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Abstract

In the present study, acute onset of severe lupus nephritis was successfully treated in

mice using a new, benzamide-linked, small molecule that targets immune modulation and

the NLRP3 inflammasome. Specifically, 6-(2,4-difluorophenyl)-3-(3-(trifluoromethyl)phenyl)-2H-
benzo[e][1,3]oxazine-2,4(3H)-dione (Cf-02) (a) reduced serum levels of IgG anti-dsDNA, IL-B,
IL-6, and TNF-a, (b) inhibited activation of dendritic cells and differentially regulated T cell
functions, and (c) suppressed the NF-xB/NLRP3 inflammasome axis, targeting priming and
activating signals of the inflammasome. Moreover, treatment with Cf-02 significantly inhibited
secretion of IL-1p in lipopolysaccharide-stimulated macrophages, but this effect was abolished
by autophagy induction. These results recommend Cf-02 as a promising drug candidate for

the serious renal conditions associated with systemic lupus erythematosus. Future investigations
should examine whether Cf-02 may also be therapeutic in other types of chronic kidney disease
involving NLRP3 inflammasome-driven signaling.

Keywords

severe lupus nephritis; autophagy; benzamide-linked small molecule; NF-xB/NLRP3
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1| INTRODUCTION

Clinically, recurrence and/or transformation of renal pathology in lupus nephritis (LN),

a major complication of systemic lupus erythematosus (SLE) from low grade to high

grade (severe, diffuse proliferative glomerulonephritis) is not uncommon,1-2 the latter

often featuring diffuse intrinsic cell proliferation in glomeruli, associated with neutrophil
influx, cellular crescents, fibrinoid necrosis, and interstitial leukocyte infiltration.3 Growing
evidence from multiple investigations suggests that increased systemic exposure to bacterial
infection is implicated in SLE.#-5 Increased serum levels of antimicrobial response

factors and of soluble CD14, a lipopolysaccharide (LPS) receptor, are observed in SLE
patients.5-10 Moreover, neutrophil extracellular traps, a primary defense mechanism against
microorganisms, contribute to the evolution of LN.11-13 Recently, we demonstrated that
excessive production of IL-1p and activated T cells occur in an accelerated, severe LN
(ASLN) model in NZB/W F1 mice.14-17 Furthermore, we found that NEK7, a mitotic
serine/threonine kinase, can directly bind NLRP3, facilitating ASC, and leading to NLRP3
inflammasome activation in activated macrophages.18 On the other hand, autophagy
inhibits IL-1p secretion in pathogen-associated, ligand-treated macrophages,1%20 and it may
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reduce I1L-1p production by degrading pro-IL-1p and suppressing NLRP3 inflammasome
activation.16:19-21

Treatment of LN includes immunosuppressive therapy involving either glucocorticoids
and/or cytotoxic agents; however, the potentially severe contraindications of long-term

use of these drugs remain a major concern.22-26 Therefore, it is worth developing new
therapeutic agents that target specific pathogenic pathways for the renal condition, with
tolerable side effects. In this regard, drug candidates for autoimmune diseases should

have immunomodulatory effects with little or no toxicity.1415.27 For this purpose, we
succeeded in making a series of new 5-(2”,4’-difluorophenyl)-salicylanilide derivatives and
their ring-fused analogs, such as 2-hydroxy-N-[3-(trifluoromethyl)phenyl]benzamide (HS-
Cf),28 N-(4-chloro-2-fluorophenyl)-2-hydroxybenzamide (HS-Cm),2° and N-(3-chloro-4-
fluorophenyl)-2-hydroxybenzamide (HS-Ck).30 These new, small molecules inhibited
expression and/or activities of receptor activator of nuclear factor kappa-B ligand (RANKL)
and RANKL-related effector genes, including NF-xB, nuclear factor of activated T cells

1, c-fos, triiodothyronine receptor auxiliary protein, and cathepsin K in RANKL-induced
osteoclastogenesis.3132 Interestingly, during the course of making potent derivatives

from synthetic analogs of HS-Cf, a novel compound, 6-(2,4-difluorophenyl)-3-(3-
(trifluoromethyl)phenyl)-2H-benzo[e][1,3]oxazine-2,4(3H)-dione (Cf-02) was identified. It
shares some structural similarities with quercetin, a natural product in various fruits and
vegetables, with potent immunomodulatory properties.33

In the present study, the accelerated, severe renal condition in ASLN mice simulated acute
onset of high-grade pathological categories of LN and benefited from treatment with Cf-02
by differentially regulating the NLRP3 inflammasome, autophagy, and T cell functions. Our
results suggest that this new compound may be efficacious for other types of chronic kidney
disease involving excessive NLRP3 inflammasome activation.

