Published on 05 2019. Downloaded on 04.11.25 0:02:33.

Biomaterials
Science

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2019, 7,

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Hyaluronic acid-based extracellular matrix
triggers spontaneous M2-like polarity of

2264 monocyte/macrophagef

Received 30th January 2019,
Accepted 1st March 2019

DOI: 10.1039/c9bm00155g

rsc.li/biomaterials-science

Hyaluronic acid (HA) is found in various tumor tissues, and is con-
sidered tumor-associated extracellular matrix (ECM). Within this
tumor-associated ECM, stromal cells, especially immune cells, are
involved in tumor progression. However, the effects of tumor-
associated ECM on the characteristics of immune cells remain
unexplored. Therefore, we studied the triggering effect of HA on
spontaneous M2-like polarity of monocytes/macrophages using
HA-mixed collagen (HA-COL) matrix. In the presence of HA,
expression of the HA receptor (CD44) and M2 polarity-related
genes was upregulated in human monocytes (THP-1 cells). We
confirmed the CD44-mediated activation of STAT3 in THP-1 cells
cultured in an HA-rich environment. Furthermore, when we
induced the THP-1 cells to differentiate into cells with M1 or M2
polarity within an HA-rich environment, the HA-rich environment
influenced the direction of induction. Our findings might improve
understanding of the crosstalk between immune cells and tumor-
associated ECM, and facilitate development of tumor immunother-
apy strategies.

In the tumor microenvironment, complex crosstalk occurs
between the cellular compartment, which contains cancer and
stromal cells, and the non-cellular compartment." A promi-
nent non-cellular component, the extracellular matrix (ECM),
is a complicated network of macromolecules with distinct pro-
perties.” The ECM is remodeled dynamically by changing its
composition, stiffness, and architecture.** During tumor pro-
gression, the ECM is deregulated; collapse of ECM homeosta-
sis results in an aberrant ECM environment. The remodeled
ECM plays a pivotal role in providing biochemical and bio-
physical cues to surrounding cells, regulating tumor and
stromal cells.>*® Much recent evidence indicates that the
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interaction between the parenchyma ECM and stromal cells
promotes tumor growth and progression.>”°

Hyaluronic acid (HA) is a long-chain polysaccharide that is
a major component of the tumor-associated ECM, which is
recognized as an important regulator of cancer
progression.’®"* HA is overproduced and deposited in the
ECM of the tumor microenvironment.'”"*™"®> The accumu-
lation of HA leads to the recruitment of stromal cells, includ-
ing monocytes, macrophages, fibroblasts, and endothelial
cells, toward the tumor-associated ECM.'®'” HA accelerates
the motility of stromal cells, causing them to infiltrate the
tumor stroma.'®"® This modulates the behavior of the stromal
cells, resulting in tumorigenesis, including invasion and
angiogenesis."”

HA is an important immune regulator that affects the func-
tion of immune cells."”” HA activates immune cells and is
involved in regulating tissue injury.***> In an HA-rich ECM
microenvironment, monocytes/macrophages infiltrate the sur-
rounding tumor stroma.'® Monocytes can have an immuno-
suppressive M2 polarity when exposed to soluble HA derived
from a tumor.”*** Furthermore, the expression of the HA
receptor, CD44, is elevated in tumor-associated macrophages
within the tumor-associated ECM.?® Indeed, the HA-associated
microenvironment is involved in the formation of pro-tumor
immunosuppressive macrophages.'”** However, the effects of
the HA-rich ECM on the behavior of immune cells are not
clear.

To address this issue, we developed a three-dimensional
(3D) HA matrix model of the tumor-associated ECM for indu-
cing polarity of monocytes/macrophages. Using the HA-rich
ECM-based 3D model, we verified the effects of the HA matrix
on monocyte/macrophage polarity. We used the human mono-
cyte cell line THP-1 and constructed a cell-laden HA-rich
environment by embedding THP-1 cells within the matrix. In
this approach, the HA-rich matrix is a non-soluble environ-
mental factor that can be exploited to examine crosstalk
between monocytes/macrophages and the tumor-associated
ECM. We hypothesized that THP-1 cells cultured within an
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HA-mixed collagen (HA-COL) matrix spontaneously trigger M2-
like polarity. To elucidate the effects of HA on polarity, we con-
firmed the expression of HA receptors and a polarity-related
gene of monocytes/macrophages.

