages. Therefore, transfecting THP-1-de-
rived macrophages with miR-935 mimics significantly 
reduced the expression of M2 markers induced by INT-
HA. Overall, these results indicate that miR-935 may play 
an important role in M2 macrophage polarization which 
was activated by INT-HA.

MiR‑935 modulates macrophage polarization 
by inhibiting C/EBPβ expression

In our study, the potential target genes of miR-935 in mac-
rophage polarization were STAT1 and C/EBPβ. Accord-
ing to RT-qPCR, we did not find that INT-HA treatment 
down-regulated the gene expression of STAT1 (Supple-
mentary Figure 5). Moreover, transfection of the miR-935 
mimics or miR-935 inhibitors did not regulate the expres-
sion of STAT1. To further demonstrate whether miR-
935 represses C/EBPβ expression in INT-HA-induced 
M2-like macrophages, we performed RT-qPCR analysis 
and observed that the C/EBPβ mRNA level was decreased 
significantly through the transfection of miR-935 in mac-
rophages after INT-HA treatment, while the transfection 
of miR-935 inhibitor resulted in a significant increase in 
the C/EBPβ mRNA level (Fig. 5a). Additionally, West-
ern blot analysis revealed that transfection of the miR-
935 mimics brought on a down-regulated C/EBPβ pro-
tein level in INT-HA-induced M2-like macrophages but 

Fig. 4   MiR-935 regulates INT-HA50-induced M2-polarized THP-1 
macrophages. a Schematics of the approach. i). THP-1 derived mac-
rophages were transfected with a negative control (NC), miR-935 
inhibitors (40  nM) or mimics (20  nM) for 48  h. ii). THP-1-derived 
macrophages were treated with INT-HA50 for 24  h; then, the cells 
were transduced with NC and mimics for 48  h. b Gene expression 

levels of Arg1, CCL18 and IL10 in macrophages as determined by 
RT-qPCR. The representative histograms and quantification of the 
fold changes are shown (mean ± SD, n = 3 independent experiments. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). c Cytokine lev-
els of CCL18 and IL10 in the media from macrophages (mean ± SD, 
n = 3 independent experiments. *p < 0.05)



196	 Cancer Immunology, Immunotherapy (2019) 68:189–200

1 3

miR-935 inhibitors caused an up-regulated expression of 
C/EBPβ (Fig. 5b). In conclusion, our results indicated 
that miR-935 inhibited the expression of C/EBPβ in INT-
HA-induced M2-like macrophages.

Correlation among HA, miR‑935 expression, C/EBPβ, 
and M2‑like monocytes in the peripheral blood 
of patients with solid tumors

Table 1 summarizes the clinical characteristics of solid 
tumor patients. A total of 33 patients with a median age 

Fig. 5   miR-935 inhibits the expression of C/EBPβ. RT-qPCR (a) 
and Western blot (b) were used to determine the expression level of 
C/EBPβ in THP-1 cells transfected with miR-935 mimics, miR-935 
inhibitors, and their controls. GAPDH served as the internal control. 

The representative histograms and quantification of the fold changes 
are shown (mean ± SD, n = 3 independent experiments. *p < 0.05; 
**p < 0.01; ***p < 0.001)

Table 1   The clinical 
characteristics of all subjects

*p = 0.0015

Cancer group (n = 33) Healthy control (n = 32)

Sex
 Male 18 (54.5%) 12 (37.5%)
 Female 15 (45.5%) 20 (62.5%)

