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Introduction

Heparan sulfate proteoglycans (HSPGs) are ubiquitous molecules

on the cell surface and matrix in all animal species. They act as re-

Background: Sulfation of heparan sulfate proteoglycans (HSPGs) is critical for the binding and
signaling of ligands that mediate inflammation. Extracellular 6-O-endosulfatases regulate post-
translational sulfation levels and patterns of HSPGs. In this study, extracellular 6-O-endosulfa-
tases, sulfatase (Sulf)-1 and Sulf-2, were evaluated for their expression and function in inflam-
matory cells and tissues.

Methods: Harvested human peripheral blood mononuclear cells were treated with phytohemag-
glutinin and lipopolysaccharide, and murine peritoneal macrophages were stimulated with inter-
leukin (IL)-1B for the evaluation of Sulf-1 and Sulf-2 expression. Sulf expression in inflammatory
cells was examined in the human rheumatoid arthritis (RA) synovium by immunofluorescence
staining. The antigen presentation and phagocytic activities of macrophages were compared ac-
cording to the expression state of Sulfs. Sulfs-knockdown macrophages and Sulfs-overexpressing
macrophages were generated using small interfering RNAs and pcDNA3.1 plasmids for Sulf-1
and Sulf-2, respectively.

Results: Lymphocytes and monocytes showed weak Sulf expression, which remained unaffected
by IL-1B. However, peritoneal macrophages showed increased expression of Sulfs upon stimula-
tion with [L-1p. In human RA synovium, two-colored double immunofluorescent staining of Sulfs
and CD68 revealed active upregulation of Sulfs in macrophages of inflamed tissues, but not in
lymphocytes of lymphoid follicles. Macrophages are professional antigen-presenting cells. The
antigen presentation and phagocytic activities of macrophages were dependent on the level of
Sulf expression, suppressed in Sulfs-knockdown macrophages, and enhanced in Sulfs-overex-
pressing macrophages.

Conclusion: The results demonstrate that upregulation of Sulfs in macrophages occurs in re-
sponse to inflammation, and Sulfs actively requlate the antigen presentation and phagocytic ac-
tivities of macrophages as novel immune regulators.
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ceptors, co-receptors, reservoirs, or inhibitors of various ligands,
and have many biological implications by binding to growth fac-
tors, cytokines, chemokines, adhesion molecules, extracellular ma-

trix components, degradative enzymes, protease inhibitors, and
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proteins involved in lipid metabolism [ 1].

Accumulating evidence suggests that various proinflammatory
cytokines can upregulate the surface expression of specific HSPGs
and heparin/heparan sulfates (HS), which participate in inflamma-
tory responses and modulate the interactions with leukocytes [2].
Upon binding to cell surfaces, matrix proteins, and soluble ligands,
HSPGs can regulate inflammatory cell maturation and activation,
leukocyte rolling, adhesion, extravasation, and chemotaxis [3].

The biological functions of HSPGs can be attributed to the spe-
cialized structures within the HS moieties [4]. Posttranslational
modifications of HSPGs, such as sulfation, give rise to the molecu-
lar diversity and heterogeneity of HSPGs. Cytokines and chemok-
ines bind selectively to the substructures of HSPGs, which deter-
mine the specificity of leukocyte recruitment [ 5-8]. Sulfation of
HSPGs s critical for binding and signaling of the ligands that me-
diate inflammation and is essential for leukocyte rolling and adhe-
sion to regulate inflammation [9]. Antigen-specific B cell differen-
tiation can also be affected by the size of glycosaminoglycans
(GAGs) and sulfation of HSPGs [10-12].

The pattern of HSPG sulfation is enzymatically modified by var-
ious sulfotransferases and sulfatases (Surfs). Surfs, which are en-
zymes of the esterase class, catalyze the hydrolysis of sulfate esters
and participate in the degradation and modulation of sulfated
GAGs in the lysosome [ 13]. Extracellular 6-O-endosulfatases, re-
cently identified as Sulf-1 and Sulf-2 aryl-sulfatases, regulate post-
translational sulfation levels and patterns of HSPGs in extracellular
compartments. They selectively remove 6-O-sulfate groups from
HSPGs via intramolecular hydrolysis and rearrangement [ 14-17].

