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Distinct macrophage polarization in acute and chronic gout
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Macrophage polarization mediates the development of inflammatory diseases. However, the polarization status at various stages of
gout is not fully understood. Our study aimed to define the evolution of macrophage polarization in acute and chronic gout.
Normal human synovium and synovium with tophi were collected for immunofluorescence (IF). Rat gouty joints were collected for
joint thickness assessment and pathological evaluation. Tissue mRNA expression of inducible nitric oxide synthase (iNOS) and
arginase-1 (Arg-1) were evaluated. Mouse peritoneal macrophages and THP-1 derived macrophages were stimulated by
monosodium urate (MSU) crystals and were collected for detection of interleukin (IL) -1 and IL-37 levels and iNOS/Arg-1 ratio. Arg-
1 and IL-37 were highly expressed in normal synovium and synovium with tophi. In rat gouty joints, the inflammatory cell counts
and ankle thickness began to increase at 2 h, peaked at 24 h, and was decreased spontaneously. An increase in macrophages
preceded the neutrophils infiltration. Infiltration of M1 was positively related with the severity of arthritis. M2 appeared in an early
stage (at 2 h) of inflammation. The number of M1 macrophages was comparable to that of M2 from 2 to 12 h and exceeded M2
number at 18 h and 24 h. The ratios of M2/M1 reversed at 48 h and remained reversed until 120 h. In mice gouty joints, iINOS/Arg-1
mRNA ratio was significantly higher than the that in control group at 8 h. The proportion of neutrophils and M1-macrophages
reached peak at 4 h in mice model with peritoneal gout. Concentration of IL-13 and ratio of iINOS/Arg-1 were increased at 6 h,
peaked at 48 h, and were then decreased at 72 h in vitro, while the concentration of IL-37 peaked at 2 h and then decreased. In
summary, altered macrophage polarization was observed in various stages of gouty inflammation. Macrophages in acute gout were
polarized into M1 at early stage and into M2 at later stage while the macrophages in chronic gout mainly were only polarized
towards M2. The number of M1 rose with the progression of inflammation. Early increase of M2 was observed, which might be

generated directly from MO.
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INTRODUCTION
Acute gouty arthritis is a self-limiting innate in response to the
deposition of monosodium urate (MSU) crystals in joint and
surrounding soft tissue. It is commonly known that MSU crystals
can trigger gout by promoting inflammation through resident
macrophages and activating immune cells that lead to the release
of pro-inflammatory mediators (including IL-1B) and chemokines
that drive the rapid recruitment of classical innate inflammatory
cells, primarily neutrophils and monocytes'. Monocytes play
multiple roles in acute immune response, such as replenishing
resident macrophages under normal conditions; moving quickly in
response to inflammatory signals to the inflammatory sites in the
tissues; and dividing or differentiating into macrophages to elicit
an immune response. There is a growing body of evidence
indicating that macrophages play a pivotal role not only in the
initiation but also in the progression and resolution of acute gouty
inflammation?.

Macrophages are usually subdivided into M1 and M2, depending
on their roles in immune response. The macrophage polarization is
increasingly recognized as an important pathogenetic factor in

inflammatory and neoplastic diseases. Macrophages that encourage
inflammation are called M1, whereas those that decrease inflamma-
tion and encourage tissue repair are called M2**. This difference is
reflected in their metabolism; M1 macrophages have the unique
ability to metabolize arginine to the “killer” molecule nitric oxide
(NO), whereas M2 macrophages have the unique ability to
metabolize arginine to the “repair” molecule ornithine. To note,
the molecules primarily responsible for these “Fight” (NO) or “Fix”
(ornithine) activities both arise from arginine via enzymatic path-
ways (iNOS and Arg-1) that down regulate each other’. M1 and M2
macrophages are distinguished by the differential expression of
diverse molecules, e.g., iINOS, metalloproteinases and arginase-1%”.

Although studies of pathogenesis of gout are ample, in vivo
quantitation of inflammatory cells and analysis of macrophage
polarization are rarely reported. Macrophage polarization states in
different gouty inflammation stages (initiation, progression and
resolution) have not been well investigated. In addition, studies
focusing on macrophage polarization are mostly performed
in vitro and do not reflect the complexity of immune responses
observed in vivo®. Thus, in situ characterization of macrophage
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polarization is of great importance. Our studies aimed to
determine the types and quantity of inflammatory cells (neu-
trophils, macrophages) and to define the evolution of macro-
phage polarization in vivo and in vitro.