First, we cultured THP-1 cells in either collagen only (COL)
or HA-COL matrix to observe their morphology and viability
within the 3D matrix. After embedding dissociated THP-1 cells
within both matrices, the F-actin and nuclei of the THP-1 cells
were immunostained at 0, 1, 3, and 7 days to visualize the cell
morphology. Over time, the THP-1 cells formed multi-cell
aggregates within both 3D matrices (Fig. 1A). When we quanti-
fied the area of the THP-1 cell aggregates, the THP-1 cells cul-
tured in the HA-COL matrix formed smaller aggregates than
those in the COL matrix at 1 and 3 days (Fig. 1B). At 7 days,
however, there was no significant difference in the size of the
THP-1 cell aggregates between COL and HA-COL matrices. We
examined the populations of live and dead THP-1 cells after
culture in both 3D matrices for 7 days, and determined that
the cell aggregates were mostly composed of live cells (Fig. S17).

Next, we observed the formation of THP-1 cell aggregates
using 48 h time-lapse imaging, to confirm whether the cell
aggregates were proliferative. This showed that the cell aggre-
gates in both the COL and HA-COL matrices grew due to pro-
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liferation, and not the clustering of smaller aggregates
(Fig. 1C, ESI Videos 1 and 27). Over 48 h, the size of the THP-1
aggregates in the HA-COL matrix increased from 410 to
878 pm?, while the size of the aggregates in the COL matrix
increased from 482 to 928 um? (Fig. 1D). Unlike single cells or
dispersed immune cells in two-dimensional (2D) cultures, we
observed that a confined 3D environment enables both cell-
cell and cell-ECM interactions, resulting in immune aggre-
gates that have a morphology similar to that of human peri-
pheral blood mononuclear cells.*®

In addition, we confirmed the relative mRNA levels of HA
synthesis (HAS1, HAS2) and HA degradation (HYAL1, HYAL2,
HYAL3) by qRT-PCR (Fig. S2f). The metabolic-related gene
expression showed no significant difference. It indicates that
HA-COL could be hardly affected by the action of the cells. We
further demonstrated the carbazole reaction based assay,®”
which detects one of the components of the HA, glucuronic
acid. By optical density (O.D.) analysis with culture media, we
found that there was no difference in the concentration of
solubilized HA between each of the groups according to culti-
vation time (Fig. S3Bft). It indicates that the HA-COL nearly
remain the stability during cultivation time with no remark-
able degradation.
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Fig. 1 (a) The morphology of THP-1 cells in a three-dimensional (3D) matrix (scale bar = 100 pm). (b) Quantifying the size of cell aggregates in the
3D matrix. At least 40 cell aggregates were analyzed per condition. Asterisks indicate significant differences by student’s t-test (**p < 0.01, ***p <
0.001; no sign for no significant difference). (c) Time-lapse images of THP-1 cells within the 3D matrix of a sample cultured for 3 days. (d) Change in
the size of cell aggregates in the 3D matrix over time. The size of the cell aggregates increased over time. The line indicates the average values of
the area of cell aggregates. Error bars reflect the values of all cell aggregates in time-lapse imaging (n = 7; for COL, n = 8; for HA-COL).
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Fig. 2 Formation spontaneous M2-like polarity of THP-1 cells in hyaluronic acid (HA)-rich environment. (a) Relative gene expression (normalized to
COL) of M1 (TNFA, IL6, and IL1B) and M2 (CD163, IL10, and CCL22) polarity markers in the collagen only (COL) and HA-mixed collagen (HA-COL)
matrix after 7 day cultivation (b) relative gene expression (normalized to COL) of M1 and M2 polarity markers depending on the status of HA after 7
day cultivation (n = 4-6; asterisks indicate significant differences by student’s t-test (*p < 0.05, **p < 0.01, no sign for no significant difference).