Alarge amount of data is available regarding HSPGs related to
inflammation; however, the effects of modification by sulfation re-
main unclear. This study was conducted to investigate the cellular

expression of Sulfs and their role in inflammation.

Materials and methods

1. Reagents

Easy-blue total RNA extraction kit for total RNA isolation was pur-
chased from iNtRON Biotechnology (Seoul, Korea). Dulbecco’s
phosphate-buffered saline, penicillin-streptomycin, and fetal bo-
vine serum (FBS) were purchased from Gibco/BRL (Life Tech-
nologies, Gaithersburg, MD, USA). Ovalbumin (OVA), phyto-
hemagglutinin (PHA), and lipopolysaccharides (LPS) were ob-
tained from Sigma-Aldrich Co. (St. Louis, MO, USA). Interleukin
(IL)-1p and monocyte chemotactic protein-1 (MCP-1) were ob-
tained from R&D Systems (Minneapolis, MN, USA). The Qiagen
Mini kit was purchased from Qiagen Sciences (Germantown, MD,
USA). LightCycler FastStart DNA SYBR Green I Mix was obtained
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from Roche (Mannheim, Germany). Rabbit anti-human Sulf-1
polyclonal antibody and rabbit anti-human Sulf-2 were purchased
from Santa Cruz Biotechnology (CA, USA). Antibodies against
CD68 were purchased from Abcam Inc. (Cambridge, MA, USA);
goat anti-mouse immunoglobulin G (IgG) Alexa Fluor 488, goat
anti-rabbit IgG Alexa Fluor 546, rabbit anti-goat IgG Alexa Fluor
546, normal goat serum, and normal rabbit serum from Invitrogen
Corp. (Carlsbad, CA, USA). Primer sequences for Sulf-1, Sulf-2,
and f-actin were synthesized by Bionics (Daejeon, Korea). Sulf-1
and Sulf-2 small interfering RNA (siRNA) sequences were pur-
chased from Santa Cruz Biotechnology. Negative control siRNA
was purchased from Invitrogen (Carlsbad). pcDNA3.1(~) vector
for transfection was obtained from Invitrogen Life Technologies
(Carlsbad, CA, USA). pcDNA3.1/myc-His(-) Sulf-1 and pcD-
NA3.1/myc-His(-) Sulf-2 from Addgene Inc. (Cambridge, MA,
USA).

2. Procurement of rheumatoid arthritis synovial tissues
and immunofluorescence staining

With informed consent, synovial tissues were obtained from pa-
tients with rheumatoid arthritis (RA) who underwent total knee
replacement surgery at Yeungnam University Medical Center. A
CD68 primary antibody specific to macrophages and anti-Sulf-1,
Sulf-2 primary antibodies were applied in parallel for immunofluo-
rescence after pretreatment for paraffin sections and blocking. Af-
ter overnight incubation with the primary antibodies at 4°C, the
sections were treated with the respective secondary antibodies la-
beled with fluorescence for 30 minutes avoiding light at room tem-
perature. Cell nuclei were counterstained with Hoechst 33258 di-
luted at 1:5,000 in distilled water for 2 minutes protected from
light at room temperature. Expression of Sulf-1, Sulf-2, and CD68
was observed using a fluorescence microscope, and the images
were merged for double staining using Photoshop 7.0 (Adobe Sys-
tems Inc., San Jose, CA, USA).

3. Human peripheral blood mononuclear cells preparation
Peripheral blood mononuclear cells (PBMCs) were isolated by en-
dotoxin-free Ficoll-Paque PLUS centrifugation (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) from buffy coats obtained
from healthy adult blood donors at Yeungnam University Medical
Center. PBMCs were cultured at a cell concentration of 10° cells/
mL in RPMI 1640 medium (Lonza, Basel, Switzerland) supple-
mented with 10% FBS and 1% penicillin-streptomycin. Prior to
stimulation, plates were incubated for 1.5 hours (37°C, 5% CO,,
100% humidity).
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4. Mouse peritoneal macrophage preparation

