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Abstract

Objective: Rheumatoid arthritis (RA) is an autoimmune disease in which angi-
ogenesis represents a critical early event of synovial inflammation. The present
study aimed to reveal the potential molecular mechanisms of SAA/TLR4 induc-
tion of angiogenesis through NETs in RA. Materials and methods: Firstly, im-
munohistochemistry and immunofluorescence were used to determinate TLR4
and NETs expression in synovial tissue, respectively. ELISA was used to
detect the content of SAA, MPO and NE in serum and synovial fluid of pa-
tients. DNA quantification was done by fluorescence. DNA fluorescence
staining was used to compare NETs formation in RA and HC sera, and to in-
vestigate the mechanism of NETs formation induced by SAA stimulation.
PicoGreen DNA testing was used to characterize the DNA in the superna-
tants. Also, DNA fluorescence staining to explore whether NETs formation
induced by SAA was dependent or independent on NADPH oxidase pathway.
MTT assay, Wound healing assay, Tube formation assay were performed to
analyze human veins umbilical cells (HUVECs) proliferation, migration, and
tube vessels formation, respectively under NETs or NETs + DNase stimu-
lants. Results: Firstly, we demonstrated that TLR4 was predominantly and
widely expressed in synovial tissues with elevated serum levels of SAA, com-
pared to osteoarthritis (OA) patients, and the similar results were observed
for NETs formation. Afterwards, in a series of in vitro experiments, we re-
ported an increased MPO and NE levels, and a relatively decreased DNA level
in the sera of RA patients. Set apart, the levels of MPO and NE in RA were
correlated to the disease activity. Moreover, an increased spontaneous NET's
formation was observed in RA patients, enhanced under SAA stimulation and
regulated by TLR4 activation. And the total DNA expressed in RA patients
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was partly composed of NET-DNA. Also, SAA induced NET's formation de-
pendent on NADPH pathway. Finally, our results indicated that extracted
SAA-induced NETs promoted endothelial cells (ECs) migration, prolifera-
tion, and vascular tube formation. Conclusion: Our current study hig-
hlighted the role of SAA/TLR4 interaction in the induction of angiogenesis
through formed NETSs. Therefore, this study offers new perspectives in the
understanding of RA pathogenicity and its management.

Keywords

Angiogenesis, Neutrophil Extracellular Traps, Rheumatoid Arthritis, Serum
Amyloid A, Toll-Like Receptor 4

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory systemic autoimmune dis-
order, in which angiogenesis can foster the infiltration of inflammatory cells into
the joints causing synovitis and pannus, both leading to bone and cartilage de-
struction [1] [2]. The main pathological features of RA are the formation of ero-
sive pannus and inflammation of joint. The formation of erosive pannus is the
basis for the destruction of bone and cartilage in RA, while angiogenesis is the
basis for the formation of pannus [1] [2]. Angiogenesis is a highly complex se-
quence of events orchestrating various molecular events involving multiple cell
populations, cytokines, and chemokines.

Nowadays, a piece of information regarding the potential role of serum amy-
loid A (SAA) in the pathogenesis of RA has emerged [3] [4]. SAA is a major
acute-phase protein of the apolipoprotein family, primarily secreted by hepato-
cytes in response to trauma, inflammation, or infection. Its normal concentra-
tion is 20 - 50 pg/ml, and it has a striking acute phase response with serum levels
rising as much as 1000-fold in 24 hours [5]. Previous studies have reported that
serum SAA levels were elevated in RA patients compared with other inflamma-
tory rheumatic diseases (IRD) patients [6]. High expression of SAA and its re-
ceptors had been shown in RA synovial tissues such as scavenger receptor class B
member 1 (SR-B1), formyl peptide receptor-like 1 (FPRL1), and toll-like recep-
tor 2 (TLR2) [7] [8] [9]. Given that, the intriguing feature of SAA is that it can
bind to and activate a variety of structurally diverse receptors and further induce
RA synovial hyperplasia and angiogenesis by activation of several downstream
signaling pathways. For instance, SAA could enhance the proliferation and sur-
vival of endothelial cells and synovial fibroblasts through FPRL1, via the activa-
tion of ERK and Akt signaling pathways [7]. Similarly, we previously reported
that SAA and SR-B1 interaction could induce angiogenesis via the p38 MAPK
signaling pathway in RA patients [8].

Neutrophils are key innate immune effector cells that are rapidly recruited to

the sites of infection and inflammation to provide early defense against invading
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microorganisms [10]. Besides, neutrophil extracellular traps (NETs) are formed
and released by neutrophils when they are properly stimulated. However, ab-
normal or excessive NET's formation can lead to the occurrence of autoimmune
diseases [11] [12]. To date there are shred of evidences regarding the role of
neutrophil extracellular traps (NETSs) in the pathogenesis of RA [11] [13] [14]. It
was proved that NETs promote joint and cartilage damage in RA, through the
activation of fibroblast-like synoviocytes (FLS) that release cytokines [15].
Another study reported that NETs promote endothelial cell dysfunction in sys-
temic lupus erythematosus [16]. Furthermore, in patients with pulmonary
hypertension, NETs demonstrated its potential to promote pulmonary angioge-
nesis [17]. Although a potential pathological significance of NETs formation in
RA was proven, its role in the angiogenesis process has yet to be elucidated.
NETSs formation can be induced by reactive oxygen species (ROS) such as hy-
drogen peroxide [18], antibodies [19], antigen-antibody complexes [20] [21],
PMA, serum amyloid A [22], and microbial components like lipopolysaccharide
(LPS) [23] [24].