Next, we investigated the effect of the HA matrix on indu-
cing polarity of THP-1 cells in the 3D microenvironment.
THP-1 cells were cultured for 7 days in COL and HA-COL
matrices, and changes in polarity were analyzed. As representa-
tive markers, we examine the expression of the pro-inflamma-
tory cytokines tumor necrosis factor (TNF)-a, interleukin (IL)-6,
and IL-1f to identify the M1 phenotype,”®*® and the immuno-
suppressive receptor, cytokine, and chemokines IL-10, CD163,
and CCL22 for the M2 phenotype.”®*° For the M1 markers, the
THP-1 cells grown in COL matrix expressed more TNFA, IL6,
and IL1B than those in the HA-COL matrix (Fig. 2A). By con-
trast, regarding the M2 markers, the expression of CD163, IL10
and CCL22 was significantly upregulated in cells within the
HA-COL matrix, by 3.7-, 1.8-, and 1.9-fold, respectively, com-
pared with the cells within the COL matrix.

We then compared the polarity-related gene expression of
THP-1 cells cultured within COL matrix supplemented with
HA-containing culture medium (COL matrix + soluble HA) and
HA-COL matrix, to confirm the effects of HA as a soluble factor
regulating polarity. Regarding the M1 markers, there was no
difference in the relative messenger RNA (mRNA) expression of
the cells between the two matrices (Fig. 2B). By contrast, the
expression of the M2 markers was significantly upregulated in
the cells cultured in HA-COL matrix, compared with COL
matrix containing soluble HA. The expression of the
M2 markers CD163, IL10 and CCL22 of THP-1 cells in the
HA-COL matrix was 3.3-, 3.4-, and 1.3-fold higher, respectively,
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than that of the cells within the COL matrix containing soluble
HA. Therefore, the THP-1 cells grown in the HA-COL matrix
showed elevated expression of M2 markers, indicating spon-
taneous induction of M2-like polarity in the HA-rich ECM
environment. Moreover, the M2-like polarity of THP-1 cells was
enhanced within the insoluble HA component incorporated
into the crosslinked COL matrix compared with the COL
matrix containing a solubilized HA component.

To investigate the mechanism underlying the spontaneous
induction of M2-like polarity in the HA-COL matrix, we first
confirmed the expression of the HA receptors CD44 and Toll-
like receptor 4 (TLR4) to examine the receptor binding to the
HA matrix.”"*' When we immunostained the THP-1 cells for
CD44, TLR4, and nuclei, strong fluorescent signals from both
CD44 and TLR4 were detected in cells in the HA-COL matrix
compared with cells in the COL matrix (Fig. 3A). To quantify
the CD44 expression of THP-1 cells, we analyzed the percen-
tages of CD44-positive cells in the COL and HA-COL matrix by
flow cytometry. As expected, the fraction of CD44-positive cells
was significantly higher in the HA-COL matrix, by 3.5-fold,
compared with the COL matrix (Fig. 3B). These results were
confirmed in the gene expression analysis (Fig. 3C). The HA
receptors CD44 and HA-mediated motility receptor (HMMR)
were upregulated in THP-1 cells within HA-COL (both by 2.1-
fold). Interestingly, depending on the HA solubility, the
expression of CD44 and HMMR in THP-1 cells was 1.9-fold
higher in the HA-COL matrix than in the COL matrix contain-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Characterization of THP-1 cell within COL and HA-COL matrices (a) representative immunofluorescent images of THP-1 cells within the 3D
matrix after growth for 7 days. Green, TLR4; red, CD44; and blue, nucleus (scale bar = 50 um). (b) Flow cytometric analysis of CD44 expression, and
histogram of CD44 positive cell percentage of COL, HA-COL, respectively. (c) Relative gene expression (normalized to COL) of HA receptors (CD44
and HMMR) depending on the presence of HA. (d) Relative gene expression (normalized to COL) of HA receptors (CD44 and HMMR) depending on
the status of HA (n = 4—-6; asterisks indicate significant differences by student'’s t-test, *p < 0.05, no sign for no significant difference) (e) proposed
pathway for CD44-mediated M2 polarity. (f) Western blot analysis of THP-1 cells within two-dimensional (2D) and 3D matrices. CD44 and the total
and phosphorylated forms of signal transducer and activator of transcription 3 (STAT3).

ing soluble HA (Fig. 3D). From these results, we confirmed
that CD44 plays a prominent role as a major HA receptor in
the HA-COL matrix.