2| MATERIALS AND METHODS

2.1| Synthesis of Cf-02

Cf-02, a novel benzamide-iinked small molecule, 6-(2,4-difluorophenyl)-3-phenyl-2H-
benzo[e][1,3]oxazine-2,4(3H)-dione derivative, was synthesized as described previously.33

2.2 | Clinical samples

Serum samples were collected from 65 patients with SLE, 24 with Sjégren syndrome and
30 healthy controls, while whole blood samples were collected from 14 SLE patients for the
preparation of peripheral blood mononuclear cells (PBMCs) in Ficoll-Hypaque (Amersham
Pharmacia Biotech, NJ, USA). All participants gave written informed consent and the
research plan was approved by the Ethics Committee of Tri-Service General Hospital,
National Defense Medical Center, Taipei, Taiwan (approval number: 2-106-05-001).

2.3 ASLN mouse model and experimental protocol

To establish ASLN model mice, 8-week-old female NZB/WF1 mice (prior to autoantibody
production) were given LPS (Sigma, MO, USA) (0.8 mg/kg body weight) twice a week
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by intraperitoneal (ip) injections.1> One week after the first injection of LPS, seven mice
each received either Cf-02 (10 mg/kg body weight) or vehicle (PEG 400) (Sigma) daily via
an ip route. Another group of such NZB/WF1 mice were treated with MCC950, a NLRP3
inhibitor (TargetMol, MA, USA), at 10 mg/kg body weight or saline every 2 days via ip
injections. All mice were sacrificed 5 weeks after induction of the disease. Another group

of age-matched female NZB/WF1 mice were injected with saline and served as normal
controls. All animal experiments were performed in compliance with the NIH Guidelines for
the Care and Use of Laboratory Animals with approval of the Institutional Animal Care and
Use Committee of The National Defense Medical Center, Taipei, Taiwan.

Renal function, albuminuria, pathology

Urine samples were collected for albuminuria assessment using the ratio of urine albumin/
urine Cr3* Serum BUN and Cr levels were determined, as described previously.14 Renal
tissues were fixed in formalin buffer and paraffin-embedded and stained with hematoxylin
and eosin (H&E). Scoring of renal pathology was evaluated as described previously, and
glomerulonephritis activity was scored, as described previously.3> Methyl Carnoy solution-
fixed and paraffin-embedded renal tissues were stained with antibodies against F4/80*
(Serotec, NC, USA), CD3* (pan T cell; Dako, Glostrup, Denmark) or collagen IV (Santa
Cruz, TX, USA), and frozen sections were stained with CD11c* antibody (BioLegend,
CA, USA).34 For scoring the number of CD3*-, F4/80*- , or CD11c*-positive cells, and
collagen 1V expression, quantitative image analysis software (Pax-it; Paxcam, IL, USA) was
applied.36

Cultured cells

Murine macrophage cell line, J774A.1, was purchased from the American Type Culture
Collection (USA) and was maintained in RPMI with 10% FBS (Invitrogen, USA).18

OVA-specific T cell proliferation assay

Bone marrow-derived dendritic cells (BMDCs) were isolated from tibias and femurs of
8-week-old female C57/BL6 mice.37 Cells were cultured in the presence of granulocyte-
macrophage colony stimulating factor (GM-CSF; Invitrogen, CA USA) (10 ng/mL) for 6
days, to induce differentiation of DCs.37 For the proliferation assay, freshly isolated CD4*
T cells from lymph node cells of OT-I1 transgenic mice (kindly provided by Dr C. Lowell,
University of California, USA) were co-cultured with LPS (100 ng/mL)-stimulated DCs
and 1 pg/mL with OVA323-339 peptide (Genomics, Taiwan) at 1:4 DCs/T cell ratio by
measuring uptake of [2H]-thymidine (Amersham Pharmacia Biotech, New Jersey, USA)
in TopCount (PerkinElmer Life Sciences, Palo Alto, CA, USA).38 T cell proliferation of
splenocytes was measured by [H3]-thymidine as described above.