Both IL-37 and IL-1f3 can be activated by caspase-1, while IL-37
has the opposite function to IL-18°. Our preliminary studies have
demonstrated that MSU activates NOD-like receptor thermal
protein domain associated protein 3 (NALP3) inflammasome to
produce IL-37, which initiates the remission of acute inflamma-
tion'®. In this study, we observed the changes in IL-18 and IL-37 in
addition to macrophage polarization.

MATERIALS AND METHODS

Patients and specimen collection

The tophi specimen in synovium from a patient aged 50 years old with
chronic gout (involving the knee joint) and the synovium specimen from a
patient aged 48 years old without medical history of gout were collected after
knee arthroscopy in the Department of Sports Medicine, Huashan Hospital,
Fudan University. All samples were obtained with the patient's written
informed consent and approved by Ethics Committee of Huashan Hospital.

Preparation of MSU crystal

MSU crystals were prepared as described by Denko and Whitehouse'". In
short, 4 g uric acid was dissolved in 800 mL of deionized water, heated to
60 °C, adjusted to pH 8.9 with 0.5N NaOH, and crystallized overnight at
room temperature. MSU crystals were recovered by centrifugation, washed
with distilled water and dried at 40°C for 24 h. Crystal shape and
birefringence were assessed by compensated polarized light microscopy.
MSU crystals were milled and then sterilized by heating at 180°C for 2 h
before each experiment. Less than 0.015 EU/ml endotoxin were measured
in MSU crystal preparations by Limulus amebocyte lysate assay (Sigma-
Aldrich, St. Louis, MO, USA).

Animals

Seven to eight-week Wistar male rats and C57B/6L mice obtained from
Jiesijie Laboratory Animal Limited Corporation (Shanghai, China) were
housed at 24 + 2 °C under 12-h light/12-h dark cycles in a pathogen-free
facility at Central Institute for Experimental Animals of Shanghai Medical
School. Animal experiments were conducted according to protocols
approved by the Animal Committee of Fudan University. Rats and mice
were anesthetized in a plastic cage by inhalation of 3% isoflurane (Sangin
Biotech, Shanghai, China) and then subjected to intra-articular injection of
50puL (1 mg) MSU suspension into the right ankle. Phosphate-buffered
saline (PBS) was simultaneously injected into the left ankle as internal
control. Rats and mice were sacrificed under CO, anesthesia and joint
samples were collected at several time points (0, 2, 4, 6, 12, 18, 24, 48, 72,
96, 120, 144, 168 and 240 h in rats; 0 and 8 h in mice) after intra-articular
injection of MSU, respectively. Joint swelling degree was calculated by
measuring ankle thickness using digital vernier caliper'?. Joint inflamma-
tion was expressed as the ratio of the joint thickness of the inflamed over
the normal control joint. To build a mouse model of acute gouty
peritonitis, MSU crystals suspended in PBS (3 mg/0.5 ml) were injected
intraperitoneally.

Culture of THP-1 cells and intervention of MSU

THP-1 cells were obtained from National Collection of Authenticated Cell
Cultures (Shanghai, China) and were cultured with RPMI Medium 1640 +
10% FBS (both from Thermo Fisher Scientific, MA, USA) in 5% CO,, at 37 °C.
A total of 100 nmol/L polymethacrylate (PMA) (Sigma-Aldrich) was added
to the culture plate for 48 h to prime THP-1 cells to macrophages, and cell
attachment and pseudopodia growth were detected under microscope as
observation indicators. To obtain MSU-treated THP-1 cells in vitro, 100 pg/
mL MSU was added into THP-1 derived macrophages for 48 h.

Histopathology and Immunohistochemistry

Animals were humanely euthanized, and joint samples were collected and
freshly frozen for RNA isolation or fixed in 3.5% formaldehyde. The fixed
samples were embedded in paraffin, sectioned at 5 um in thickness, and
were routinely stained with hematoxylin-eosin (HE) for morphological
evaluation.
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For immunohistochemical staining, sections were rehydrated. After
antigen retrieval using citrate buffer (10 mM, pH 6), sections were blocked
with 5% BSA in PBS and stained with anti-F4/80 antibody and anti-CD14
antibody (all form Santa Cruz Biotechnology, Dallas, TX, USA) overnight at
4°C. Signals were detected using ImmunoCruz rabbit” LSAB Staining
System (Santa Cruz Biotechnology). Finally, the sections were counter-
stained with 20% hematoxylin. The slides were dehydrated, cleared and
evaluated. Each sample was incubated with an isotypic antibody dilution
under the same experimental conditions as the negative control.

