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Elsayed and Elsaid

FIGURE 1

Regulation of uric acid (UA) production, xanthine oxidase (XO) and protein phosphatase 2A (PP2A) activities, XO (xanthine dehydrogenase; Xdh)
expression and interleukin-1 beta (IL-1p) secretion by murine bone marrow derived macrophages (BMDM:s) in response to Pam3CSK4 (TLR2 ligand)
and monosodium urate (MSU) crystals or GM-CSF/IL-1p stimulations. BMDMs were primed with Pam3CSK4 (100 ng/ml) for 24 h. BMDMs were then
incubated with febuxostat (Feb; 200 pM) or fingolimod (Fing; 2.5 uM) for 3 h followed by MSU crystals (250 pg/ml), and all assays were
performed at 3 h. Alternatively, BMDMs were primed with GM-CSF (20 ng/ml) for 24 h followed by IL-1f (1 ng/ml) + drug treatments for 3 h. Data
points represent independent experiments with two technical replicates per group. In each experiment, BMDMs were generated from the bone
marrows of 2-3 animals. Control group represents untreated BMDMs. Statistical analysis was performed by ANOVA. ns: non-significant; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. (A) Fingolimod reduced intracellular UA levels in MSU stimulated BMDMs. Febuxostat reduced intracellular
UA levels to a greater extent to fingolimod. (B) Fingolimod reduced XO activity in MSU crystal stimulated BMDMs. Febuxostat reduced XO activity to a
similar extent to fingolimod. (C) Fingolimod reduced secreted UA levels in GM-CSF/IL-1p stimulated BMDMs. Febuxostat reduced secreted UA levels
to a greater extent to fingolimod. (D) Fingolimod reduced XO activity in GM-CSF/IL-1p stimulated BMDMs. Febuxostat reduced XO activity to a
greater extent to fingolimod. (E) Fingolimod reduced Xdh expression in GM-CSF/IL-1p stimulated BMDMs. Febuxostat did not alter Xdh expression
under the same conditions. (F) Fingolimod and febuxostat enhanced PP2A activity in MSU stimulated BMDMs. (G) Fingolimod reduced secreted IL-1p
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levels in MSU stimulated BMDMs. Febuxostat reduced IL-1f secretion to a greater extent to fingolimod.

Quantitatively, both drug treatments increased Nrf2 levels in murine
macrophages (p < 0.05 for both comparisons; Figure 2G). Our data
suggest that 1) PP2A was inactivated in the setting of an
inflammatory insult mediated by ROS accumulation, 2) PP2A
activation suppressed inflammation via inhibition of XO-derived
ROS generation and 3) fingolimod and febuxostat reduced ROS
generation and enhanced Nrf2 expression, an important
transcriptional factor that plays a central role in regulating

cellular antioxidant and cytoprotective genes.

Nigericin reduced PP2A activity in BMDMs
and fingolimod reduced nigericin-induced
caspase-1 activity and IL-1p secretion

Nigericin is an NLRP3 activator, by being a potassium
ionophore and by inducing mitochondrial ROS generation.
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Fingolimod and febuxostat treatments did not alter ROS levels
in Pam3CSK4+nigericin-treated BMDMs (p > 0.05;
Figure 3A), while the positive control, NAC reduced ROS
levels (p < 0.05). Nigericin treatment reduced PP2A activity in
BMDMs (p < 0.001; Figure 3B), while fingolimod enhanced
PP2A activity (p < 0.05) in nigericin-treated cells. Nigericin
activated caspase-1 in BMDMs (p < 0.0001; Figure 3C) and
fingolimod treatment reduced caspase-1 activity in this setting
(p < 0.001). Also, fingolimod was efficacious in reducing IL-1p
secretion by nigericin-stimulated BMDMs (p < 0.0001;
Figure 3D). Similar to fingolimod, febuxostat suppressed
caspase-1 activity (p < 0.001) and IL-1f secretion (p <
0.0001). Our data suggest that PP2A inactivation is evident
in the pathways leading to NLRP inflammasome activation by
nigericin and by insoluble crystals. In addition, PP2A
activation reduced caspase-1 activity and IL-1p production
in response to nigericin treatment.
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FIGURE 2
Urate crystal induced generation of reactive oxygen species (ROS) and its relationship to protein phosphatase 2A (PP2A) and xanthine oxidase