Since CD44 is involved in regulating immune cell pheno-
types, especially monocyte differentiation,*” we postulated that
the elevated CD44 expression in the THP-1 cells within the
HA-COL matrix was associated with the induction of M2
polarity via activation of the transcription factor signal trans-
ducer and activator of transcription-3 (STAT3). In fact, acti-
vation of STAT3 is strongly related to the regulation of macro-
phage polarity.** Therefore, we verified the CD44-mediated
activation of STAT3, as suggested in (Fig. 3E). Western blotting
indicated that the phosphorylated form of STAT3 is elevated in
the THP-1 cells grown in the HA-COL, along with increased
expression of CD44 (Fig. 3F and Fig. S41). This suggests that

This journal is © The Royal Society of Chemistry 2019

the induction of M2-like polarity in THP-1 cells is triggered by
CD44-mediated STAT3 activation within an HA-rich ECM
environment, directing cells toward an immunosuppressive,
pro-tumorous phenotype.

Finally, we confirmed the effect of the HA-rich ECM
environment on regulating polarity under the chemical induc-
tion of THP-1 cells from monocytes to macrophages. For this
purpose, we first treated the THP-1 cells with phorbol-12-myr-
istate-13-acetate (PMA) (200 ng mL™") for 48 h. Next, we incor-
porated lipopolysaccharide (LPS) (100 ng mL™") for M1 polariz-
ation and IL-4/IL-13 (20 ng mL™') for M2 polarization in
culture medium respectively, following the conventional differ-
entiation protocol.>*?” Compared with the morphology of
THP-1 cells before polarization (MO0) in a 2D environment, we
observed that the morphologies of both M1- and M2-differen-
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MO

M1 M2

|

o

o

-

(@]

Q

<

T

.- F-actin Nucleus
B s . Cz e N 3 M12D
54 | ] ] 1201 5 coL
§ . EE HA-COL
g8 | e - 90- B
3 "
= 1-H IJ_‘ 2 14 60
(74
£ * 1 8-
A0y i e
& 0 0 0 0 ol =
TNFA IL6 IL1B CD163 IL10 CCL22
M1 markers M2 markers
D E
£ 207 41 R 2 N —=— 8 — 21 =3 m220
'g * dedkedk *kk . : COL
g 154 34 6 Em HA-COL
x 2- *kk
2 10 24 4 o ==
['4
£ 1
K 0- 0 i~c 0 0- L
TNFA IL6 IL1B CD163 IL10 CCL22
M1 markers M2 markers

Fig. 4 Differentiation of THP-1 cells within the 3D matrix. (a) Morphology of differentiated THP-1 cells in a 3D matrix after 5-day culture (scale bar
=100 pm). (b), (c) Relative gene expression (normalized to M1 in 2D control) of M1 (TNFA, IL6, and IL1B) and M2 (CD163, IL-10, and CCL22) polarity-
related genes in the M1 induction sample. (d), (e) Relative gene expression (normalized to M2 2D control) of M1 (TNFA, IL6, and IL1B) and M2 (CD163,
IL-10, and CCL22) polarity-related genes in the M2 induction sample by qRT-PCR (n = 4-6; asterisks indicate significant differences by student’s
t-test, *p < 0.05, **p < 0.01, ***p < 0.001; no sign for no significant difference).

tiated THP-1 cells in the 2D environment became elongated
after full differentiation (Fig. S51). In comparison, in both 3D
matrices, both M1- and Mz2-differentiated THP-1 cells
remained dissociated at the single-cell level after full differen-
tiation (Fig. 4A), with high viability (Fig. S67).

After the differentiation of THP-1 cells into M1 and M2 phe-
notypes, we investigated the polarity-related markers using
gene expression analysis. For the M1-polarized THP-1 cells, the
M1-polarity-related genes TNFA, IL6, and IL1B were downregu-
lated within the HA-COL matrix compared with the COL
matrix (Fig. 4B). In comparison, we observed upregulated
expression of the M2-polarity-related genes CD163, IL10, and

2268 | Biomater. Sci., 2019, 7, 2264-2271

CCL22 in the HA-COL matrix (Fig. 4C). In M1-differentiated
THP-1 cells, the relative mRNA expression levels of
M1 markers (IL6 and IL1B) was downregulated 1.2- and 2.1-
fold, and that of the M2 markers (IL10 and CCL22) was upregu-
lated 8.8- and 48-fold in the HA-COL matrix. However, the M2-
polairzed THP-1 cells expressed more M2 markers within the
HA-COL matrix, but fewer M1 polarity markers, compared with
THP-1 cells in COL matrix (Fig. 4D and E). With the differen-
tiation of THP-1 cells into M2 polarity, the relative mRNA
expression of M1 markers (IL6 and IL1B) was decreased 3.8-
and 1.4-fold, and that of M2 markers (CD163, IL10, and
CCL22) was upregulated 2.2-, 6.8-, and 1.6-fold, respectively, in