Double staining immunofluorescence (IF)

To identify the polarization states of macrophages (M1 co-expressing F4/
80/CD14 +iNOS and M2 co-expressing F4/80/CD14 + Arg-1), we per-
formed double or triple IF staining. Non-specific staining was blocked with
10% normal goat serum in PBS containing 0.3% Triton X100 for 30 min and
sections were incubated overnight at 4 °C with primary antibodies: anti-F4/
80 antibody, anti-CD14 antibody, anti-iNOS antibody and anti-Arg-1
antibody (all from Santa Cruz Biotechnology). Sections were then
incubated with secondary antibodies: goat anti-rabbit IgG H&L Alexa
Fluor” 488 conjugated antibody, goat anti-mouse IgG H&L Alexa Fluor® 647
conjugated antibody and goat anti-mouse IgG H&L Cy3° antibody (all from
Abcam, Boston, MA, USA) at room temperature for 1h. All slides were
mounted with the mounting medium, including 4', 6-diamino-2-
phenylindole (DAPI; Abcam).

Analysis of inflammatory cell type

Neutrophils and macrophages were counted during the semi-quantitative
evaluation. Neutrophils were identified by morphology based on HE staining,
while macrophages were identified by positive F4/80 immunostaining. Areas
with high cellular density were selected, and two trained pathologists
independently counted each category of cells in five selected areas of high
power fields (HPF) at 400x magnification. The final cell numbers were
calculated by averaging the counts from individual pathologists. Images were
acquired using a microscope (Olympus BX50, Olympus, Tokyo, Japan) with a
40x objective and the analysis image processing software (Olympus). The
field of view under 40x objective is 0.22 mm?

For IF, the analysis was performed using epifluorescent (Olympus). For
the analysis of M1 and M2 phenotypes, semi-quantification of F4/80" and
iNOS™ or Arg-1" cells was performed at all 13 time points of gouty
inflammation in rats and mice. M1 and M2 cells were counted by
experienced researcher. A few other cells expressing either iNOS or Arg1
were also detected, which showed F4/80°, and thus no further histological
analysis was performed. Double-labeled cells were quantified in 5
randomly selected areas (400x magnification, each 0.22 mm?). The ratios
of M1/M2 were also calculated.

Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from MSU-treated joint samples at 10 time points
and PBS-treated joint samples (control samples), and the final concentra-
tion of RNA was adjusted to 0.5 mg/mL. cDNA was synthesized using the
Rever TraAceHqPCR RT Kit (TOYOBO, Osaka, Japan). Quantitative real-time
PCR was performed on a 7500 Fast Real-Time PCR System (AB Applied
Biosystems, USA) using SYBR Green Realtime PCR Master Mix (TOYOBO).
The specificity of amplification was assessed for each sample by melting
curve analysis. Relative quantification was performed using standard curve
analysis. The quantification data are presented as the ratio to the control
level. The rat gene-specific primers used were as follows: iNOS, 5'- GATT
TTTCACGACACCCTTCACC-3" (forward) and 5- GGTCCTCTGGTCAAAC
TCTTGGAG-3' (reverse); Arg-1, 5'- TGAACCCAACTCTTGGGAAG-3'(forward)
and 5'- GTGATGCCCCAGATGACTTT-3' (reverse); GAPDH, 5'- TGCTGGTGCT
GAGTATGTCGTG-3' (forward) and 5- CGGAGATGATGACCCTTTTGG-3’
(reverse).

ELISA

Culture supernatant was harvested from MSU-treated THP-1 cells and
ELISA was conducted according to the manufacturer’s instructions
(Anogen Biotech Laboratories Ltd., Mississauga, Ontario, Canada).