Western blot analysis and immunoprecipitation

Protein lysates from tissues and cultured cells were run on SDS-PAGE gels.18 Anti-NLRP3
(AdiopGen, CA, USA), IL-18, caspase-1, p-actin (Santa Cruz, TX, USA), IL-1B (R&D,
MN, USA), p-1xB, p-p38MAPK, p-ERK1/2, p-JNK1/2, double-stranded RNA-dependent
protein kinase (PKR), NEK7 (Cell Signaling, MA, USA), ASC (Sigma), LC3B (GeneTex,
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CA, USA), p62 (Abcam, Bristol, UK) antibodies were used. For immunoprecipitation
analysis, cell lysates were mixed with anti-NLRP3 antibody, and followed by addition of
protein G beads. After elution, the samples were subjected to immunoblotting analysis using
anti-PKR, NEK7 or ASC antibodies.

2.8 | ASC oligomerization assay

Murine J774A.1 macrophages were lysed with 0.5% Triton X-100, protease inhibitors and
phosphatase inhibitors, and followed by centrifugation. The ASC oligomerization were then
analyzed by Western blotting as described previously.?!

29| Real-time PCR assay

Total RNA was extracted from renal tissues with REzol (Protech Technology, Taipei,
Taiwan) and cDNA was prepared as described previously.?? Real-time PCR reactions were
conducted using SYBR Green RT-PCR Reagents Kit (Applied Biosystems, MA, USA).
The primer pairs included: mouse iNOS forward: 5" -GGGCTGTCACGGAGATCA-3’;
mouse iNOS reverse: 5'- CCATGATGGTCACATTCTGC-3"; and

mouse Fizz-1 forward: 5"-ACCTTTCCTGAGATTCTGCCCC-3’; mouse

Fizz-1 reverse: 5" -CAGTGGTCCAGTCAACGAGTAAGC-3’; mouse GAPDH

forward: 5"-TCCGCCCCTTCTGCCGATG-3"; mouse GAPDH reverse: 5’-
CACGGAAGGCCATGCCAGTGA-3".

2.10| Flow cytometry
Mouse splenocytes were isolated and stained with allophycocyanin-conjugated anti-mouse
CD3" or CD4*, FITC-conjugated CD44* and phycoerythrin-conjugated anti-mouse CD62L™*
antibodies (all from BD Biosciences, CA, USA). For Treg cells, splenocytes were stained
using a Mouse Regulatory T cell Staining Kit (eBioscience), according to the manufacturer’s
instructions. Maturation of BMDCs was evaluated by CD11c*CD80* and CD11¢*CD86*
cells.3” A flow cytometer (FACSCalibur, BD Biosciences) was used.

2.11| ELISA and enzyme activity assay

Levels of LPS binding protein (LBP; MyBiosouce, Vancouver, Canada), IL-1p (R&D
Systems, MN, USA), and anti-dsDNA antibody (Alpha Diagnostic, USA) were measured
using commercial ELISA kits. Nuclear NF-xB p65 activity (Active Motif, Shinjuku-Ku,
Tokyo, Japan) and cytoplasmic caspase-1 activity (R&D systems) were measured, according
to the manufacturer’s instructions.

2.12 | Renal levels of ROS

ROS levels in renal tissues were measured by a lucigeninenhanced chemiluminescence
assay.3°

2.13| Neutrophil influx in mice with MSU crystals-induced peritonitis

Eight-week-old female C57BL/6J were administered with MSU crystals ip for 0, 24, and 48
hours as described previously.3940 Cf-02 (daily dose of 10 mg/kg body weight) dissolved in
PEG 400 (Sigma) was given via an ip route (Cf-02 + MSU); another group of C57BL/6J was
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administered with vehicle only as the disease control group (Vehicle + MSU). Mice were
sacrificed at 53 hours and the peritoneal cavity were lavaged with PBS. The absolute number
of cells harvested was counted in a hemocytometer before subsequent analysis with flow
cytometry as described previously.39:40

Statistical analysis

All data were presented as means = SEM. Data from in vitro and in vivo experiments
were analyzed using #tests (two-tailed) for two groups or ANOVA (with Dunnett’s multiple
comparisons test) for three or more groups. A P-value <.05 was considered significant.