Moreover, TLR4 was shown to play an important role in controlling the dis-
ease severity, and the progressive joint degeneration, and then might be a potent
target in RA [25] [26] [27]. Recent studies showed that the fusion protein (F
protein) of respiratory syncytial virus combined with TLR4 can induce the for-
mation of NETs [28] [29], and high-mobility group box 1 (HMGB-1) can also be
combined with TLR4 to induce the formation of NETs [30]. LPS binding to
TLR4 on the neutrophil surface induced dose-dependent Nox-dependent NETs
formation and its inhibition using TAK-242 (a TLR4 inhibitor) abolished this
effect [31]. Interestingly, it has been reported that TLR4 is also an endogenous
receptor of SAA [32] [33] [34]. Nevertheless, the detailed signal transduction
pathway mediated by SAA/TLR4 and NETs in the neovascularization process
remains incompletely defined in RA. Therefore, our current study launched a
series of investigations attempting to reveal the possible molecular mechanisms
by which SAA/TLR4/NETs may promote angiogenesis in RA.

2. Methods

Patients

The data collection was performed from March 2020 to December 2021 at
General Hospital of Tianjin Medical University. The types of diseases and the
respective number of patients from whom serum samples were obtained were as
follows: rheumatoid arthritis (RA) (n=105); osteoarthritis (OA) (n = 64). Sixty
age and gender-matched healthy control subjects were recruited. Besides, syn-
ovial membranes (SM) were obtained from RA (n = 8) and OA (n = 6) patients
during synovectomy at General Hospital of Tianjin Medical University during
the same period. All patients with RA fulfilled the American College of Rheu-
matology (ACR)/European League against Rheumatism (EULAR) criteria for
RA [2], and all patients with OA fulfilled the ACR 1995 criteria for OA [35]. Pa-
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tients who suffered from other chronic diseases or any acute infections within
the past three months were excluded from this study. This study has been re-
viewed and approved by the Ethics Committee of Tianjin Medical University
(ethical approval number IRB2019-KY-147), and all subjects have signed an in-
formed consent form. All the human material or human data were performed in
accordance with the Declaration of Helsinki.

Disease activity related indicators

The disease activity was measured with DAS28-ESR.

DAS28-ESR, a validated scoring system for predicting disease activity, was
employed in order to calculate disease activity using the following formula:
DAS28-ESR = 0.56xsqrt (number of tender joints) + 0.28xsqrt (number of swol-
len joints) + 0.70xLn (ESR) + 0.014xvisual analogue scale (VAS).

Erythrocyte Sedimentation Rate (ESR) was detected by westergren method.
Male value less than 15 mm/h, and female value less than 20 mm/h were consi-
dered as normal reference values.

Serum CRP levels were detected by immunoturbidimetry, and CRP level less
than 8 mg/l was considered a normal reference value.

ELISA

ELISA was first used to detect the content of SAA in serum and synovial fluid
of patients. Latterly, it has been used to measure the levels of myeloperoxidase
(MPO) and neutrophil elastase (NE) in the serum of RA patients. SAA, MPO,
and NE ELISA kits were purchased from Shanghai Xinle Biotechnology Com-
pany. Each test was conducted according to the manufacturer’s recommenda-
tions and has been repeated at least three times.

Immunohistochemistry

All the synovial membrane sections (5 um thick) were dewaxed, hydrated, and
incubated for 1 hour at room temperature with 5% bovine serum albumin (BSA,
Amresco). The slides were then incubated overnight at 4°C with the rabbit an-
ti-human TLR4 antibody (Abcam, UK) at 1:100 dilution. After washing with
PBS 3 times, the slides were incubated with HRP anti-rabbit IgG secondary an-
tibody (ZSGB-BIO) for 1 hour. The chromogenic reaction was developed with
diaminobenzidine (DAB, Beijing Conway Century Company) for 5 - 10 min.
The sections were counterstained with hematoxylin, dehydrated, and mounted.
Sections were observed using light microscopy (Nikon E400 in Japan) with
original magnification x10.

Relative quantitative detection of DNA in serum by fluorescence

All specimens were of early morning fasting venous blood. After centrifuga-
tion, the serum was separated into the centrifuge tube and placed in refrigerator
at —80°C for freezing. The specimens were sequentially added to a black 96-well
plate for chemiluminescence, with 100 ul diluted solution per hole. We added
DAPI dye with 50 ul per hole avoiding light. After mixing, the plate was tested
with biotek multifunction enzyme marker. (Two results with more than 20%

variation rate were discarded).
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Immunofluorescence detection of the presence of NETs in the synovial
tissue of RA patients

All the synovial specimens from RA and OA patients (5 um thick) were de-
waxed, hydrated, and dried for more than 2 hours in a constant temperature
oven at 60°C, then the proteins were taken out and dyed after solidification. We
added 1:300 diluted rabbit anti-human neutrophil elastase antibody (diluted
with 5% BSA solution), incubated overnight at 4°C then 1:200 diluted Rhoda-
mine (TRITC; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) la-
beled goat anti-rabbit IgG antibody for 1 h at room temperature in the dark. Af-
ter DAPI dye solution removal, we observed immediately the results under a
fluorescent microscope.

DNA fluorescence staining to compare NETs formation in RA and HC
sera

We diluted the extracted neutrophils from RA patients and healthy control to
3 x 10° cells/l in a 24-well plate divided into 3 groups (HC, LPS, and SAA
groups), and incubated at 37°C in a 5% CO; cell incubator for 30 min, then 4 h,
successively. After the fixation process and staining, a Nikon upright fluores-
cence microscope (Japan, NIKON Co., Ltd) was used to observe each cell slide at
200 times magnification. Finally, we randomly select 10 fields of view, count the
number of NETs and the total number of cells in the field of view, and calculate
the percentage of NETs.