Flow cytometry detection

Flow cytometry was used to detect the expression of iINOS/Arg-1 and to
distinguish neutrophils and macrophages. The anti-iINOS antibody, anti-
Arg1 antibody, anti-F4/80 antibody and anti-Ly6G antibody (Thermo Fisher
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The expression of CD14, iNOS and Arg-1 in normal synovium and synovium with tophi. A CD14" macrophages (red) in normal

synovium showed low expression of iNOS (magenta). B In synovium with tophi, iNOS was expressed in regions of amorphous matter formed
by dissolving MSU crystals outside macrophages, and Arg-1 (green) was highly expressed in tissue macrophages.

Scientific, MA, USA) were used to mark intracellular proteins by means of
eBioscience Permeabilization Buffer (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The flow cytometry was performed using
the Accuri C6 (BD Biosciences, San Diego, CA, USA).

Statistical evaluation

Data are presented as mean * S.E.M. and analyzed by GraphPad Prism 5.01
program (GraphPad Software, La Jolla, CA, USA). Significant difference was
assessed by the Student's t test or Mann-Whitney test (between two
comparison groups) for non-parametric measures. Repeated measures
analysis of variance (ANOVA) followed by S-N-K test was applied for post-
hoc analysis of differences between groups. The Spearman test was used
for correlation analysis. A value of P < 0.05 was considered significant.

RESULTS

Macrophage polarization in normal human synovium and
synovium with tophi from patient with gout

The expression of Arg-1 was higher than iNOS in both normal
synovium and synovium with tophi (Fig. 1A, B). Intriguingly, iNOS
was mainly expressed in regions of amorphous matter formed by
dissolving MSU in tophi. IL-37 was highly expressed in both
normal synovium and synovium with tophi, while IL-13 was only
highly expressed in synovium with tophi (Fig. 2A, B).

Pathological assessment of inflammation and quantitation of
inflammatory cells in rat gouty joints

The injection of MSU crystals induced an acute inflammation in
rats and led to joint swelling. The ankle thickness was increased at
2 h, reached peak at 24 h, and was then decrease spontaneously
over the next 9 days, simulating the clinical course of human acute
self-limited gout (Fig. 3A). In addition, total inflammatory cell
count reflected the clinical course of spontaneous resolution of
acute gout (Fig. 3B).

HE- and IHC-stained sections revealed significant increase in
inflammatory cells, including highlighted F4/80 positive macro-
phages and neutrophils that were infiltrated in the edematous
synovium, joint space and surrounding soft tissues at 2 h to 24 h.
The cell numbers peaked at 24h and thereafter showed
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decreasing trend until up to 240h in all samples under
transmitted light microscopy (Fig. 3D, E).

An increase in macrophages preceding the neutrophils infiltra-
tion was observed. Macrophages were increased at 2 h, whereas
neutrophils were increased at 4 h after MSU injection (Fig. 3Q).

Macrophage immune-phenotypes and kinetics of M1 and M2
macrophages in rat gouty arthritis
Activated macrophages in joint were identified by F4/80 marker.
Activated F4/80 cells could express iNOS (M1 marker) or Arg-1 (M2
marker) (Fig. 4A), or neither of them (non-M1, non-M2) (Figure not
shown). Similar to the kinetics of inflammatory cells, the M1 cell
number began to increase at 2 h, reached the highest value at
24 h, and then was decreased until up to 240 h (Fig. 4B). To our
surprise, M2 appeared at an early stage (2 h after MSU injection)
and reached peak level at 48 h (Fig. 4B). By 2-12 h, the numbers of
M1 and M2 were comparable, followed by M1 cell counts
exceeding M2 at 18 and 24 h However, the M2 cells outnumbered
M1 thereafter; the ratios of M2/M1 reversed at 48 h and remained
unchanged reversed until 120 h (Fig. 4B).

mMRNA expression of iNOS in the tissue was positively correlated
with M1 counts, whereas mRNA expression of Arg-1 showed 2
peaks, one at 48h and the other at 120 h, which was partially
correlated with M2 counts (Fig. 4C).

Macrophage polarization in mouse models of gout

After MSU was injected into the peritoneal cavity of mice, the
peritoneal fluid was collected and centrifuged to enrich the cells.
Flow cytometry showed that the proportion of neutrophils
reached the highest level at 4h while the proportion of
macrophages was at the lowest level at 4h (Fig. 5A, B). The
iNOS*/Arg-1* MFI ratio also peaked at 4 h, showing a similar trend
to neutrophils proportion (Fig. 5C-E).