(XO) activities, and nuclear factor erythroid 2-related factor 2 (Nrf2) expression in response to PP2A activation or XO inhibition in murine
macrophages. Murine bone marrow derived macrophages (BMDMs) were primed with Pam3CSK4 (100 ng/ml) for 24 h. BMDMs were then incubated
with febuxostat (February; 200 uM) or fingolimod (Fing; 2.5 yM) for 3 h followed by monosodium urate (MSU) crystals (250 pg/ml), and all
assays were performed at 3 h. N-acetylcysteine (NAC) and okadaic acid (OKA) treatments were performed at 10 yM and 2.5nM, respectively
Nrf2 expression was quantified at the gene level by qPCR and at the protein level using immunofluorescence and estimating corrected total cell
fluorescence (CTCF), normalized to control values. Data points represent independent experiments with two technical replicates per group. In each
experiment, BMDMs were generated from the bone marrows of 2-3 animals. In the immunofluorescence studies, data points represent independent
experiments with one technical replicate per group using murine J774 macrophage cell line. Control group represents untreated BMDMs or
J774 macrophages. Statistical analysis was performed by ANOVA. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A)
Fingolimod reduced ROS generation in MSU stimulated BMDMs. Febuxostat and NAC reduced ROS generation to a similar extent to fingolimod. (B)
NAC enhanced PP2A activity in MSU stimulated BMDMs. (C) NAC reduced XO activity in MSU stimulated BMDMs. (D) NAC reduced IL-1f secretion by
MSU stimulated BMDMs, and OKA co-treatment attenuated that effect. (E) Nrf2 expression in BMDMs was enhanced with fingolimod and febuxostat
treatment. (F) Representative confocal immunofluorescence images showing enhanced Nrf2 staining in MSU crystal stimulated murine

J774 macrophages treated with fingolimod or febuxostat (as shown by arrows). (G) Fingolimod and febuxostat treatments enhanced Nrf2 cellular
levels in MSU crystal stimulated J774 macrophages

0.001 for all comparisons). As a result of MSU crystal exposure,

Fingolimod reduced the expression of
BMDMs enhanced the secretion of G-CSF, M-CSF and GM-CSF

M1 markers; iINOS, IL-13, and CCL2 and the

secretion of M-CSF, IL-1, IL-6 and TNF-a in
MSU stimulated BMDMs

MSU crystals enhanced the expression of M1 markers; IL-14,
iNOS, and CCL2 (p < 0.0001 for all comparisons; Figure 4A). We
also observed a compensatory enhancement in M2 marker
expression; IL-10 and arginase (p < 0.0001). Fingolimod
treatment reduced the expression of M1 and M2 markers (p <
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(p < 0.05 p < 0.0001; p < 0.01; Figure 4B), and fingolimod treatment
reduced M-CSF secretion (p < 0.05). In addition, we detected
elevated IL-1a, IL-1B, IL-6 and TNF-a levels in MSU stimulated
BMDMs (p < 0.001 for all comparisons; Figure 4C), and fingolimod
treatment reduced these pro-inflammatory cytokines (p < 0.05 for all
comparisons). MSU crystal exposure induced the secretion of
chemokines; CCL4 (p < 0.0I), CCL5 (p < 0.05), CXCLI (p <
0.0001) and CXCL2 (p < 0.05) by BMDMs (Figure 4D), and
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FIGURE 3