DNA fluorescence staining to investigate the mechanism of NETs forma-
tion induced by SAA stimulation

We inoculated the extracted healthy human peripheral blood neutrophil sus-
pension adjusted to a concentration of 3 x 10° cells/l into a 24-well plate. The
24-well plate was divided into six groups: negative control group, SAA group,
(SAA + TAK-242) group, LPS group, (LPS + anti-TAK-242) group, and
TAK-242 group, then we incubated them at 37°C in a 5% CO, cell incubator for
30 min, then 4 h, successively. We covered each slide with the primary rabbit an-
ti-human neutrophil elastase antibody (Abcam, UK), incubated overnight at
4°C. Then, we added TRITC-labeled goat anti-rabbit secondary antibody and
incubated in the dark at room temperature for 1 h. After DAPI removal, a Nikon
upright fluorescence microscope was used to observe each cell slide at 200 times
magnification.

Detection and analysis of SAA-induced NETs formation in the superna-
tant (DNA testing)

First, we dissolved 1mg calf thymus DNA in 20 ml enzyme-free water, shook
slowly in a refrigerator at 4°C overnight. We further prepared DNA standard
solutions using five 1.5 ml centrifuge tubes and labeled them as 1, 2, 3, 4, and 5,
with an adjusted DNA concentration of 160 ng/ml using a standard diluent, in
the tube No. 1. After, 200 pl of standard dilution was progressively added to an
equal volume of each previous tube DNA standard solution to obtain half con-
centration. Using a black 96-well plate, we successively added 100 pl of standard

diluent to the blank wells, 100 ul of DNA standard solutions of various concen-
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trations to the standard wells, and 100 ul of supernatants from each group to the
experimental wells: negative control group, SAA group, (SAA + TAK-242 group,
LPS group, (LPS + TAK-242) group and TAK-242 group. Then, 100 pul of Pico-
Green (American Invitrogen Company) working dye solution was added to each
well and shook for 10 min at room temperature away from light. Finally, a mul-
tifunctional microplate reader (BioTek Synergy2, American Biotek Company)
was used to measure the fluorescence intensity, and the DNA content in the su-
pernatant was calculated.

DNA fluorescence staining to explore whether NETs formation induced
by SAA was dependent or independent on NADPH oxidase pathway

Adjust the concentration of the extracted healthy human peripheral blood
neutrophil suspension to 3 x 10° cells/l, and pipette 500 pl of the cell suspension
into 24-wells, and divide it into four groups: SAA group, LPS group, (SAA +
apocynin) group, (SAA + VAS2870). Each group has three auxiliary holes. The
final concentration of SAA was 25 mg/l, and the final concentration of LPS was 1
mg/l. Apocynin and VAS2870 are NADPH oxidase inhibitors and their concen-
trations were 100 uM and 5 uM, respectively. Place the 24-well plate again in a
37°C 5% CO; cell incubator for 4 h. After the fixation, cover each slide with pri-
mary rabbit anti-human neutrophil elastase antibody, and incubate overnight in
a refrigerator at 4°C. Then, add TRITC-labeled secondary goat anti-rabbit anti-
body. After DAPI removal, the results were observed with a Nikon upright fluo-
rescent microscope.

Isolation of neutrophils

The isolation of neutrophils was performed using a density gradient centrifu-
gation system. First, 3ml Histopaque-1119 (Sigma-Aldrich, Germany) was added
into a 1.5 ml centrifuge tube, followed by an equal addition of 3 ml Histopa-
que-1077 on the top of Histopaque-1119. Then, 6 mL of anticoagulated whole
blood was added above the liquid level of Histopaque-1077, and centrifuge at
700 x g for 30 minutes at room temperature. After centrifugation, we removed
the plasma layer and transferred the neutrophil layer and a small amount of lig-
uid under it to another new 1.5 ml centrifuge tube in a phenol red-free 1640 me-
dium (Corning Company) and centrifuge at 450 x g for 5 min at room tempera-
ture. The remaining red blood cells were lysed (Beijing Soleibao Technology Co.,
Ltd) at room temperature for 2 - 3 min, and we centrifuged again at 450 x g for 5
min at room temperature. After discarding the supernatant, the neutrophils
were washed and centrifuged at 450 x g for 5 min at room temperature, twice.
Take 10 pl of cell suspension and count the number of cells in 4 large squares,
and calculate the cell concentration, using a bovine Bowman cell counting plate.
HE and DAPI staining were used to observe the percentage of neutrophils and
the nuclei morphology, respectively.

Induction and extraction of NETs

We added 1 ml of cell suspension with neutrophils density at 1 x 10° cells/ml
to each of the 6-well plate, placed in a 37°C 5% CO, cell incubator (American
Thermo Company) for 40 min. Then, we added SAA (25 mg/l; Sigma-Aldrich,
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Germany) to 3 wells, and added solvent control to the remaining three wells.
The culture plates were taking out after 4 h of stimulation into the incubator.
DAPI working dye solution was added, and NET's formation was observed under
a fluorescence microscope at 200 times magnification. After randomly select 10
fields of view, we calculated the percentage of NETs formed, according to the
count number of NET's over the total number of cells in the field of view. After
washing the bottom of the plate with cold PBS solution and the addition of 1 mL
of pre-warmed phenol red 1640 medium, the bottom of the plate was repeatedly
pipetted to promote the dissolution of NETs liquid. We transferred the liquid to
a 1.5 ml centrifuge tube, centrifuged at 350 x g at 4°C for 10 min to remove in-
tact cells and cell debris, and transferred the supernatant to another centrifuge
tube, which was the extracted NETs.

Cell culture

Human umbilical vein endothelial cells (HUVECS) culture model was used for
in vitro experiments. Primary human umbilical vein endothelial cells (HUVECs)
were isolated from fresh human umbilical cords via collagenase digestion, and
subsequently maintained in Dulbecco’s modified Eagle’s medium (DMEM,
American Gibco Company) supplemented with 10% FBS (Tianjin Zhaoran Bio-
logical Company) at 37°C in an atmosphere of 5% CO,. All HUVECs were used
no more than five passages.