MSU was injected into the right posterior paws of the mice, and
the left posterior paws was injected with PBS. The ratio of iNOS™/
Arg-1" in F4/80" macrophages and the joint thickness were much
higher at 8 h after MSU injection (Fig. 6C-F) compared with 0h
(Fig. 6A, B).

Laboratory Investigation (2022) 102:1054 - 1063
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Fig. 2 The expression of CD14, IL-18 and IL-37 in normal synovium and synovium with tophi. A CD14" Macrophages (red) in normal
synovium showed high expression of IL-37 (green) and low expression of IL-1$ (magenta). B Macrophages in synovium with tophi highly

expressed both of Arg-1 and iNOS.

Macrophage polarization in MSU-induced THP-1 derived
macrophages

Concentration of IL-1B and MFI ratio of iINOS*/Arg-1* were
increased at 6 h, peaked at 48 h, and then were decreased at 72 h
in vitro (Fig. 7A, B), while the concentration of IL-37 peaked at 2 h
and then decreased (Fig. 7C).

DISCUSSION

Despite extensive studies on gouty patients and animal models,
in vivo kinetics of inflammatory cells of gout, especially
neutrophils and macrophages has not been well investigated. In
this study, we used a rat model of gouty arthritis to explore
neutrophils and macrophages evolution and to profile the
differentiation pathway of MSU crystal-recruited monocytes
in vivo, so as to determine whether the infiltrating macrophages
population differentiates into a proinflammatory (M1-like) or anti-
inflammatory (M2-like) phenotype. In addition, this study also
investigated polarization of macrophages in gouty patients, mice
and THP-1 derived macrophages and its association with
inflammation severity. In this study, the macrophage polarization
in chronic gout was described on the basis of pathological
staining of synovium with tophi, while rat, mouse, and THP-1 cell
models reflected the macrophage polarization in acute gout. The
peaks of inflammation in gouty model of arthritis and peritonitis
and MSU-stimulated THP-1 cells were defined by ankle thickness,
neutrophil infiltration and concentration of cytokines in peritoneal
fluid respectively.

Historically, neutrophils have been widely viewed as the major
driving force for orchestrating inflammation in and resolution of
gout attacks. Neutrophil influx into the synovium and joint fluid is
the pathologic hallmark of acute gout, and these cells are thought
to contribute to the pathogenesis of gout via producing
inflammatory mediators (including chemokines and superoxide),
whereas neutrophil apoptosis and clearance by phagocytic cells
are essential components of TGF-B1 production and the resolution
of inflammation'>™"°. Our findings on rats consistently supported
above conclusions from the point of the pathology, i.e.,
neutrophils infiltrated in the edematous synovium, joint space

Laboratory Investigation (2022) 102:1054 - 1063

and surrounding soft tissues at 4-24 h after the induction of
inflammation, the cell amount peaked at 24 h and then decreased
spontaneously over the next 9 days, which simulated the clinical
course of acute self-limited gout. The ankle swelling index (ankle
thickness) followed a parallel course above. An increase in
macrophages preceding the neutrophils infiltration was observed,
which supported the theory that macrophages are responsible for
initiating and promoting inflammation, and the influx of
neutrophils is driven by the NLRP3 inflammasome/IL-1 signaling.
In a study conducted by Amaral et al., they injected a CXCR2
inhibitor into the knee joints of mice, which prevented MSU
crystal-induced influx of neutrophils, indicating that the influx of
neutrophils was CXCR2-dependent. Moreover, the study also
clearly showed that production of CXCR2-active chemokines
(CXCL1 and CXCL2) was NLRP3 inflammasome-dependent’®.