Specific pathogen-free, 7-week-old inbred BALB/c mice (six mice,
three experiments/ mouse) were purchased from Central Lab Ani-
mal Inc. (Seoul, Korea). The utmost precautions were taken to en-
sure that the mice remained free from infection by environmental
pathogens. The mice were cared for in accordance with the princi-
ples of the Guide to the Care and Use of Experimental Animals of
Yeungnam Medical Center. Peritoneal macrophages were obtained
by lavage using Hanks’ balanced salt solution (HBSS) 4 days after
injection with 2 mL of 4% thioglycollate medium (BBL-Becton
Dickinson, Cockeysville, MD, USA). Macrophages in complete
medium (RPMI 1640 supplemented with 1% penicillin-strepto-
mycin and 10% FBS) were plated in six well tissue culture plates,
incubated for 2 hours at 37°C in an atmosphere of 5% CO,, and
then washed three times with HBSS to remove any non-adherent
cells. Macrophages were cultured overnight in a complete medium
at 37°Cin 5% CO,. The medium was then replaced with se-
rum-free RPMI 1640, and the cells were cultured in the presence
or absence of stimuli for the indicated times.

S. Sulf-1, Sulf-2 knockdown

Macrophages were transfected with Sulf-1 and Sulf-2 siRNA oligo-
mers (50 nmol/L) using Lipofectamine 2000 (Thermo Fisher Sci-
entific, Waltham, MA, USA) in accordance with the manufactur-
er’s instructions. After 24 hours of incubation, the macrophages
were placed in a growth medium for 24 hours before the experi-

ments.

6. Sulf-1, Sulf-2 overexpression

pcDNA3.1, pcDNA3.1/Sulf-1, and pcDNA3.1/Sulf-2 plasmids
were amplified after transformation into MAX Efficiency DHSa-
Competent cells on LB medium with 100 pg/mL ampicillin. The
amplified plasmids were purified from cell Iysates using the Qiagen
Mini kit, according to the manufacturer’s instructions. One micro-
gram of each complementary DNA (cDNA) was transfected into
macrophages using 2.5 pL of Lipofectamine 2000 reagent diluted
in Opti-MEM (Thermo Fisher Scientific) separately.

7. Antigen presentation assay

Macrophages were cultured with OVA (2 mg/mL) for 24 hours. T
cell hybridomas (DO-11-10, 10° cells/well) were added, and the
cultures were incubated for 48 hours. The cultures were then cen-
trifuged at 1,000 x g, followed by the removal of 100 pL of the su-
pernatant. The cell supernatant fluids were assayed for IL-2 activi-
ty immediately or frozen at —70°C until use. The supernatant fluids
were assayed for the presence of IL-2 using the IL-2 dependent
CTLL-2 cell line. CTLL-2 cells (10* cells/ well) were added to
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100 pL of culture supernatant and incubated for 40 hours. The cul-
tures were then pulsed overnight with [*H]-thymidine (1 uCi/
well) (Perkin Elmer, Boston, MA, USA). [*H]-Thymidine-labeled
cells were collected, and radioactivity was measured using a Pack-

ard scintillation counter (Packard Instrument Co., Meriden, CT,

USA).

8. Phagocytosis assay

Mouse peritoneal macrophages were transfected with siRNA
oligomers or control plasmid DNA. After 24 hours of incubation, a
phagocytosis assay using a Cytoselect 96-well phagocytosis assay
kit was performed according to the manufacturer’s instructions
(Cell Biolabs, San Diego, CA, USA). Images of phagocytic macro-
phages were taken with a Leica DFC 495 camera (Leica Microsys-
tems, Cambridge, UK) mounted on a Nikon microscope (Eclipse
TE300; Nikon, Tokyo, Japan) at 200 x magnification.