MTT assay

HUVECs (100 pl) were seeded in 96-well plates at a density of 3 x 10°
cells/well in complete DMEM medium until the cells reached 50% - 60% con-
fluency. The cells were stimulated with extracted NET's (0.28 mg/L) or a mixture
of extracted NETs and DNasel (10 U/mL) in a DMEM medium containing 1%
FBS for 72 h. Then, a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (20 ul, 5 mg/ml) was added to each of the wells and
incubated for 4 h at 37°C. Then the dimethylsulphoxide (DMSO) (150 ul) was
added to solubilize the formazan crystals. Absorbance at 490 nm was measured
by an automated microplate reader.

Wound healing assay

HUVECs were seeded on to 6-well plates and grown to confluence. A sterile
pipette was used to make a single scratch through the middle of each well and
the injury line was marked. First, HUVECs were stimulated with extracted NETs
(0.28 mg/l) in the presence or not of DNasel (10 U/ml) in DMEM medium, sup-
plemented with 1% fetal bovine serum. The healing area of the scratch area is cal-
culated by Image ] software, and the healing rate = (initial scratch area-current
scratch area)/initial scratch area x 100%.

Tube formation assay

Tube formation was measured using a three-dimensional in-vitro model as
previously described [8], with some minor modifications. A type I collagen from
rat tail tendon (50 pl, Shengyou Biological Technology Co., Ltd, Jiangsu, China),
and 190 pl of HUVECs suspension (2.0 x 10° cells/ml) were added to 96-well

culture plates and allowed to polymerize for 20 min at room temperature. Then,
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the DMEM medium was added to each well, and the cells were stimulated with
extracted NETs (0.28 mg/l) in the presence or absence of DNasel (10 U/ml).
Then, the endothelial cells tube formation was visualized using an inverted mi-
croscope (Olympus, Japan) and photographed at 24, 48, and 72 h. At least three
biological replicates were done for the evaluation of cell angiogenesis ability.

Statistical analysis

All data were analyzed using SPSS 17.0 software package (SPSS Inc., Chicago,
IL, USA), and GraphPad Prism 5 software was used for graphing. All data are
measured by mean + SD. Comparisons between the two groups were performed
using t-test, comparisons between multiple groups were performed using sin-
gle-factor analysis of variance, and multiple comparisons between groups were

performed using Dunnett’s T test. The test level was two-sided a = 0.05.

3. Results

Increased expression of the TLR4 receptor in the synovial membranes,
and elevated serum levels of SAA, in RA patients.

To identify the expression of TLR4 in RA synovium, immunohistochemistry
was performed on tissue sections. The results showed that TLR4 expression was
remarkably detected in all RA tissue samples compared to a minimal expression
in all OA tissue sections. The positive staining of TLR4 receptor staining (dark
brown) was mainly distributed in the synovial lining and underlining layers, as
well as the inflammatory cells (synovial fibroblasts, macrophages, and endothelial
cells), and was also found around blood vessels (Figure 1(a) and Figure 1(c)).
Meanwhile, in the synovial tissue of OA patients, TLR4 receptor staining was
scattered only in the synovial lining and fibroblasts, with lower expression and
lighter coloration (Figure 1(b) and Figure 1(d)). Immunostaining with an iso-
type-matched control IgG was utterly negative in all samples examined. Besides,
an ELISA assay was performed to detect serum levels of SAA. Data were ana-
lyzed using one-way ANOVA. The results revealed that there was a statistically
significant difference among the serum levels of SAA in RA and OA groups
(6.63 + 0.21 mg/l vs. 1.40 £ 0.09 mg/l, p < 0.001) (Figure 1(e)).

The levels of MPO and NE in the serum of RA patients increase, and the
level of DNA decreases

Serum MPO levels were measured by ELISA. Compared to healthy controls,
the serum level in RA patients (4.845 + 0.6428 mg/l) was significantly higher
than those in healthy controls (1.050 + 0.1202 mg/l, p < 0.0001), about 4 times as
high (Figure 2(a)). The serum levels of NE in RA patients was 1.992 + 0.07389
mg/l, and healthy volunteers was 1.707 + 0.06374 mg/l, p < 0.0001; and the dif-
ference between the two groups was also statistically significant (Figure 2(b)). In
the same batch of serum, the relative fluorescence quantitative results of DNA
showed that the absolute free DNA content in serum of RA group (RA 17.51 +
1.319 RFU) was significantly lower than that in healthy controls group (22.68 +
0.9035 RFU, p < 0.01) as indicated in Figure 2(c).
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Figure 1. Increased expression of TLR4 in the SM, and of SAA in RA serum. SM sections from
RA (n = 8) and OA patients (n = 6) were stained with anti-TLR4 antibodies. A brown stain in-
dicated cells positive for TLR4. In RA patients TLR4 expression was observed in synovial vascu-
lar endothelial cells, perivascular areas, and inflammatory cells (a) and (c). Meanwhile, lighter
staining of perivascular areas and fibroblast like synovial cells was observed in OA tissue (b) and
(d). (e) ELISA analysis of serum SAA in RA and OA patients (n = 57 and 43, respectively). ***p
< 0.001 versus RA SAA concentration. Magnification: (a) and (b), x100; (c) and (d), x200.
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Figure 2. Serum levels of MPO, NE and DNA. (a) Serum levels of MPO in RA patients were signifi-
cantly higher than those in HC (p < 0.0001). (b) Serum levels of NE in RA patients were significantly
higher than those in HC (p < 0.0001). (c) Serum DNA levels in RA were significantly decreased
compared to those of HC (p < 0.01). RA, rheumatoid arthritis; HC, healthy control; MPO, myelope-
roxidase; NE, neutrophil elastase; DNA, deoxyribonucleic acid; RFU, relative fluorescence unit.
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SAA levels were associated with MPO and NE, which correlated with RA
disease activity

We examined the relationship between SAA, MPO, and NE. The results
showed that SAA was positively correlated with MPO (R* = 0.548, p < 0.0001)
and NE (R? = 0.131, p < 0.0001), as shown in Figure 3(a) and Figure 3(b).