The growing evidence of functional heterogeneity of macro-
phages in different pathologies raises questions of their role in
initiating, expanding and spontaneous remission of acute gouty
inflammation. Our study on rats showed a significant increase in
highlighted F4/80 positive macrophages across the entire gouty
inflammatory process from 2 to 24h, where the number of
macrophages was increased and peaked at 24 h and then showed
a decreasing trend until up to 240 h. It has been proposed that the
self-limiting nature of an acute gout attack is linked to the
differentiation state of the MSU crystal-recruited monocyte
population. In vitro studies indicated that in response to MSU
crystal stimulation, isolated blood monocytes can drive the
inflammation, while differentiated macrophages would switch
from producing proinflammatory cytokines to producing the anti-
inflammatory cytokine TGF-31 and thus resolve inflammation'”"'®.
However, some other studies have demonstrated that both
primary and bone marrow-derived macrophages play a key role
in the initiation of the gouty inflammatory cascade'®™'. In a
peritoneal murine model of gout, Martin et al.?? indicated that
during the early stages of MSU crystal-induced inflammation, the
newly recruited monocyte population exhibited a noninflamma-
tory MO-like phenotype, which could differentiate into proin-
flammatory M1-like phenotype. However, M2-like phenotype is
hard to find.
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Fig. 3 MSU-induced gouty arthritis in Wistar rat. A Joint thickness was measured at 0, 2, 4, 6, 12, 18, 24, 48, 72, 96, 120, 168 and 240 h after
MSU administration. B Kinetics of inflammatory cells in rat gouty arthritis. C Kinetics of neutrophils and macrophages in joint tissue from
gouty arthritis samples of rats. D Pathological manifestation of inflammatory evolution during gouty arthritis course of rat from onset to
remission (HE staining). E Pathological manifestation of F4/80" macrophages infiltration at different time points during gouty inflammation of
rat by IHC. n = 3 mice per group. P values significantly different from 0 h: *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate standard error of
mean (SEM). MSU monosodium urate, HE hematoxylin-eosin, IHC immunohistochemistry.
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arthritis samples of rats. C Tissue mRNA expression levels of iINOS and Arg-1 at different time points in samples from rat gouty arthritis. iNOS,

inducible nitric oxide synthase; Arg-1, arginase-1.

Together, these findings raise questions about the true
functional phenotypes expressed by MSU crystal-recruited
macrophages populations in vivo. Based on our results on rats,
activated F4/80 cells expressed either iNOS or Arg1 or neither of
them (nonM1, nonM2). The M1 cell number began to increase at 2
h, reached the highest level at 24 h, and then was decreased until
up to 240 h. Surprisingly, contrary to the findings of previous
in vitro and in vivo studies, our results indicate that M2 appeared
in an early stage (2 h after MSU injection) and peaked at 48 h. This
phenomenon was also seen in our mouse model of peritoneal
gouty, where the proportion of Arg-1-dominant macrophages was
higher than iNOS-dominant macrophages before 4 h. Although
early appearance of M2 was also observed in in vitro experiments,
this cannot be used as an argument because the THP-1 cell line
used was biased towards M2 polarization per se. The differentia-
tion of macrophages into M2 macrophages in the early stage may
also play an important role in directing the resolution of
inflammation and tissue repairing in gout. However, a huge array
of environmental factors (including cytokines, chemokines,
pattern recognition receptors, hormones) differentially regulates
macrophage response patterns, resulting in the display of
numerous distinct, functional phenotypes. Upon stimulation, a
macrophage does not display just a single set of functions but
rather displays a progression of functional changes in response to
the progressive changes in its microenvironment®®. Thus, we

Laboratory Investigation (2022) 102:1054 - 1063

speculated that these M2-macrophages in early stage of
inflammation might be generated directly from MO, depending
on the microenvironment. In-depth study is warranted to reveal
underlying mechanism.

In our rat study, the number of M1 was comparable to that of
M2 at 2-12 h, while the former exceeded the latter at 18 and 24 h.
However, M2 outnumbered M1 thereafter, the ratios of M2/M1
reversed at 48h and remained reversed until 120h. mRNA
expression of iINOS in the tissue was correlated with M1 counts,
whereas mRNA expression of Arg-1 showed two peaks, one at 48 h
and the other at 120 h, which were partially correlated with M2
counts. The Arg-1 mRNA level reached a peak at 120 h, while the
number of M2 macrophages labeled by F4/80"Arg-1" and
detected by IF did not show the same trend at this time point,
because the mRNA level represented Arg-1 transcription level in
the entire paw tissue; in addition to macrophages, there are many
other cells constitutively expressing Arg-1. Thus, in Fig. 4A, it can
also be seen that not all Arg-1" cells expressed F4/80. CD14"
macrophages were higher in human synovium with tophi than in
normal synovium (Supplementary Fig. 1), and Arg-1 was highly
expressed than iNOS. Both IL-37 and IL-1f were highly expressed.
Interestingly, there were some amorphous areas in synovium with
tophi, which were wrapped by collagen fibers, without cells and
DNA, and contained MSU crystals, IL-18 and TNF-a®*. In our study,
iNOS in synovium with tophi was mainly represented in those
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Fig. 5 MSU-induced gouty peritonitis in mice. A The gating strategy of