9. Real-time polymerase chain reaction

Total RNA was extracted using the easy-BLUE Total RNA Ex-
traction Kit (iNtRON Biotechnology, Seoul, Korea) according to
the manufacturer’s instructions. One microgram of total RNA per
sample was reverse-transcribed using a Maxime RT premixkit (iN-
tRON Biotechnology, Daejeon, Korea) according to the manufac-
turer’s instructions. cDNA synthesis was performed at 45°C for 60
minutes, followed by real-time (RT) inactivation at 95°C for S
minutes. Sulf-1 and Sulf-2 were amplified by RT polymerase chain
reaction (PCR) using a LightCycler (Roche). The total PCR vol-
ume was 20 pL, and each PCR reaction consisted of LightCycler
FastStart DNA SYBR Green I mix (Roche), primer, and 2 pL of
cDNA. Prior to PCR amplification, the mixture was incubated at
9°C for 10 minutes. The amplification step consisted of 45 cycles
of denaturation (10 seconds at 95°C), annealing (S seconds at the
primer-appropriate temperature), and extension (10 seconds at
72°C) with fluorescence detection at 72°C after each cycle. After
the final cycle, melting point analyses of all samples were per-
formed over a temperature range of 65°C-95°C with continuous
fluorescence detection. 3-Actin was used as a reference gene for the
normalization of sample expression levels. The primers used for
PCR were as follows: Sulf-1 (195 bp) sense, S"-tgctgaacagtcaccct-
gatccaa-3’; antisense, S-tcagatgcagggtttggagettga-3'; Sulf-2 (195
bp) sense, S'-tcaaagtgacccatcggtgctaca-3’, antisense, S-agtcacat-
tettccggtegettet-3'; and B-actin (148 bp) sense, S-agagggaaatcgtgc-
gtgac-3', antisense, 5'-caatagtgatgacctggecgt-3”. The mRNA levels
of Sulf-1 and Sulf-2 were determined by comparing experimental
levels to standard curves and were expressed as relative fold expres-

sion levels.
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10. Western blotting

Total lysates were prepared in PRO-PREP buffer (iNtRON Bio-
technology, Seoul, Korea). Protein concentrations were deter-
mined by Bradford assay (Bio-Rad, Hercules, CA, USA) using bo-
vine serum albumin as a standard. Twenty micrograms of protein
samples were separated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred onto nitrocellulose
membranes. Membranes were soaked in 5% non-fat dried milk in
TBST (10 mmol/L Tris/HCl pH 7.5, 150 mmol NaCl, and 0.05%
Tween-20) for 1 hour, followed by incubation for 16 to 18 hours
with primary antibodies against Sulf-1, Sulf-2, and p-actin at 4°C.
Membranes were then washed three times with TBST for 10 min-
utes, followed by incubation with horseradish peroxidase-conju-
gated secondary antibody for 1 hour at room temperature. Finally,
membranes were rinsed three times with TBST for 10 minutes,
and antigen-antibody complexes were detected using an enhanced

chemiluminescence detection system (LAS-3000; Fujifilm, To-

kyo, Japan).

11. Statistical analyses

Statistical analysis was performed using SPSS version 12.0 (SPSS
Inc., Chicago, IL, USA). Independent sample t-test was used for
parametric analysis, and Mann-Whitney test was used for nonpara-
metric analysis with a confidence interval of 95% and p-value of
<0.0S.

Results

HSPGs are involved in signal transduction and may play a role in
inflammation. The effects of HSPGs can be modified by the sulfa-
tion pattern and level, which is posttranslationally regulated by
Sulf-1 and Sulf-2.

In this study, we evaluated Sulf-1 and Sulf-2 expression in inflam-
matory cells. After harvesting PBMCs from healthy volunteers, the
cells were treated with PHA and LPS to activate lymphocytes and
monocytes, respectively. Regarding tissue macrophages, murine
peritoneal macrophages were stimulated with IL-1, the key proin-
flammatory cytokine, and MCP-1, which regulates the migration
and infiltration of monocytes and macrophages. Normal
non-treated (NT) PBMCs showed weak expression of Sulfs,
showing faint bands on western blot (WB), whereas IL-1p-stimu-
lated SW1353 showed increased expression of Sulf-1 and Sulf-2 as
a positive control. Compared with the NT control, human lym-
phocytes and monocytes showed no change in Sulf expression
upon in vitro activation. However, murine peritoneal macrophages
showed increased expression of Sulf-1 and Sulf-2 following stimu-
lation with IL-1p (Fig. 1A).

https://doi.org/10.12701/yujm.2021.01025

The effects of inflammation on the expression of Sulf-1 and Sulf-
2 in inflammatory cells were examined in the human RA synovi-
um. RA synovial tissues showed chronic inflammatory reactions of
active proliferative villi, hyperplastic fibroblast-like synoviocytes
(FLSs) invading sublining tissues, densely infiltrated inflammatory
cells forming lymphoid follicles, increased vasculature, thickened
interstitium, and fibrosis. Synovial macrophages were recognizable
as CD68 positive cells infiltrated into the sublining layers. Lym-
phocytes and mononuclear cells were identified as CD68 negative
cells of small nuclei clustered in lymphoid follicles. Two-colored
double immunofluorescence staining of Sulfs and CD68 was per-
formed to verify the inflammatory cells expressing Sulf-1 and Sulf-
2 in RA synovial tissue.