Moreover, the results showed that serum levels of MPO and NE in RA pa-
tients were significantly higher than those in healthy controls. However, did
their levels correlate with disease activity? So, we examined the relationship be-
tween MPO, NE and RA disease activity. As well, the relationship between MPO,
NE and autoantibodies (anti-CCP, RF-IgA; RF-IgG) was examined. MPO was
positively correlated with DAS28 (R* = 0.296, p < 0.0001) and ESR (R? = 0.235, p
< 0.0001), but weakly correlated with CRP (R* = 0.071, p = 0.006) as indicated in
Figures 3(c)-(e), respectively. However, there was no significant correlation
between MPO and anti-CCP (R? = 0.005, p = 0.477), RF-IgG (R* = 0.005, p =
0.459), and RF-IgA (R?> = 0.007, p = 0.393), in RA patients (Figures 3(f)-(h)).

Besides, NE was positively correlated with DAS28 (R? = 0.093, p = 0.0015) as
shown in Figure 3(k). However, there was no significant correlation between
NE and ESR (R* = 0.03, p = 0.06) (Figure 3(j)), CRP (R* = 0.01, p = 0.18)
(Figure 3(i)), anti-CCP (R? = 0.006, p = 0.397), RF-IgG (R* = 0.002, p = 0.589),
and RF-IgA (R* = 0.0046, p = 0.487) (Figures 3(1)-(n)).

The presence of NETs was detected in the synovial tissues of RA patients

Tissue immunofluorescence staining used rhodamine (TRITC) to label NE in
red, and DAPI to stain DNA in blue. Under normal circumstances, histones and
DNA together form chromatin and are located within the nucleus. Since neu-
trophil elastase (NE) is an important participant and main component in the
formation of NET's [36], immunofluorescence was used to observe the overlap of
NE staining and DNA staining under a fluorescence microscope. When NETs
are formed, MPO and NE translocate into the nuclei, in which they synergize
their action and promote the chromatin decondensation [37]. Eventually, the
nuclear membrane and cell membrane are ruptured, and NE and DNA are re-
leased outside the cell. That is, the co-localization of NE and DNA indicates the
existence of NETs (Figure 4). The results showed that there was obvious NETs
formation in RA synovial tissue, while no NETs release was observed in OA
synovial tissue.

Neutrophils of RA patients are primed to undergo NETs formation and
SAA stimulation enhanced this process

The DNA fluorescence staining was performed to assess the NETs formation
after SAA stimulation. It was found that the nucleus morphology of some neu-
trophils was destroyed with the disappearance of boundaries of the nuclear
membrane that became blurred, and the nucleus spread out to form a fiber net-
work structure (Figure 5(a)). The results showed that the spontaneous NETs
formation was higher in the RA patients group compared to the HC group
(7.394% £ 0.5270% vs. 4.85% + 0.3659%, p < 0.05). As well, in SAA stimulated
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Figure 3. Scatter plots demonstrating the correlations of SAA levels with MPO, NE and the association of MPO and NE with dis-
ease activity in rheumatoid arthritis.: (a) SAA levels with MPO (R* = 0.548; p < 0.0001); (b) SAA with NE (R? = 0.131; p < 0.0001);
(c) Serum MPO levels with CRP (R? = 0.071; p = 0.0059); (d) MPO with ESR (R? = 0.235; p < 0.001); (¢) MPO with DAS28 score
(R? = 0.295; p < 0.0001); (f) MPO with anti-CCP (R? = 0.005; p = 0.47); (g) MPO with RF IgG (R? = 0.005; p = 0.45). (h) MPO with
RF IgA (R? = 0.007; p = 0.39); (i) Serum NE levels with CRP (R? = 0.01; p = 0.18); (j) NE with ESR (R? = 0.03; p = 0.06); (K) NE
with DAS28 score (R? = 0.093; p = 0.0015); (I) NE with anti-CCP (R? = 0.006; p = 0.39); (m) NE with RF IgG (R? = 0.002; p = 0.58).
(n) NE with RF IgA (R?* = 0.0046; p = 0.48). SAA, serum amyloid A; MPO, myeloperoxidase; NE, neutrophil elastase; DAS28, dis-
ease activity score for 28 joints; ESR, erythrocyte sedimentation rates; CRP, C reactive protein; anti-CCP, anti-cyclic citrullinated
peptide; RF, rheumatoid factor; IgG, immunoglobulin G; IgA, immunoglobulin A; R?, correlation coefficient.
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DAPI

Figure 4. Presence of NETs in RA synovial tissues. Tissue immunofluorescence staining uses rhodamine (TRITC) to label NE in
red, and DAPI to stain DNA in blue. NETs were observed in RA synovial tissue with the co-localization of DNA and NE, while no
NETSs were unobserved in OA synovial tissue. Original magnification x200.

(a) NC LPS . SAA (b)

=3 HC

HC

control LPS SAA

Figure 5. Spontaneous NET's formation and enhanced NETSs expression under stimulation in RA patients. (a) Neutrophils in RA
patients were primed to form NETs with an enhanced expression after LPS or SAA stimulation. DAPI was used to stain neutro-
phils’ nuclei in blue and the arrows indicated the web-like structures of the forming NETs. (b) Statistical measurements of NETs
in each group. In a basal condition, NETs expression in RA group was statistically higher than that of HC group; Under LPS or
SAA stimulation, the formed NETs were higher than that in HC. However, compared with LPS group, the NETSs expression in-
duced in SAA was significantly higher. The data were expressed as the percentage of NET's; *p <0.05.

neutrophils group, the amounts of NETs formed in the RA patients group were
significantly elevated than those of the HC group (19.10% =+ 0.7922% vs. 14.67% +
1.078%, p < 0.05) (Figure 5(b)). Those results suggest that, in RA patients, neu-
trophils were primed to form NETSs, and SAA stimulation potentiated this effect.