Protein phosphatase 2A (PP2A) activity in nigericin (Nig)-induced NLRP3 inflammasome activation and interleukin-1 beta (IL-1p) release by
murine bone marrow derived macrophages (BMDMs) and efficacy of fingolimod, a PP2A activator, in regulating caspase-1 activation and IL-1p
secretion. BMDMs were primed with Pam3CSK4 (100 ng/ml) for 24 h. BMDMs were then incubated with febuxostat (February; 200 uM), fingolimod
(Fing; 2.5 pM), or N-acetylcysteine (NAC) (10 uM) for 3 h followed by Nig (5 uM), and all assays were performed at 3 h. Caspase-1 activity was
determined fluorometrically, and data are presented as relative fluorescence units (RFU). Data points represent independent experiments with two
technical replicates per group. In each experiment, BMDMs were generated from the bone marrows of 2-3 animals. Control group represents
untreated BMDMs. Statistical analysis was performed by ANOVA. ns: non-significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (A) ROS in
nigericin-treated BMDMs was reduced with NAC treatment. (B) Nigericin reduced PP2A activity in BMDMs. Fingolimod enhanced PP2A activity in
nigericin-treated BMDMs. (C) Fingolimod reduced capsase-1 activity in nigericin-treated BMDMs. Febuxostat reduced caspase-1 activity to a similar
extent to fingolimod. (D) Fingolimod reduced secreted IL-1p in nigericin-treated BMDMs. Febuxostat reduced IL-1p secretion to a greater extent to

fingolimod.

fingolimod treatment only reduced CXCLI secretion (p < 0.05).

Febuxostat treatment demonstrated a similar pattern of
preferentially inhibiting cytokine release to chemokine release
and its magnitude of inhibiting cytokine release was equivalent to
that of fingolimod. Our data suggest that fingolimod and febuxostat
effects were skewed towards suppression of pro-inflammatory
cytokine production in macrophages, with a marginal impact on

chemokine secretion by macrophages.

Inflammatory CMs demonstrated
enhanced XO expression and fingolimod
treatment reduced the influx of
inflammatory monocytes and neutrophils
and enhanced anti-inflammatory NCMs in
model acute gout

CMs demonstrated enhanced XO expression compared to NCMs
(Figure 5A). MSU crystals resulted in higher lavage CMs (p < 0.001;
Figure 5B), neutrophils (p < 0.05; Figure 5D) and lower lavage NCMs
(p < 0.01; Figure 5C). In addition, MSU crystals increased lavage IL-1p
levels (p < 0.05; Figure 5E). Fingolimod treatment reduced CMs (p <
0.0001), neutrophils (p < 0.001), IL-1p levels (p < 0.05) and increased
NCMs (p < 0.001). Taken together, fingolimod demonstrated an anti-
inflammatory effect in a model acute gout mediated by suppressing
inflammatory immune cell recruitment and enhancing inflammation
resolution mediated by enhanced NCM influx.
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Discussion

In this study, we have shown that PP2A activation suppressed
XO expression and activity and blunted XO-derived ROS and UA
generations in acute inflammation models of macrophages. The
effect of fingolimod on XO activity was only demonstrated upon
stimulation with MSU crystals or IL-1B with no significant
inhibition of basal XO activity. This differential effect contrasts
with febuxostat’s effect where the latter consistently reduced basal
and MSU or IL-1B associated XO activity. The superior XO
inhibitory effect of febuxostat corresponded with greater
reductions in intracellular and secreted UA compared to
fingolimod. The lack of a direct inhibitory effect by fingolimod
argues that the drug’s effect was likely related to its ability to suppress
IL-1f's signaling pathway, resulting in reducing XO gene expression
and by extension its activity. The signaling pathways of IL-1 and
TLR2/TLR4 agonists (e.g, MSU crystals) have a common
downstream effect of promoting the nuclear translocation of
nuclear factor kappa b (NF«B) (Cohen, 2014), and we previously
reported that PP2A inhibition increased NFxB nuclear translocation
in urate crystal stimulated BMDMs (Bousoik et al., 2020). The
contribution of soluble UA (sUA) to the overall inflammatory
picture of gout is discrepant. sUA may have an independent pro-
inflammatory effect on monocytes and macrophages, mediated by
activation of the NLRP3 inflammasome (Crisan et al., 2016; Braga
et al, 2017; Braga et al., 2021). However, it was also proposed that
sUA may function as a negative regulator of monocyte activation by
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