RESULTS

Increased serum LBP levels in SLE patients and reduced IL-1f secretion in PBMCs

by Cf-02 treatment

3.2

Ample evidence shows that patients with SLE and LN have experienced increased systemic
exposure to bacteria, resulting in increased serum levels of LBP and its receptor CD14.8
Significantly, in patients with SLE, serum LBP levels were increased compared with those
of Sjogren’s syndrome and normal subjects (Figure 1A). Furthermore, treatment with Cf-02,
a small molecule that shows potent immunomodulatory effects, resulted in significantly
reduced levels of IL-1pB secretion by LPS-primed PBMCs collected from SLE patients,
compared with those of saline controls (Figure 1B). These findings suggest that episodes of
bacterial infection and may contribute to deterioration of the patients tested and Cf-02 may
have therapeutic effects in SLE and LN.

Cf-02 treatment improves renal function, albuminuria and renal pathology

Next, we validated potential therapeutic effects of Cf-02 in an ASLN model in NZB/W F1
mice, which mimics acute onset of severe LN in human.1” LN was induced in these mice by
intermittent LPS injections to simulate SLE patients following bacterial infections believed
to act as environmental triggers. Cf-02 was administered daily after the onset of the renal
condition in ASLN mice (ASLN + Cf-02 mice), while ASLN mice that received vehicle
only (ASLN + Vehicle mice) were used as disease control mice. Elevated serum levels

of BUN and Cr were seen in ASLN + Vehicle mice, but these effects were significantly
inhibited in ASLN + Cf-02 mice (Figure 2A,B). In parallel, ASLN + Cf-02 mice exhibited
greatly reduced albuminuria, compared with ASLN + Vehicle mice, which manifested overt
albuminuria in comparison with saline control mice (Figure 2C). While ASLN + Vehicle
mice developed serious pathological changes, including intrinsic cell proliferation, crescent
formation, fibrinoid necrosis, neutrophil infiltration in the glomeruli, and periglomerular
interstitial inflammation, these effects were significantly inhibited in ASLN + Cf-02 mice
(Figure 2D-I ). ASLN + Cf-02 mice had significantly lower glomerulonephritis activity
scores than ASLN + Vehicle mice (Figure 2J). In addition, significantly reduced renal
collagen 1V expression was observed in the ASLN + Cf-02 mice, compared with ASLN

+ Vehicle mice (Figure 2K,L). To elucidate the mechanism of action of the Cf-02 in its
inhibiting neutrophil infiltration in the kidney, we performed an MSU crystals-induced
peritonitis in mice.3240 Although neutrophil recruitment was observed in peritoneal lavage
fluid of the mice treated with MSU crystal, Cf-02 failed to reduce the severity of
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the peritonitis in the animals at the dose of 10 mg/kg of the compound (Figure 2M).
Furthermore, we conducted an experiment to evaluate the effectiveness of MCC950, an
NLRP3-specific inhibitor4 in the ASLN mice. The results show that reduced albuminuria
and improved renal function were observed in the ASLN mice treated with MCC950,
compared with those treated with saline alone (urine albumin/creatinine ratio, ASLN +
MCC950, 0.35 £ 0.11 vs ASLN + Vehicle, 1.04 £+ 0.30, A< .01; serum BUN, ASLN +
MCC950, 65.91 + 20.21 vs ASLN + Vehicle, 92.33 + 15.66, A< .05; serum Cr, ASLN +
MCC950, 0.42 + 0.10 vs ASLN + \ehicle, 0.64 + 0.15, P<.01).

Cf-02 treatment reduces levels of anti-dsDNA and cytokines in sera, inhibits renal

immune cell infiltration, and regulates systemic T cell functions

3.4

Greatly reduced serum anti-dsDNA levels were observed in ASLN + Cf-02 mice, compared
with increased serum anti-dsDNA levels in ASLN + Vehicle mice in relation to saline
control mice (Figure 2N). In parallel, ASLN + Cf-02 mice showed significantly reduced
serum levels of IL-1pB, IL-6, and TNF-a compared with ASLN + Vehicle mice (Figure 20—
Q). In addition, treatment with Cf-02 resulted in greatly decreased levels of mononuclear
leukocyte infiltration by F4/80" macrophages, CD3* T cells, and CD11c* dendritic cells
(DCs) in renal tissues of ASLN + Cf-02 mice, compared with those of ASLN + Vehicle
mice, as demonstrated immunohistochemically (Figure 3ABF). Next, we evaluated the effect
of Cf-02 on the polarization of M1 and M2 macrophages in renal tissues of the mice using
real-time PCR assay. The results show that reduced renal mRNA levels of M1 (iNOS) and
M2 (Fizz-1) was seen in ASLN + Cf-02 mice, compared to those of ASLN + \ehicle