SAA can induce the formation of NETs and increased total DNA concen-
tration through its interaction with TLR4

The isolated neutrophils accounted for more than 95% of all cells (data not
shown). Since neutrophil elastase (NE) is an important participant and main
component in the formation of NETs [36], immunofluorescence was used to

observe the overlap of NE staining and DNA staining under a fluorescence mi-

DOI: 10.4236/0ji.2022.124007 109 Open Journal of Immunology


https://doi.org/10.4236/oji.2022.124007

W. N. Sam et al.

croscope. The results showed that some neutrophils lost their original lobular
nucleus or rod-shaped nucleus, and the DNA loosely diffused to form a fibrous
network (blue), and there were NE staining positive parts (red), namely NET's (par-
tial Purple); while the blue nucleus in the picture, surrounded by the red NE stain-

ing positive part, were considered normal neutrophils (Figure 6(a)). Compared

Merged F=35.28
@ 5 P <0.05
control
SAA

SAA+TAK-242
. =
W3
<
F &
LPS+TAK-242

Figure 6. SAA induced NETs formation and increased DNA concentration was mediated by TLR4 activation. (a) immunofluo-

TAK-242

rescence of NETs formation into the different groups. The overlap of NE staining (red) and DNA staining (blue) was used to
represent the formed NETSs. As indicated by the arrows, some neutrophils lost their original lobular nucleus or rod-shaped nuc-
leus, and the DNA loosely diffused to form a fibrous network (blue), and there were NE staining positive parts (red), namely NET's
(partial Purple), which were seen in the SAA and LPS groups; while the blue nuclei in the picture, surrounded by the red NE
staining positive part, were normal neutrophils, more pronounced in (SAA+TAK-242) and (LPS+TAK-242). (b) quantitative
measure of NETs formed into the different groups. Compared with the control group (5.734% + 0.428%), the SAA stimulation
group (14.58% =+ 1.058%) significantly increased the formation of NETs (p < 0.05). Whereas, the pretreatment of neutrophils with
TAK-242, and despite the same stimulation by SAA, the formation of NETs was significantly reduced (6.915% + 0.418% vs.
14.58% * 1.058%, p < 0.05). Similarly, the (LPS+TAK-242) group (6.905% + 0.4646%) compared with the LPS group (13.71% *
0.7951%), the formation of NETs was significantly reduced (p < 0.05). (c) DNA quantification in the neutrophils supernatants.
There was a significantly lower DNA concentration in the culture supernatant of SAA group pretreated with TAK-242 (16.34 *
0.611 ug/ml) compared with the SAA group (36.89 + 1.288 pg/ml) (p < 0.05); As well, similar results were found in the LPS group
(35.23 + 0.7689 pg/ml) and (LPS+anti-TAK-242) group (15.77 + 0.8893 pg/ml) (p < 0.05). There was no statistically significant
change in the TAK-242 group and the control group (p > 0.05).
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with the control group (5.734% + 0.428%), the NET's formed in the SAA stimu-
lation group (14.5% + 1.058%) were significantly increased (p < 0.05). But after
pretreatment with TAK-242, and despite the same stimulation by SAA, the for-
mation of NETs was significantly reduced (6.915% + 0.418% vs. 14.58% =+
1.058%, p < 0.05) (Figure 6(b)).

Then, the PicoGreen DNA quantification was used to determine the DNA
concentration in the supernatants of neutrophils. The results showed that the
SAA stimulation group (16.34 + 0.611 pg/ml) after adding TAK-242, and com-
pared with the SAA group (36.89 + 1.288 pg/ml) had significantly lower DNA
concentration in the culture supernatant (p < 0.05). Similar results were found in
the LPS group (35.23 £ 0.7689 ug/ml) and (LPS+TAK-242) group (15.77 %
0.8893 pg/ml) (p < 0.05). However, there was no statistically significant change
in the TAK-242 group and the control group (p > 0.05) (Figure 6(c)).

SAA/TLR4 induced the formation of NETs through the dependent
NADPH oxidase (NOX) pathway

DNA fluorescence staining was used to determine whether SAA/TLR4 in-
duced NETs formation was independent or dependent on NADPH pathway.
The results showed that there was a significant decreased NETs formation when
neutrophils were stimulated with SAA in presence of NADPH oxidase inhibitors
(SAA + apocynin or SAA + VAS2870; p < 0.0001) compared to SAA alone
(Figure 7(a) and Figure 7(b)). Similarly, there was a significant decreased se-
rum DNA levels when neutrophils were stimulated with SAA in presence of
NADPH oxidase inhibitors (SAA + apocynin or SAA + VAS2870; p < 0.0001)
compared to SAA alone (Figure 7(c)).

NETs induced the proliferation, migration, and tube formation of HU-
VECs

The MTT assay was used to explore the effect of NET's on the proliferation of
endothelial cells. First, the neutrophils were isolated from the healthy volunteers,
and the extracted NETs formation used in the experiment were induced in vitro.
The results showed that compared with the control group, NETs could signifi-
cantly promote the proliferation of HUVECs (1.241 + 0.068 vs. 0.405 + 0.445, p
< 0.05). After pretreatment of NETs with DNasel, their proliferation ability on
HUVECs was abrogated (0.919 + 0.056 vs. 1.241 + 0.068, p < 0.05), but there was
still an ability to promote endothelial cell proliferation (0.919 + 0.056 vs. 0.405 +
0.445, p < 0.05) (Figure 8(a)).