This journal is © The Royal Society of Chemistry 2019
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the HA-COL matrix compared with the COL matrix.
Consequently, we confirmed that even polarity-controlled
THP-1 cells were strongly influenced by an HA-rich ECM
environment, indicating that macrophage polarization to the
M2 phenotype is dramatically enhanced in HA-COL despite
induction of differentiation toward M1 polarity.

Based on our findings, an HA-rich ECM environment plays
a crucial role in controlling macrophage polarity toward an
immunosuppressive phenotype. Unlike most studies focusing
on the role of tumor cells in regulating the immune
polarity,*?%3° our study addressed the importance of the
ECM environment for tuning immune polarity. Therefore, our
results are evidences for control of the polarity of immune
cells via the interaction with the ECM environment, potentially
suggesting new therapeutic targets for tumor-associated
immune cells.

Conclusion

In this study, our ultimate objective was to verify the effects of
an HA-rich ECM environment on regulating monocyte/macro-
phage polarity. Using a 3D HA-COL matrix, we demonstrated
that THP-1 cells within a 3D HA-rich matrix environment show
spontaneous M2-oriented polarity. Specifically, the main factor
regulating the immune cell behavior, the highly upregulated
CD44 of the THP-1 cells within the HA-rich ECM environment,
triggered the activation of STAT3, inducing M2-like polarity of
macrophages. In this regard, our results suggest that the HA
environment induces a pro-tumor, immunosuppressive M2-
like polarity in monocytes/macrophages. Our findings provide
a better understanding of the crosstalk between an HA-rich
ECM environment and immune cell phenotype. Since it is
evident that HA influences the polarity of monocytes/macro-
phages,'® this suggests a new immunotherapeutic approach
that involves altering the immune cell-ECM interaction.

Experimental section
Cell culture

Human monocyte cell line, THP-1 cell line used in this study
was acquired by Korean cell line bank. THP-1 cells were cul-
tured in RPMI 1640 (Welgene, Korea) supplemented with 10%
Fetal bovine serum (Welgene), 1% penicillin/streptomycin
(Welgene). The cells were incubated at 37 °C in an atmosphere
of 5% CO, and 95% air. Cells were after 3 days and by centrifu-
gation and splitting with 2.0 x 10> cell per ml to respective T
75 flask (SPL, Korea). For further experiments, cells were pas-
saged and resuspended with full media and embedded within
the 3D matrix by mixing with hydrogel solution or seeded in
2D cell culture plate with proper cell density.

Preparation of COL and HA-COL hydrogel

We created the COL and HA-mixed collagen (HA-COL) hydro-
gel. For fabrication of COL hydrogel, high density collagen

This journal is © The Royal Society of Chemistry 2019
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type I from rat tail (Corning) was diluted into 4.0 mg ml™" col-
lagen solutions in distilled water and 1 N NaOH was added to
set the pH to 7.4 for cell culture. For HA-COL, the solution of
sodium hyaluronate (Lifecore Biomedical, USA, 1.01-1.8 MDa)
with concentration 4 mg ml™ was used for diluting solvent,
instead of distilled water used in the process of fabrication of
COL hydrogel.*® Both hydrogels were incubated at 37 °C for
30 min and maintained at 37 °C in an atmosphere of 5% CO,
and 95% air following addition of the cell culture medium in
hydrogel sample.