mice (Figure 3G,H), respectively, suggesting that treatment with Cf-02 affected macrophage
polarization, which might be partly involved in the mechanism of action of the compound.
Moreover, Cf-02 treatment inhibited CD4* and CD8* T cells (Figure 31,J), but enhanced T
reg cell differentiation (Figure 3K) and T cell proliferation (Figure 3L) in splenocytes from
ASLN + Cf-02 mice. These results suggest that differential regulation of T cell activation
and Treg differentiation may be involved in the therapeutic effect of this small molecule in
this ASLN mouse model. Excessive activation of DCs and resultant dysregulation of T cell
functions contribute to the progression of SLE and LN.#2 Next, we examined whether Cf-02
can inhibit DCs by regulating T cell activation in a cell model. While ATP-activated, LPS-
stimulated BMDCs showed increased percentages of CD11c*CD80* and CD11c*CD86*
immune cells, treatment with Cf-02 abolished this effect of BMDCs maturation (Figure
3M,N). Furthermore, in an OVA-specific T cell proliferation assay, treatment with Cf-02
significantly reduced proliferation of CD4" T cells that were co-incubated with activated
DCs, compared with controls treated only with vehicle (DMSO) (Figure 30).

Cf-02 treatment reduces renal ROS and inhibits NLRP3 inflammasome activation

Excessive production of ROS is implicated in activation of the NLRP3 inflammasome

and subsequent involvement in development and progression of ASLN.1>-17 ASLN +
Cf-02 mice exhibited significantly reduced renal levels of ROS, compared with ASLN +
Vehicle mice (Figure 4A). Additionally, significantly decreased renal NF-xB p65 activity
was detected in ASLN + Cf-02 mice compared with ASLN + Vehicle mice (Figure 4B).
Treatment with Cf-02 significantly reduced mRNA levels of NLRP3, IL-1(, and caspase-1
in renal tissues of ASLN + Cf-02 mice compared with ASLN + \ehicle mice (Figure 4C).
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In parallel, decreased protein levels of renal NLRP3, caspase-1 and IL-1p were observed in
ASLN + Cf-02 mice, compared with those of ASLN + Vehicle mice (Figure 4D-G). Also,
ASLN + Cf-02 mice showed significantly inhibited renal caspase-1 activity compared with
ASLN + Vehicle mice (Figure 4H).

Cf-02 treatment negatively regulates the NLRP3 inflammasome in vitro

3.5.1| Cf-02 inhibits priming and secondary signals during activation of

the NLRP3 inflammasome—First, LPS-stimulated, ATP-activated macrophages secreted
significantly more IL-1p compared with saline controls, as demonstrated by ELISA (Figure
5A). However, treatment with Cf-02 abolished this effect in a dose-dependent manner.
Consistent with this, using Western blot analysis, it was clear that treatment with Cf-02
reduced production of IL-1, IL- 18 (Figure 5B), caspase-1 (Figure 5C), NLRP3, and ASC
(Figure 5D).

Full activation of the NLRP3 inflammasome requires priming and secondary signals, in
which the former determines expression of NLRP3 and pro-IL-1p, while the latter controls
activation of caspase-1.43 Next, we investigated whether Cf-02 inhibited primary signal
pathways of the NLRP3 inflammasome. Cf-02 significantly reduced levels of NLRP3 and
pro-IL-1B in LPS-primed macrophage lysates in a dose-dependent manner (Figure 6A).

In addition, MAPKSs and NF-xB signal pathways are implicated in the priming stage

of inflammasome activation. LPS-stimulated macrophages produced increased levels of
p-ERK, p-JNK, and p-p38MAPK, but this effect was inhibited by treatment with Cf-02,
except for p-p38MAPK (Figure 6B). In parallel, Cf-02 reduced p-1-xB levels in LPS-primed
macrophages in a dose-dependent manner, compared with those of LPS-primed cells treated
with vehicle (DMSO) only (Figure 6C). Together, these results suggest that Cf-02 inhibited
activation of the NLRP3 inflammasome, by inhibiting part of MAPKs- or NF-xB-mediated
inflammasome priming signal in macrophages.