RA synovial tissues were incubated with anti-CD68 antibody,
followed by incubation with Alexa Fluor 488 conjugated second-
ary antibody. CD68 positive cells emitting bright green were de-
tected as tissue macrophages. The synovial tissues were also treat-
ed with anti-Sulf-1 and anti-Sulf-2 primary antibodies, and Alexa
Fluor 546 conjugated secondary antibody demonstrated Sulf-1
and Sulf-2 emitting orange to red under fluorescence microscopy.
Hoechst 33258 was used for counterstaining the nuclei to indicate
the cellular expression of the molecules in the synovium.

Sulf-1- and Sulf-2 positive cells were widely distributed through-
out the lining and sublining layers of inflamed RA synovium,
which included FLSs and macrophages. Merged images revealed
synovial macrophages colored bright yellow as a result of dual posi-
tive staining of CD68 and Sulfs. Macrophages were densely infil-
trated in the sublining layer (Fig. 1B, upper panel). However, lym-
phoid follicles composed of small lymphocytes were completely
negative for both CD68 and Sulfs (Fig. 1B, lower panel).

The results demonstrate that circulating and tissue lymphocytes
or monocytes are not reactive for Sulf expression in response to
proinflammatory stimuli and inflammation. In contrast, macro-
phages stimulated and differentiated in inflamed tissues showed ac-
tive upregulation of Sulf-1 and Sulf-2.

Based on the Sulf expression of inflammatory cells, this study
aimed to evaluate the roles of macrophage Sulf-1 and Sulf-2 in in-
flammation. Macrophages are the prime scavenger and anti-
gen-presenting cells (APC) that participate in the initiation of in-
flammatory and immune responses. Sulfs-related functional
changes in macrophages were analyzed using an antigen presenta-
tion assay with the regulation of Sulf expression in murine perito-
neal macrophages.

Sulf expression in macrophages was knocked down using siR-
NAs against Sulf-1 and Sulf-2 and upregulated by transfection with
pcDNA3.1/Sulf-1 and pcDNA3.1/Sulf-2 plasmids. Downregula-
tion of Sulf gene transcription by Sulf-1 and Sulf-2 siRNAs in mac-
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Fig. 1. Sulfatase (Sulf) expression in the inflammatory cells with proinflammatory stimuli and tissue inflammation. Murine peritoneal
macrophages show increased expression of Sulf-1 and Sulf-2 upon stimulation with interleukin (IL)-1B. (A) However, normal non-treated
(NT) peripheral blood mononuclear cells (PBMCs) show weak expression of Sulfs and no change in Sulf expression by in vitro activation
with phytohemagglutinin and lipopolysaccharides (LPS) (SW1353, a cell line, as positive control) (two-colored double immunofluores-
cence stain, x200). (B) Rheumatoid arthritis (RA) synovial tissues show chronic inflammatory reactions. Synovial macrophages as CD68
positive cells infiltrated in sublining layers. Lymphocytes as the CD68 negative cells of small nuclei clustered in lymphoid follicles. (B, up-
per panel) Two-colored double immunofluorescence staining of Sulfs and CD68 revealed synovial macrophages colored bright yellow as
the result of dual positive staining of CD68 and Sulfs. (B, lower panel) However, lymphocytes are completely negative for both CD68 and
Sulfs (two-colored double immunofluorescence stain, x200). MCP-1, monocyte chemotactic protein-1.
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Fig. 2. Macrophage sulfatase (Sulf) expression was knocked down using small interfering (si) RNAs against Sulf-1 and Sulf-2, and up-
regulated by transfection with pcDNA3.1/Sulf-1 and pcDNA3.1/Sulf-2 plasmids. (A) Downregulation of Sulf gene transcription in macro-
phages transfected with Sulf-1 and Sulf-2 siRNAs, as compared with non-treated (NT) and siRNAs controls, was confirmed by real-time
polymerase chain reaction. (B) Overexpression of Sulf-1 and Sulf-2 in macrophages transfected with pcDNA3.1/Sulf-1 and Sulf-2 plas-
mids, as compared with those of NT and pcDNA3.1 controls, was confirmed by western blot. *p<0.01.