Encapsulation of THP-1 cells within COL and HA-COL
hydrogel with PDMS mold

To homogenous creation each of the sample, we used PDMS
(Polydimethylsiloxane, Sylgard ® 184, Dow Corning) mold.
PDMS was crossliked with curing agent by ratio of 1:10 and
removed the bubbles with desiccator. After 1 h in oven, PDMS
was punched with biopunch to fabricate the PDMS mold.
Next, by using 3D matrices (COL and HA-COL hydrogel) which
is explained above section, THP-1 cells were embedded in the
3D matrix. For elucidation effects of HA-rich tumorous
environment on cell behavior, THP-1 cells were encapsulated
in 3D matrix. THP-1 cells with appropriate density were pas-
saged and prepared 750 cells per pl cell density to incorporate
into 3D matrix. In COL hydrogel, THP-1 cells were resuspended
with full media and mixed with COL hydrogel solution.
Meanwhile, in HA-COL hydrogel, THP-1 cells were resus-
pended with 4 mg ml™" HA-COL in replacement with full
media and mixed with mixed with HA-COL hydrogel solution.
With these solution, we seeded the hydrogel solution with
THP-1 cells and did gelation in 37 °C for 30 min. Then, PDMS
mold was took off and added culture medium in hydrogel
sample. For analysis effects of HA solubility, we included the
100 pg ml~" HA as soluble component in media. Then we incu-
bated in 37 °C in an atmosphere of 5% CO, and 95% air.

Differentiation of THP-1 cells toward M1 and M2 polarity

THP-1 cells were seeded in dish or 24 well cell culture plate
(SPL) then cells were treated with 200 ng ml™* phorbol 12-myr-
istate 13-acetate (PMA) (Sigma-Aldrich) for 48 h then changed
into full media and incubated during 24 h to 2D and 3D
seeded sample respectively for resting. For M1 differentiation,
cells were treated 100 ng ml~" lipopolysaccharide (LPS) (Sigma-
Aldrich) for 48 h. For M2 differentiation, cells were co treated
20 ng ml~" interleukin (IL)-4 (Peprotech) and 20 ng ml™" inter-
leukin (IL)-13 (Peprotech) for at least 48 h.

Immunocytochemistry (ICC)

Cells within 3D COL and HA-COL matrix for 7 days were fixed
with 4% paraformaldehyde (Biosesang) in PBS for 15 min at
room temperature. Then, cells were permeabilized with 0.3%
Tirton X-100 (Sigma-Aldrich) for 15 min and were blocked with
1% Bovine serum albumin (BSA, Sigma-Aldrich) for 1 h at
room temperature respectively. After treating each of the solu-
tions, samples were washed 3 times with Dulbecco’s
Phosphate-Buffered Saline (DPBS) (Welgene). Cells were incu-
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bated with specific primary antibodies (anti-rabbit CD44
(Abcam), anti-mouse TLR4 (Santa cruz) overnight at 4 °C. After
washing with DPBS at 3 times, cells were incubated with the
secondary antibody for 3 h at room temperature. Then, cells
were treated TRITC-phalloidin (Sigma-Aldrich) to stain F-actin
and DAPI (Sigma-Aldrich) to stain nucleus respectively for
15 min at room temperature.

Time-lapse imaging

For observation of morphology of THP-1 cells within both of
the 3D matrices, we demonstrated the time-lapse imaging for
48 h by confocal microscope (NIKON, Japan). For maintain the
cell culture condition, we used the Live chamber, which can
keep in an atmosphere of 5% CO, and 95% air at 37 °C. Then,
we set the program for live imaging by NIS-Elements software.

Quantitative real-time polymerase chain reaction (QRT-PCR)

For examination of the gene expression of THP-1 cells within
COL and HA-COL matrix, cells were prepared for qRT-PCR
after 7 days. For extraction of mRNA from the sample (at least
n = 4-6 per each group) according to conventional RNA extrac-
tion protocol. By using TRIzol reagent (Ambion), cells were dis-
rupted and mRNAs were extracted then cells were reacted
chloroform (Sigma). After 15 min, mRNAs extracted from each
sample were centrifugated at 16 000 rpm for 10 min mRNAs
were collected into new tubes for RNA precipitation by adding
isopropanol (Sigma-Aldrich) and glycogen (Roche) within
freezing state. Concentration of precipitated mRNAs was
measured by microplate reader (Molecular device). Reverse
transcription was carried out using the cDNA Synthesis kit
(Bio-Rad) with PCR Master Mix (Bio-Rad). Then gene
expression levels of each markers were quantified using signal
amplification of SYBR green (Bio-rad) for markers listed on
table. The gene expression levels were determined with the
comparative Ct method in which the target genes were normal-
ized to the endogenous reference (GAPDH). The forward/
reverse sequences used for qRT-PCR were listed in Table 1.