NLRP3 inflammasome assembly and ASC oligomerization are required to activate the
NLRP3 inflammasome.*4 NLRP3-NIMA-related kinase 7 (NEK?7) interaction is involved
in activation of the NLRP3 inflammasome, featuring ASC oligomerization and ASC speck
formation.1845> Amplification of PKR activates the NLRP3 inflammasome by physically
interacting with NLRP3.18:46 \Whereas the NLRP3-ASC complex formation was greatly
enhanced in ATP-activated, LPS-stimulated macrophages, this effect was abrogated by
Cf-02 (Figure 6D). Moreover, Cf-02 interrupted the interaction of NEK7 and NLRP3
(Figure 6E) or PKR and NLRP3 (Figure 6F) in ATP-activated, LPS-stimulated macrophages.
Similarly, levels of ASC oligomerization were decreased by Cf-02 in ATP-activated, LPS-
stimulated macrophages, compared with those treated with vehicle (DMSO) only (Figure
6G).

3.5.2| Cf-02 promotes autophagy-mediated inhibition of the NLRP3
inflammasome—Growing evidence confirms that autophagy negatively regulates
activation of NLRP3 inflammation.16:19-21 First, treatment with Cf-02 enhanced LC3B-II
and p62 expression in cultured macrophages at resting stage (without being activated by a
particular stimulant) in a time-dependent manner (Figure 7A), and this effect was reversed
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by 3-MA, an autophagy inhibitor (Figure 7B). We then examined whether Cf-02 was
able to activate autophagy, which further inhibited the NLRP3 inflammasome in activated
macrophages. Cf-02 inhibited IL-1f secretion (Figure 7C) and production (Figure 7D) in
ATP-activated, LPS-stimulated macrophages, an effect reversed by 3-MA.

DISCUSSION

LN remains a therapeutic enigma. The present study highlights potent therapeutic effects

of Cf-02, a novel, ring-fused small molecule, in ASLN NZB/W F1 mice, a model of

acute onset of progressive LN, and its mechanisms of action, which include differential
regulation of the NF-xB/NLRP3 inflammasome axis, autophagy, and T cell functions.

First, we demonstrated that treatment with Cf-02 significantly modulated activation of the
NLRP3 inflammasome in ASLN mice. Treatment with this compound reduced infiltration
of mononuclear leukocytes, including macrophages, DCs, and T cells into the kidneys of
ASLN mice. Furthermore, treatment with Cf-02 suppressed T cell activation, but increased
the proportion of Treg cells in ASLN mice. In specific cell models, we found that Cf-02
administration significantly decreased DCs maturation and inhibited proliferation in antigen-
specific CD4* T cells induced by activated DCs, as demonstrated in an in vitro OVA-specific
T cell proliferation assay. These findings suggest that Cf-02 negatively regulates DCs
function, thereby inhibiting the adaptive immune response in T cells. These combined
actions may contribute to the mechanism of action by which Cf-02 exerts its therapeutic
effects in this murine ASLN model.

Recently, we demonstrated that blockade of MAPK signaling pathways, p-ERK1/2, p-
IJNK1/2, and p-p38MAPK, resulted in inhibitory IL-18 mRNA and pro-IL-1p protein
expression in LPS-activated macrophages.16:47 In the current study, blockade of p-
ERK1/2, p-INK1/2, and p-1-xB by Cf-02 inhibited NLRP3 expression in LPS-stimulated
macrophages, suggesting that blocking of MAPK- and NF-xB-mediated priming of NLRP3
inflammasome activation may contribute to the mechanism by which Cf-02 exerts its
therapeutic effects on ASLN in mice. Of note, PKR positively regulates the NLRP3
inflammasome by binding to NLRP3 and NEK?7 serves as an essential mediator of