rophages was confirmed by RT-PCR (Fig. 2A). Overexpression of
Sulf-1 and Sulf-2 in macrophages by pcDNA3.1/Sulf-1 and Sulf-2
plasmid transfection was evident on WB (Fig. 2B).

For the antigen presentation assay, murine peritoneal macro-
phages were cultured with OVA, followed by measurement of
[*H]-thymidine radioactivity incorporated into IL-2 dependent
CTLL-2 cells. Macrophages with Sulf-1 or Sulf-2 suppression
showed significantly lower [*H]-thymidine radioactivity compared
to controls (control and siControl, respectively). The decrease in
radioactivity was more prominent by Sulf-1 suppression than by
Sulf-2 suppression (control: 634,280.6 + 44,596.36 counts per min-
ute [cpm], siControl: 656,073.1+£56,295.45 cpm, siSulf-1:
408,304.3 £27,941.08 cpm, siSulf-2: 531,577.8 +37,844.28 cpm;
values are mean * standard deviation [SD], respectively) (Fig. 3A).

The same experiment was performed in macrophages overex-
pressing Sulf-1 or Sulf-2 to confirm the effects of Sulfs on antigen
presentation by macrophages. After incubation with OVA, murine
peritoneal macrophages were assessed for antigen-presenting func-
tion as [ *H]-thymidine radioactivity of IL-2 dependent CTLL-2
cells. Macrophages overexpressing Sulf-1 or Sulf-2 showed signifi-
cantly higher [*H]-thymidine radioactivity than controls (control
and pcDNA3.1, respectively). The increase in radioactivity was
more prominent by Sulf-1 overexpression than by Sulf-2 overex-
pression (control: 419,426.67 +7,843.9 cpm, pcDNA3.1:
421,824 +4,545.04 cpm pcDNA3.1 (Sulf.1): 870,695.67+15,042.13
cpm, pcDNA3.1 (Sulf-2): 664,237.67 £29,535.9 cpm; values are
mean t SD), respectively) (Fig. 3B). The results showed an inverse
correlation with the results of the antigen presentation assay with
Sulfs-knockdown macrophages.

The antigen presentation studies coherently suggest that Sulfs of
macrophages may take part in antigen presentation and play a role
in initiating immune and inflammatory responses. These effects

https://doi.org/10.12701/yujm.2021.01025

were more prominent with Sulf-1.

Antigen presentation by macrophages involves a wide range of
responses initiated by pattern recognition and phagocytosis.
Therefore, macrophage phagocytic activity was assessed by regu-
lating Sulf-1 and Sulf-2 expression in the same manner as that in
the antigen presentation assay. Murine peritoneal macrophages
were treated with siRNAs or pcDNA3.1 plasmids to suppress or
enhance Sulf expression, respectively (Fig. 2).