C-E. B The flow chart of E. C, D The proportion of macrophages and

neutrophils in peritoneal lavage fluid. E The MFI ratio of iNOS/Arg-1 in peritoneal macrophages. n = 3 mice per group. P values significantly
different from control group: *P<0.05; **P<0.01; ***P<0.001. Error bars indicate standard error of mean (SEM). M macrophages, N

neutrophils, MFI median fluorescence intensity, iNOS inducible nitric ox

areas. We speculated that those iNOS may be produced by
inflammatory cells which died early and were attached to MSU
crystals. The MSU crystals were dissolved during pathological
specimen preparation and thus these proteins were retained. This
study is limited in that we could not collect synovial tissue from
patients with acute gout attacks. Our previous study showed that
IL-37, a natural innate immunological suppressor, efficiently
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ide synthase, Arg-1 arginase-1.

reshaped gouty macrophages into non-inflammatory pheno-
type?>, which may explain the quiescence in chronic gout patients
with tophi. In mouse models of gout, preponderance of M1
phenotype was accompanied by higher joint thickness and
neutrophiles influx. The dominant transformation of M1 in
in vitro experiments was accompanied by an increase in the
concentration of IL-1B and a decrease in the concentration of
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Fig. 6 MSU-induced gouty arthritis in mice. A-D Gouty arthritis sections were immunolabeled with anti-F4/80 antibody and visualized with a
secondary antibody conjugated with Alexa Fluor ® 647 (red fluorochrome). M1 (iNOS) and M2 (Arg-1) cytoplasmic markers were labeled by the
primary antibodies and then visualized using secondary antibodies conjugated with Alexa Fluor® 488 (green fluorochrome). Merged images
showed double fluorescence-labeled cells (F4/807iINOS* and F4/80"Arg-17, respectively). E The ratio of iNOS*/Arg-1" was calculated by
counting co-expressed cells. F Joint thickness was tested at 0 and 8 h after MSU administration. n =3 mice per group. ***P < 0.001. Error bars
indicate standard error of mean (SEM). iNOS inducible nitric oxide synthase, Arg-1 arginase-1, MSU monosodium urate.

IL-37. Together, these findings verified our previous assumption
that the infiltration of M1- or M2-macrophages can separately
promote and maintain or alleviate and resolve gouty inflamma-
tion. In addition, M1/M2 transformation in acute gout which
accompanied by a natural remission of inflammation may
contribute to the self-limiting process of gout. The clearly
opposing functions of the M1- and M2-macrophage phenotypes
highlight the need to provide a physiologically relevant immune
environment for the investigation of macrophages differentiation,
and emphasize the importance of investigating the differentiation
of MSU crystal-recruited macrophages in vivo.

The results of this study unveil a new level of complexity in
our understanding of the macrophage polarization in gouty
arthritis. In conclusion, macrophage polarization is a key factor
in acute gout. Our studies verified the previous theory that
macrophages can not only initiate but also promote and resolve
acute gouty inflammation. Altered macrophage polarization was
observed in different stages of acute gout attack. The imbalance

Laboratory Investigation (2022) 102:1054 - 1063

of M1/M2 macrophage polarization as a key factor of inflamma-
tion severity is confirmed in our study by pathological analysis.
Characterization of macrophage polarization into different
functional phenotypes is valuable for further investigation of
gout pathogenesis, as well as for a better disease management.
Our understanding of the mechanism of macrophage polariza-
tion is far from complete. The underlying mechanisms of
macrophage polarization in gout remain to be identified in
future studies.

In summary, altered macrophage polarization was observed in
different stages of gouty arthritis in human, rats and mice, and
also in in vitro MSU-induced THP-1 derived macrophages. In acute
gout, M1 macrophages increased with the progression of
inflammation, while M2 macrophages showed an increase as the
inflammation resolved in later stage. M2 macrophages in early
stage might be generated directly from MO, which depends on the
microenvironment. In chronic gout, macrophages mainly polar-
ized towards M2 for inflammatory quiescence.
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