NLRP3 inflammasome activation.18:45.46 Recently, we showed that PKR and NEK?7 bind
to NLRP3 upon ATP stimulation in LPS-activated macrophages.® Consistent with these
findings, Cf-02 treatment inhibited binding of NEK7 and PKR to NLRP3 in cultured
macrophages. Cf-02 treatment abolished formation of a complex of ASC with NLRP3 and
oligomerization of ASC upon ATP stimulation in LPS-stimulated macrophages. Therefore,
negative regulation of NLRP3 inflammasome assembly and ASC oligomerization may be
involved in the therapeutic effect of Cf-02 on ASLN in NZB/W F1 mice. On the other
hand, whether there might be other molecular targets involved in the mechanism of action
for the compound. In this regard, we found that (a) the potency of Cf-02 in suppressing

the activation of NF-xB, STAT-3, and IRF-133 and (b) excessive activation of the NF-xB/
NLRP3 inflammasome axis is involved in ASLN pathogenesis.16:17

Growing evidence confirms that autophagy negatively regulates activation of NLRP3
inflammation activation and controls production of IL-1p by degrading pro-1L-1p.16.19-21
Notably, autophagy participates in pathogenesis of SLE and LN and is implicated in
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transforming mild LN into severe LN.#8:49 The current results show that Cf-02 confers its
therapeutic effects in ASLN mice by inhibiting NLRP3 inflammasome activation, partially
via autophagy-mediated blocking of the inflammasome. However, further investigation is
required about whether other molecular targets that might be involved in the mechanism of
action for the Cf-02 in the mouse model of ALSN.

To understand more about the mechanism of action of the Cf-02, we also think of the
possibility whether it might involve another molecular pathway associated with IL-18, which
is also produced by NLRP3 inflammasome activation.>C In the past, we found that IL-18
expression by mesangial cells is observed in the ASLN model, which is accompanied

by neutrophil infiltration, intrinsic cell proliferation, and apoptosis in renal tissues.?122
Moreover, IL-18 prolongs neutrophil survival in burns or other traumatic injuries,®3 and this
cytokine is involved in TNFa-mediated priming of neutrophil oxidase.>*

In the present study, Cf-02 is a new drug candidate, the pharmacokinetic and dynamic
(PK/PD) values of the compound deserve further investigation. Recently, we characterized
the pharmacokinetic properties NSC765689, a derivative of the Cf-02. We presumed that its
medicinal chemical properties and bioavailability of the Cf-02 could be extrapolated from
the published data.>>:56 However, PK/PD values of the Cf-02 and its dosing regimen as
well as biochemical characteristics of the small compound should be further investigated to
support this new tool compound as a credible drug candidate.

In summary, acute onset of severe LN was successfully treated in mice using a new,
benzamide-linked, small molecule that targets immune modulation and the NLRP3
inflammasome (Figure 8). These results recommend Cf-02 as a promising drug candidate
for the serious renal conditions associated with SLE. Future investigations should examine
whether Cf-02 may also be therapeutic in other types of chronic kidney disease involving
NLRP3 inflammasome-driven signaling.
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Abbreviations:

ASLN accelerated, severe lupus nephritis

BMDCs bone marrow-derived dendritic cells

BUN blood urea nitrogen

Cf-02 6-(2,4-difluorophenyl)-3-(3-(trifluoromethyl)phenyl)-2H-benzo[e]
[1,3]Joxazine-2,4(3H)-dione

Cr creatinine

H&E hematoxylin and eosin
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HS-Cf 2-hydroxy-N-[3-(trifluoromethyl)phenyl]benzamide
HS-Ck N-(3-chloro-4-fluorophenyl)-2-hydroxybenzamide
HS-Cm N-(4-chloro-2-fluorophenyl)-2-hydroxybenzamide
LBP LPS binding protein
LN lupus nephritis
LPS lipopolysaccharide
NEK7 NLRP3-NIMA-related kinase 7
PBMCs peripheral blood mononuclear cells
PKR double-stranded RNA-dependent protein kinase
RANKL receptor activator of nuclear factor kappa-B ligand
ROS reactive oxygen species
SLE systemic lupus erythematosus
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FIGURE 1.
LPS-binding protein and IL-1p levels in SLE patients. A, Serum levels of LPS-binding

protein. B, IL-1B secretion from PBMCs treated with LPS and ATP, followed by treatment
with Cf-02. Data are presented as means + SEM. Cf-02, a novel benzamide-linked small
molecule; HC, healthy control; PBMCs, peripheral blood mononuclear cells; SLE, systemic
lupus erythematosus; SS, Sjogren syndrome. **P< .01, ***P < 005, ****P < 001
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FIGURE 2.
Renal function, albuminuria, pathology, neutrophil influx, 1gG anti-dsDNA, and cytokines

in ASLN mice. Serum levels of (A) BUN and (B) Cr; (C) Urine albumin levels; (D)

Renal pathology, H&E staining. The arrows indicate mononuclear leukocyte infiltration. The
arrowheads indicate neutrophil infiltration. E-I, Scoring for renal pathology; (J) Scoring

for glomerulonephritis activity. K, Collagen IV by IHC staining. L, Scoring for IHC.