Macrophages were cultured with zymosan, and the number of
zymosan granules engulfed by macrophages was compared using
microscopic images. Sulfs-knockdown macrophages showed
marked suppression of zymosan phagocytosis compared to con-
trols (Fig. 4A, upper panel). Macrophages overexpressing Sulfs
showed brisk phagocytic activity against zymosan (Fig. 4A, lower
panel), which was completely opposite to the Sulfs-knockdown
macrophages. In addition to the microscopic images, phagocytosis
of zymosan by macrophages was analyzed quantitatively by mea-
suring the absorbance at 450 nm using spectrophotometry. The
absorbance of Sulfs-knockdown macrophages was significantly
lower than that of controls (zymosan+control and zymosan-+si-
Control, respectively) (control: 1.28 +0.04 absorbance unit [AU],
zymosan+cytochalasin D: 1.49+0.03 AU, zymosan+control:
2.23+0.05 AU, zymosan+siControl: 2.07 +£0.03 AU, zymosan+
Sulf-1 siRNA: 1.6 +0.1 AU, zymosan+Sulf-2 siRNA: 1.74+0.09
AU; values are mean + SD, respectively). Inversely, Sulfs- overex-
pressing macrophages showed higher absorbance compared with
controls (zymosan+control and zymosan+pcDNA3.1, respective-
ly) (control: 1.28 +0.04 AU, zymosan+cytochalasin D: 1.49 +0.03
AU, zymosan+control: 2.23+0.05 AU, zymosan+pcDNA3.1:
2.19+0.03 AU, zymosan+pcDNA3.1 [Sulf-1]: 2.97 £0.07 AU,
zymosan+pcDNA3.1 [Sulf-2]: 2.78 £0.08 AU; values are mean
+SD, respectively). The effects of Sulfs on macrophage phagocyto-
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Fig. 3. Antigen presentation assay with modification of sulfatase (Sulf) expression. Murine peritoneal macrophages were cultured with
ovalbumin. (A) Macrophages with Sulf-1 or Sulf-2 suppression show significantly lower [*H]-thymidine radioactivity incorporated into inter-
leukin-2 dependent CTLL-2 cells as compared with controls. (B) Macrophages with upregulation of Sulf-1 or Sulf-2 show significantly higher
[’H]-thymidine radioactivity compared with controls. The [*H]-thymidine radioactivity is reciprocal by Sulf suppression and overexpression.
The changes in radioactivity are more prominent with Sulf-1 regulation than with Sulf-2. cpm, counts per minute. *p<0.01.

sis were more prominent with Sulf-1 compared to Sulf-2 (Fig. 4B).
The results of the macrophage phagocytosis assay with modifi-
cation of Sulf expression were consistent with the results of
Sulfs-regulated antigen presentation by macrophages. This may be
evidence of the critical involvement of Sulf-1 and Sulf-2 in inflam-
matory and immune responses regulating macrophage phagocyto-

sis and antigen presentation.

Discussion

HSPGs are extracellular matrix glycoproteins modified with spe-
cific HS polymers [ 18]. HS is a linear polysaccharide of a variably
sulfated repeating disaccharide (GAG). Covalently linked to vari-
ous core proteins, one or more HS chains comprise extraordinarily
heterogeneous structures of HSPGs. The cell-surface HSPG mole-
cules are classified into four groups; syndecans, glypicans, betagly-
cans, and CD44 family proteins. In addition, the sulfation pattern
and level of HSPGs at four different sites (N-, 3-O, and 6-O of glu-
cosamine and 2-O of uronic acid) give rise to molecular diversity
[19].

Regarding HSPGs related to infection/inflammation, HSPG is
rarely expressed in normal resting leukocytes [20]. However, as
monocytes undergo progressive differentiation into tissue macro-
phages during the recruitment process, activated human macro-
phages express syndecan-2 on the cell surface [2]. HSPGs are
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known to facilitate morphogen gradients that are essential for cell
development and chemokine gradients for leukocyte recruitment
and homing [21,22]. In addition to the presence of HSPGs in in-
flammatory cells, studies on Chlamydia muridarum have demon-
strated that the level of HSPG 6-O sulfation is a critical determi-
nant of infection, and that 6-O endosulfatases are involved in mi-
crobial pathogenesis as modulators [23].

The sulfation pattern and level of variably sulfated molecules
may be the major determinants of the biological activities of
HSPGs. Regarding posttranslational modulation, the extracellular
6-0-endosulfatases, Sulf-1 and Sulf-2, desulfate HSPGs in the ex-
tracellular compartment, in contrast to the biosynthesis and sulfa-
tion at the Golgi apparatus [24].

Aberrant expression and activity of Sulf-1 and Sulf-2 have been
linked to diseases such as cancers [25-28] and developmental
changes [29-31]. However, little information is available concern-
ing their role in inflammation. Sulf-1 and Sulf-2 expression were re-
ported to be upregulated in articular cartilages and synovial tissues
of human osteoarthritis (OA) and murine OA knees [32]. These
findings might indicate an association between Sulfs and the reac-
tive synovium. Although no information is available about Sulf-1
and Sulf-2 in inflammatory tissues, the current study shows that sy-
noviocytes and synovial macrophages upregulate Sulf-1 and Sulf-2
expression in the inflamed synovium of RA.