Afterward, the scratch assay was applied to detect the influence of NETs on
the migration of HUVECs. The cell migration in each group was observed under
an inverted microscope after 12 h of stimulation, and the scratch healing rate of
each group was quantitatively analyzed. The results showed that compared with
the control group (basal), the cells in the NETs (0.28 mg/l) stimulation group
migrated significantly, and the cell scratch was almost completely repaired
(78.43% =+ 1.784% vs. 16.57% * 1.066%, p < 0.05). Whereas, after pretreatment
of NET's with DNasel for 10 min, followed by co-incubation with HUVECs, the
cells’ migration was significantly reduced (44.57% + 1.798% vs. 78.43% + 1.784%, p
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Figure 7. Pathway analysis of NETs formation. (a) Morphologic observation of neutrophils exposed to stimulants in presence or
not of NADPH inhibitors (apocynin or VAS2870). (b) Statistical analysis of NETs formation in the different groups. (c) Statistical
analysis of DNA serum levels in the different groups. DAPI, 4, 6-diamidino-2-phenylindole; NE, neutrophil elastase; LPS, lipopo-
lysaccharide; SAA, serum amyloid A. **** (p < 0.0001).

< 0.05), but there was still a residual ability of endothelial cells to migrate
(44.57% + 1.798% vs. 16.57% + 1.066%, p < 0.05) (Figure 8(b) and Figure 8(c)).
What’s more, the tube formation assay was used to analyze the effect of NET's on
the morphological angiogenesis process of HUVECs. The vascular tubule forma-
tion in vitro was observed after 72 h of stimulation using an inverted micro-
scope. The results showed that in the NETs (0.28 mg/l) stimulation group, there
were obvious interconnections between cells to form tubules, and the tubules
interconnected to form a complex network structure, suggesting that NETs can
promote vascular tubules formation (2.857 + 0.3401 vs. 1.143 + 0.4041, p < 0.05).
However, following NET's pretreatment (DNasel), the tube formation was nearly
unobserved (1.571 + 0.3689 vs. 2.857 + 0.3401, p < 0.05) (Figure 8(d) and Fig-
ure 8(e)). Together, these results indicated that DNA components in NET's play
an important role in the promotion of endothelial cells’ proliferation, migration,

and vascular tube formation.

4. Discussion

Angiogenesis is one of the most important pathological manifestations of the
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Figure 8. NETs induced the proliferation, migration and the vascular tube formation of HUVECs. (a) NETs induced endothelial
cells proliferation in vitro. Significant increases in proliferation of HUVECs stimulated with NET's (0.28 mg/l) were showed after
72 hours of incubation, while a significant decreases were observed after the addition of a mixture of extracted NETs and DNasel
(10 U/ml) for the same time of incubation. The data were expressed as the optical density (OD) measurement at 490 nm;
*compared with control group, p < 0.05 versus #compared with NETs group, p < 0.05. (b) NETs induced endothelial cells migra-
tion in vitro. The representative photomicrograph showed HUVECs repopulating the wound in response to NETs (0.28 mg/1).
However, the pre-treatment with DNasel (10 U/ml) displayed a significantly decreased migration of HUVECs. Original magnifi-
cation: x4. (c) Statistical results of the figure B; the data were expressed as the healing rate = (initial scratch area-current scratch
area)/initial scratch area x 100%; *compared with control group, p < 0.05 versus #compared with NET's group, p < 0.05. (d) NETs
induced HUVECs to form vascular tubes network. The representative photomicrograph showed that NETS (0.28 mg/l) induced
HUVEC:s to form small complex interconnected tube vessels network over 72 hours of incubation, while they lack to interweave
after their pre-treatment with DNasel (10 U/ml). The arrows indicate the structure of blood vessels formed in vitro as the number
of cross-nodes. Original magnification: x10. (e) Statistical results of the figure D; the data were expressed as the number of cross
nodes; *compared with control group, p < 0.05 versus #compared with NET's group, p < 0.05.

joint disorder in RA patients. In the current work, we confirmed the high ex-
pression of TLR4 in the synovial membranes, and elevated serum levels of SAA,
in RA patients. Subsequently, our results indicated that SAA was associated to
NETs components which correlated with disease activity. Moreover, neutrophils
in RA were primed to undergo NETs formation. Latterly, we demonstrated
NETs formation in ST of RA patients. Then, we indicated that SAA/TLR4 in-
duced NETs formation and SAA-induced NETs formation was dependent on
NADPH pathway. Finally, we demonstrated that extracted NETs could induce
angiogenesis.

We first showed that TLR4 was highly expressed in the synovial tissues of RA
patients compared to OA patients. A previous study also reported that TLR4 was
widely expressed in early and longstanding RA [38]. Moreover, as we previously
demonstrated [39], this current research also showed that serum levels of SAA in
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RA patients were significantly increased compared to those of the OA patients.
As for the specific role of SAA and TLR4 in RA, there was still a lack of systemic
reports, and collectively, those observations may also suggest that excessive
production of SAA and TLR4 could play an important role in RA pathogenesis.

Afterwards, we reported an increased MPO and NE levels in the sera of RA
patients, and a relatively decreased DNA levels compared to HC group. Set
apart, the levels of MPO and NE in RA were seen to be correlated to the disease
activity. In addition, SAA serum levels were seen to correlate with MPO and NE
serum levels. Neutrophils represent the first line of immune response that ra-
pidly immigrates to the site of inflammation and/or infection [40]. Also, NE and
MPO are two of the primary enzymes stored in azurophilic granules and are
found in abundance in NETs [41]. Corroborating our data, Sur Chowdhury C et
al. demonstrated elevated concentrations of NE and MPO in RA patients [42],
and those results could be explained by the increased formation of NETs. How-
ever, we found out a decreased serum DNA levels that were similar to the results
of Marina D et al [43]. Paradoxically, other studies showed a substantial in-
crease in cell-free DNA (cfDNA) concentration in plasma or serum of RA pa-
tients [44] [45]. These disparencies data on serum cfDNA levels in RA may at
least in part be explained by the use of different techniques (for example, qPCR,
ELISA or UV-spectrophotometry) and the different DNA targets chosen to per-
form the analyses. In addition, differences in the state of disease progression
and/or activity at the time of sampling may have affected the results, as indicated
by the differences observed for early RA (eRA) and established RA (esRA) [43].
It is also tempting to speculate on the role of drugs used for treatment, as it was
previously indicated reduced levels of cfDNA in esRA patients, but not in eRA
patients [43].