Median age, years (range) 43.50 (29.00-59.75) 47.00 (37.75–59.25)
Plasma HA (ng/ml) 69.43 (43.64–100.9) * 44.48 (37.61–56.91)
Monocyte miR-935 (2− ΔΔCT) 1.005 (0.630–1.541) 0.944 (0.663-1.300)
Monocyte IL-10 (2− ΔΔCT) 0.975 (0.423–2.020) 1.022 (0.449–2.046)
Monocyte CCL18 (2− ΔΔCT) 0.938 (0.120–5.035) 2.175 (0.160–3.985)
Monocyte C/EBPβ (2− ΔΔCT) 0.816 (0.277–1.826) 0.917 (0.448–1.624)
Primary cancer
 Osteosarcoma 13 (39.4%)
 Lung cancer 4 (12.1%)
 Nasopharyngeal cancer 4 (12.1%)
 Osteoclastoma 3 (9.1%)
 Cervical cancer 2 (6.1%)
 Prostate cancer 2 (6.1%)
 Others 5 (15.1%)
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of 43.5 years (range 12–75 years) were recruited into the 
study, and 32 healthy controls were also participants in 
our study. The age and sex distributions were not signifi-
cantly different between the cancer and healthy groups. In 
the 33 cancer patients investigated, osteosarcoma (80.2%) 
was the main common solid tumor type, followed by lung 
cancer (12.1%) and nasopharyngeal cancer (12.1%). In the 
present study, miR-935 expression in the monocytes from 
the cancer group was negatively correlated with plasma 
HA and C/EBPβ (Fig. 6a, b). Furthermore, there was also 
a negative correlation between miR-935 in monocytes and 
M2-related markers in the cancer group (Fig. 6f, g). How-
ever, there was a positive correlation among plasma HA, 
C/EBPβ, and M2-like monocyte-related markers (IL10 and 
CCL18) in the cancer group (Fig. 6c–e, h, i). These results 
seem to be consistent with our research showing that INT-
HA-induced M2-like differentiation in macrophages via 
miR-935/C/EBPβ.

Discussion

In most solid tumors, tumor-associated macrophage (TAM) 
subtypes exhibit a distinct phenotype and perform specific 
functions [2, 13]. Previous studies have suggested that 
hyaluronan (HA) fragments (especially INT-HA, 50-1000 
KD) are potent activators of macrophages [14, 30]. How-
ever, the mechanism by which HA fragments drives mac-
rophages from the M0-like phenotype to the M2-like phe-
notype remains to be elucidated. In the current study, we 
used different molecular weights and different concentra-
tions of HA to treat primary human monocyte-derived mac-
rophages; we found that 50 µg/ml INT-HA could promote 
monocytes polarization to M2-like macrophages after 72 h. 
However, this finding is contrary to previous studies that 
have suggested that INT-HA induces the polarization of 
human macrophages toward the M1 phenotype [14, 17]. A 
possible explanation for this might be that the induction of 

Fig. 6   Correlations among plasma HA, miR-935 expression in mono-
cytes, M2-like monocytes in and C/EBPβ in the peripheral blood 
from patients with solid tumors. Plasma HA levels were detected 
using a chemiluminescence method. MiR-935, CCL18, IL10, and C/
EBPβ expression levels in the monocytes from peripheral blood of 33 
patients with solid tumors were determined by RT-qPCR. a Correla-
tions between HA and miR-935. b Correlations between miR-935 and 
C/EBPβ. c Correlations between HA and C/EBPβ. d, e Correlations 

between HA and M2-like monocytes (CCL18 and IL10). f, g Correla-
tions between miR-935 and M2-like monocytes (CCL18 and IL10). 
h, i Correlations between C/EBPβ and M2-like monocytes (CCL18 
and IL10). Proposed model of INT-HA-induced macrophage: M2-like 
polarization INT-HA potently polarizes M0 macrophages into 
M2-like macrophages through the TLR4/miR-935 pathway, which 
stimulates the up-regulation of C/EBPβ and M2 macrophage markers, 
such as ARG1, CCL18 and IL10
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macrophage differentiation by INT-HA appears to be time-
dependent. In a previous study, macrophage differentiation 
to the M1-like phenotype was promoted 6–24 h after expo-
sure to HA [17]. Furthermore, we also demonstrated that 
THP-1-derived macrophages were polarized toward the M2 
phenotype by adding 50 µg/ml INT-HA for 72 h.