Flow cytometric (FACS) analysis

THP-1 cells in 2D were harvested by ultra centrifugation.
THP-1 cells in 3D matrix were harvested by adding 200x col-
lagenase (Thermo fisher) in medium for 1 h. Then cells, which
is more than 1 x 10° cells per sample were washed FACS buffer

Table 1 Primer sequences used in qRT-PCR
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(DPBS supplemented with 0.5% BSA and 0.1% sodium azide)
for three times. Next, anti-rabbit CD44 (Abcam) and IgG
isotype (Santa cruz) were treated to sample for 30 min at 4 °C.
After ultra-centrifugation, samples were washed three times by
resuspending the pellet with FACS buffer. Secondary antibody
treated to samples for 30 min at 4 °C. Samples were washed
three times with FACS buffer after ultracentrifugation by resus-
pension of cell pellet. By 4% paraformaldehyde (Biosesang),
samples were fixed for 10 min at room temperature. Samples
were analyzed by FACS (LSR Fortessa). Gates were determined
by un-stained sample of THP-1 cells. Results were compared
with samples with 1gG isotypes control.

Western blot analysis

Proteins were extracted from hydrogel with Protease inhibitor
(100%, Thermo Scientific) and Phosphatase inhibitor (100x,
Thermo Scientific) 1:100 with RIPA buffer (Sigma-Aldrich) fol-
lowing ultra-centrifugation. For measurement of concentration
of protein, Bradford assay was done by using 1:4 diluted
protein assay dye reagent (Bio-rad). And then absorbance at
595 nm was measured with Microplate Reader (Molecular
devices). Protein containing same amount of total protein were
separated on 10% sodium dodecyl sulfate-poly acrylamide gel
electrophoresis (SDS-PAGE) gels. Then separated proteins were
transferred to the nitrocellulose membrane. The membrane was
blocked with 5% Bovine serum albumin (BSA) (Sigma-Aldrich)
and incubated with specific primary antibodies (CD44 (Abcam),
GAPDH (Santa cruz) STAT3 (Santa cruz), pSTAT3 (Y705, Abcam))
at 4 °C. After washing 3 times with TBST solution, which con-
tains Tris-buffered saline and TWEEN 20, membrane was incu-
bated with horseradish peroxidase conjugated secondary anti-
bodies for 1 h at room temperature. Membrane was washed
three times with TBST solution and HRP-conjugated antibodies
reacted with combined stable peroxide solution and luminol
solution (Thermo Scientific) where reaction emitted light at
425 nm. CCD camera and phosphorimagers using chemilumi-
nescence image analyzer (ImageQuant LAS 4000 mini, GE
healthcare) captured emitted light. Quantification of band
intensities was conducted using the Image]J.

Statistical analysis

In all of the statistical analysis, normalization of values from
independent experiments was presented as the mean + standard

Gene Forward primer (5’ - 3') Reverse primer (5 — 3')

hGAPDH GTATGACAACAGCCTCAAGAT AGT CCT TCC ACG ATA CCA AA
hCD44 CTCTCTCCCTCCACTTCAC GCCTAATGTCCAGTTTCTTTCA
hRHAMM GTTTCTGGAGCTGCTCCGTC ACTGGTCCTTTCAATACTTCTAAAGT
hTNFx ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC
hIL-1p CAGCTACGAATCTCCGACCAC GGCAGGGAACCAGCATCTTC

hIL-6 AACCTGAACCTTCCAAAGATGG CTGGCTTGTTCCTCACTACT
hCD163 TTTGTCAACTTGAGTCCCTTCAC TCCCGCTACACTTGTTTTCAC

hIL-10
hCCL22

2270 | Biomater. Sci., 2019, 7, 2264-2271

TCAAGGCGCATGTGAACTCC
ATCGCCTACAGACTGCACTC

GATGTCAAACTCACTCATGGCT
GACGGTAACGGACGTAATCAC
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error of the mean (SEM). Levels of significance for comparisons
between independent samples were analyzed by using Student’s
t-test. Groups were compared by one-way analysis of variance
(ANOVA) with Tukey’s post hoc test applied to significant main
effects. For denotation of statistically difference by p-values,
asterisks (*) were considered when p-value is p < 0.05 (*), p <
0.01 (**), or p < 0.001 (***). All of the analysis of gene expression
level was confirmed through repetition at 3-5 times.
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