On the other hand, our results indicated a positive correlation of SAA with
MPO and NE, which were all correlated with RA disease activity. C. Pe-
rez-Sanchez et al reported that NETs and NETs-derived products as potential
biomarker to assess disease activity [14]. In their study, they indicated that NET's
formation was higher in RA patients along with increased myeloperoxidase and
neutrophil elastase protein levels. In a similar way, Bach, M et al reported that
the serum levels of NET's in RA patients were correlated with the disease activity
[46]. Although there are not systemic reports on the association between SAA,
MPO, and NE, taken together, all the above findings strengthen our results.

Furthermore, we showed that NETs was highly expressed in the synovial tis-
sues of RA patients compared to OA patients. Besides, consistent with our re-
sults, netting neutrophils in joints were also previously found in patients with
RA [14] [15], demonstrating an active and widespread NETosis in this context.
In RA, netting neutrophils were showed to easily infiltrate the synovial tissues
[15] [47].

What’s more, we demonstrated that in RA, neutrophils were primed to un-
dergo NETSs formation, and the NET's formation was enhanced under SAA sti-

mulation. Our results are consistent with the results of Sur Chowdhury et al re-
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search in which neutrophils from RA cases exhibited increased spontaneous
NETSs formation in vitro [42]. As well, Wang, W et al suggested in their study
that the disease status of RA is associated with increased NETs formation [13],
and also reported that isolated neutrophils from RA patients showed higher
spontaneous NET's formation than neutrophils isolated from HC [13]. Thus, this
priming may be due to the inflammation state in RA patients that keep the neu-
trophils in a pre-activated state, which makes them more likely to form NETs.
For instance, antibodies were shown to participate in the effects of RA serum on
normal neutrophils following the depletion of IgG from serum of ACPA-positive
and -negative RA patients and healthy controls. As results, compared with
non-depleted sera, IgG depletion of both ACPA-positive and -negative sera
markedly reduced NETs induction to levels of normal serum [42]. Moreover, a
study showed that the level of NETs induction by IL-17 in RA neutrophils was
comparable to induction observed by positive control (PMA). However, in con-
trol neutrophils, IL-17A itself could not significantly enhance NETs formation,
whereas, upon priming with TNF-ga, recombinant IL-17A led to significant in-
creased NETs formation [15]. Those observations are in accordance with our
results and strengthen our assumption that SAA enhances NETs formation in
RA patients.

Moreover, our results revealed that SAA can induce the formation of NET's by
combining with TLR4. Then we demonstrated that SAA-induced NETs forma-
tion was dependent on NADPH pathway. TLR4 has been involved in a variety of
inflammatory processes leading to the sustaining of chronic inflammatory state
observed in immune and non-immune diseases [48] [49] [50] [51] [52]. TLR4 is
expressed by cells within the RA joint [27] [38], and various endogenous TLR4
ligands are present within the inflamed joints of patients with RA. Some authors
reported that TLR4 activation significantly up-regulated the expression of
pro-inflammatory cytokines such as IL-1p, IL-6, and IL-8, which may exert di-
rect angiogenic activity or may act indirectly via VEGF-dependent pathways
[53]. Furthermore, a study demonstrated the ability of IL-14, and IL-8 in elicit-
ing oxidative burst and NETs formation, which were inhibited by NADPH oxi-
dase and myeloperoxidase inhibitors [54]. Similar to our results, previous au-
thors determined an induced dose-dependent Nox-dependent NET formation
through LPS binding to TLR4 on the neutrophil surface and that effect was ab-
olished using TAK-242 [31]. Collectively, these data strengthen our assertion
that SAA could induce NETs formation through its binding to TLR4, however
we still don’t know whether the NETs formation induced by SAA was in a lytic
or a non-lytic way. Subsequently, further studies are needed to delineate this
mechanism.

Latterly, we demonstrated that NETs enhanced endothelial cells’ migration,
proliferation and induced new vascular tube formation. Our observations were
in agreement with a recent study reporting that NETs release could mediate

neutrophils adhesion onto ECs and exert proangiogenic activities on EC capil-
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lary-like tube formation [55]. For instance, it has recently been shown that NETs
mediate the proteolysis of the intercellular junction protein (vascular endothelial
cadherin) and nuclear translocation of junctional S-catenin [56]. Together, these
data indicated a potential role of NETs, participating in proinflammatory and
proangiogenic activities in RA. Nevertheless, further studies are needed to better

delineate how NETSs contribute to these biological activities.

5. Conclusion

Our current study aimed to explore the molecular mechanism underlying angi-
ogenesis in rtheumatoid arthritis. SAA, TLR4 and NETs expressions were signif-
icantly increased in RA synovial tissues. Besides, SAA which associated with
DAS-28, also correlated with MPO and NE, both being NETs components. In
parallel, MPO and NE also correlated with DAS-28. Further, TLR4 which is also
expressed on neutrophils, bound with SAA to induce NETs formation depen-
dent on NADPH pathway. In return, the extracted SAA-induced NETs pro-
moted angiogenesis on endothelial cells. This pivotal role of SAA/TLR4 inducing
angiogenesis through formed NETs may lead to a synergism of action, and
therefore, this study offers new perspectives for a better understanding of RA

pathogenicity and its management.
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