Accumulating evidence has revealed the importance of 
the potential contribution of miRNAs,such as miR-155, 
miR-142, miR-130a, and miR-let-7c,in altering macrophage 
phenotype and function [25, 26, 28, 31]. In this study, to 
clarify the mechanism by which HA activated M2-like 
macrophage polarization, we employed miRNA microarray 
analysis and several miRNA prediction databases and found 
that miR-935 may play a role in macrophage polarization. 
STAT1/CEBPβ are the potential target genes of miR-935 in 
macrophage polarization according to the online analysis 
software. However, there may be two opposite tendencies 
involved in miR-935-induced macrophage polarization. 
The transcriptional factors STAT1 and STAT3 control mac-
rophage polarization from M0 to M1, but C/EBPβ drives 
macrophages toward M2 polarization [13, 32]. In our study, 
INT-HA treatment and transfection of the miR-935 mimics 
or miR-935 inhibitors did not change the gene expression of 
STAT1. Our finding by RT-qPCR and Western blot indicated 
that miR-935 may induce M2 macrophage differentiation 
through down-regulating C/EBPβ expression. It has been 
demonstrated that in activated macrophages the expression 
of C/EBPβ was required for gene characteristic of M2 mac-
rophages (Arg1, IL10, IL13ra) but dispensable for induction 
of M1 genes (IL6, IL1β, TNFα) [20], which may explain our 
findings that the expression of M1 genes was not altered in 
HA-induced M2 macrophage activation.

Moreover, previous studies indicated that miR-935 play 
a role in regulating tumor cell proliferation, migration and 
invasion of tumor cells [33–35]. Up to now, very little infor-
mation regarding the role of miR-935 in immune cell dif-
ferentiation has been published in the literature. To further 
explore the pathway underlying miR-935-HA-mediated 
macrophage polarization, we first searched for receptors 
mediating the HA interaction in TAM cells. It is well-known 
that TLR4 and CD44 are the main receptors for HA in mac-
rophages [18]. More importantly, several reports have shown 
that HA fragments play an important role in macrophage 
differentiation via CD44 or TLR4 [14–17]. In this study, we 
used anti-CD44 mAb and anti-TLR4 mAb to antagonize the 
interactions between HA and its receptors, and the results 
showed that anti-TLR4 mAb markedly inhibited the HA-
mediated monocyte polarization, and miR-935 expression 
was down-regulated in M2-like macrophages. Therefore, HA 
promotes M2 macrophage polarization and acts in an anti-
inflammatory manner through TLR4/miR-935.

M2-like TAMs are abundant in many solid tumors and 
play a vital role in the progression of tumors. Aberrant 

miRNA expressions levels have been observed in the 
serum and plasma from patients with different types of 
solid tumors, and their expression signatures can be used 
as diagnostic markers for cancer [36–38]. The above 
results indicate that miR-935 is an essential factor in 
HA-induced M2 modulation, which raises the question 
of whether the correlations exist among plasma HA, cir-
culating M2-like monocytes, and miR-935 expression in 
monocytes. Therefore, we carried out a tentative obser-
vation on the levels of miR-935, C/EBPβ, M2-like mac-
rophages, and HA concentrations in patients with solid 
tumors. Our results showed that there was a significant 
correlation between M2-like monocytes markers (Arg1, 
IL10 and CCL18) and plasma HA in the cancer group. 
However, miR-935 expression in monocytes in the cancer 
group was found to be negatively correlated with plasma 
HA. Furthermore, C/EBPβ expression in monocytes was 
negatively related to miR-935 but positively correlated 
with plasma HA and M2-like monocytes markers. These 
findings, while preliminary, may provide further sup-
port for the biological phenomenon that INT-HA induces 
M2-like macrophage differentiation through miR-935/C/
EBPβ. Due to the limited sample size and the selection 
of tumor types, more and detailed studies are needed to 
confirm our results. Hence, it could be hypothesized that 
miR-935 may be a novel tumor‑suppressor target, because 
its regulation may contribute to cancer progression and 
metastasis through activating macrophage polarization to 
the M2-like phenotype.

In summary, our study demonstrates that INT-HA mod-
ulates the polarization of macrophages to an M2-like phe-
notype through TLR4. In addition, the subsequent intra-
cellular regulator following TLR4 activation seems to be 
miR-935/C/EBPβ. This study provides a novel understand-
ing of HA fragment involvement in M2-like macrophages 
polarization, and reveals a molecular mechanism that 
could be used in cancer targeting. However, the detailed 
mechanism by which miRNAs regulate macrophage polar-
ization needs further investigation. Furthermore, our clini-
cal data are limited and future studies are warranted to 
further support our study.
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