In this study, Sulf-1 and Sulf-2 were analyzed with regard to their
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Fig. 4. Macrophage phagocytosis assay with modification of sulfatase (Sulf) expression. Macrophages were cultured with zymosan. (A,
upper row) Sulfs-knockdown macrophages show marked suppression of zymosan phagocytosis compared with controls (Cont) on mi-
croscopic images. (A, lower row) Sulfs-overexpressing macrophages show brisk phagocytotic activity against zymosan. The phagocytic
activity is analyzed by measuring the absorbance at 450 nm using spectrophotometry. (B, left) The absorbance of Sulfs-knockdown mac-
rophages was significantly lower than that of controls. (B, right) Sulfs-overexpressing macrophages demonstrated higher absorbance
compared with controls. The effects of Sulfs on macrophage phagocytosis are more prominent with Sulf-1 than with Sulf-2. si, small

interfering; OD, optical density; AU, absorbance unit. *p<0.01.

expression in inflammatory cells of peripheral blood and tissues,
and their functions in inflammation.

The results demonstrated that macrophages expressed Sulf-1
and Sulf-2. In addition, Sulfs are upregulated in macrophages in re-
sponse to proinflammatory stimuli and tissue inflammation, but

not in lymphocytes or monocytes.

https://doi.org/10.12701/yujm.2021.01025

Infiltrated macrophages are the core features of inflammation, in
which they play roles in eliminating infection, clearing up debris,
and restoring tissue homeostasis as an effector of innate immunity
[33]. In addition, macrophages, as professional APCs, are involved
in the induction of acquired immunity that requires coordinated
interplay between innate immune cells and naive lymphocytes.
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The capacity to take up and process antigens, express class Il major
histocompatibility complex (MHC) glycoproteins on their sur-
face, and synthesize and release IL-1 are indispensable for the cells
to function as APCs [34].

T cell stimulation by antigen presentation depends on the effi-
ciency of antigen capture by APCs [35], and HSPGs behave as re-
ceptors or co-receptors in MHC class II-restricted antigen presen-
tation of proteins [36]. Earlier studies have reported that a critical
level of HSPG ligation is necessary and sufficient to trigger phago-
cytic uptake into epithelial cells [37]. Therefore, in the context of
HSPGs and their sulfation as key determinants of biological activi-
ties, Sulfs may function as regulators of T cell activation and immu-
nity by modulating antigen presentation and phagocytosis by
APCs.

This study demonstrates that antigen presentation activity by
macrophages is strongly correlated with Sulf expression, sup-
pressed in Sulf-1 and Sulf-2 knockdown macrophages, and en-
hanced in Sulfs-overexpressing macrophages.

For the processing and presentation of phagocytosed antigenic
substrates to lymphocytes, exogenous antigen uptake into profes-
sional APCs is initiated by some types of endocytic mechanisms:
receptor-mediated endocytosis through the clathrin-coated pit sys-
tem [38], pinocytosis, particularly macropinocytosis as a conse-
quence of membrane ruffling [39] and phagocytosis [40].

In relation to the Sulfs-dependent antigen presentation, the cur-
rent study evaluated macrophage phagocytosis and showed that
the phagocytic activity of macrophages also had a strong correla-
tion with Sulf expression, enhanced in Sulf-1 and Sulf-2 overex-
pressing macrophages, and vice versa. This is entirely concordant
with the results of the antigen presentation assay of macrophages
to T lymphocytes. However, in this study, the protein expression
levels were not determined after Sulf-1 and Sulf-2 gene suppression
was confirmed by RT-PCR, which could be a limitation of the as-
say.

Taken together, these observations clearly demonstrate that Sulf-
1 and Sulf-2 expression is actively regulated by macrophages in cor-
relation with tissue inflammation, and that Sulfs, particularly Sulf-
1, may play a role in facilitating inflammation through macrophage
phagocytosis and antigen presentation. To the best of our knowl-
edge, this is the first report on Sulf-1 and Sulf-2 as novel immune
regulators.
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