M, Neutrophil influx was quantified in MSU crystals-induced peritonitis in mice by flow
cytometry. N, Serum levels of IgG anti-dsDNA autoantibody; Serum levels of (O) IL-14, (P)
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IL-6 and (Q) TNF-a. Scale bars = 50 pm. Original magnification 400x. Data are presented
as means + SEM for seven mice per group. ASLN, accelerated, severe lupus nephritis; BUN,
blood urea nitrogen; Cf-02, a novel benzamide-linked small molecule; Cr, creatinine. ***P<
.005, ****p< 001, “Not detectable. ns, no significant difference
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dendritic cells; Cf-02, a novel benzamide-linked small molecule; MFI, mean fluorescent
intensity. *P< .05, **P< .01, ***P< 005 and ****P< .001. *Not detectable. ns, no
significant difference
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FIGURE 4.

Renal ROS production and NLRP3 inflammasome activation in ASLN mice. A, ROS. B,
NF-xB activity. C, mRNA levels of NLRP3, caspase-1, IL-1B. D, Protein levels NLRP3,
caspase-1 and IL-1pB; (E-H) Semiquantitative analysis. I, Caspase-1 activity. Data are
presented as means £ SEM with seven mice per group. ASLN, accelerated, severe lupus
nephritis; Cf-02, a novel benzamide-linked small molecule; ROS, reactive oxygen species.
**p< 01, ***P< 005 and ****P< .001. “Not detectable. ns, no significant difference
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NLRP3 inflammasome activation in macrophages. A, IL-1p by ELISA. B, IL-1p, IL-18,
(C) Caspase-1, (D) NLRP3 and ASC by Western blot analysis. Cells were incubated with 1
pg/mL of LPS for 5.5 hours, and then with Cf-02 at concentrations indicated for 30 minutes,
followed by 5 mM ATP for 30 minutes. Data are presented as means = SEM for three
separate experiments, and each experiment was performed in triplicate. Casp-1, caspase-1;
Cf-02, a novel benzamide-linked small molecule. ***P < .005 and ****/P< .001. ns, no

significant difference
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Phosphorylation of ERK1/2, INK1/2, p38MAPK, I-xB, NLRP3 assembly and ASC
oligomerization in macrophages. A, Protein levels of NLRP3, prolL-1p; (B) p-ERK1/2,
p-JNK1/2, p-p38MAPK and (C) p-I1-xB by Western blot analysis. Cells were incubated

with Cf-02 at indicated concentrations for 30 minutes, followed by incubation with 1
pg/mL of LPS. NLRP3 assembly of (D) ASC-NLRP3; (E) NEK7-NLRP3; (F) PKR-NLRP3
by immunoprecipitation. G, ASC oligomerization by Western blot analysis. Cells were
incubated with 1 pg/mL of LPS for 5.5 hours, and then with Cf-02 at concentrations
indicated for 30 minutes, followed by 5 mM ATP for 30 minutes. Data are presented

as means + SEM with three separate experiments, and each experiment was performed

in triplicate. Cf-02, a novel benzamide-linked small molecule; 1B, immunoblotting; IP,

immunoprecipitation
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FIGURE 7.
Activated autophagy-mediated inhibition of the NLRP3 inflammasome in macrophages. A,

Protein levels of LC3B-I/11 and p62 at a resting stage by Western blot analysis. Cells were
incubated with Cf-02 at concentrations indicated in a time-dependent manner. B, Protein
levels of LC3B-I/11 and p62 by Western blot analysis. Cells were incubated with Cf-02 for
6 hours, and with or without 3-MA for 30 minutes (5 mM; an autophagy inhibitor). Protein
levels of IL-1B by (C) ELISA and (D) Western blot analysis. Cells were incubated with 1
pg/mL of LPS for 5.5 hours, with or without 3-MA (5 mM) for 30 minutes, and Cf-02 for
30 minutes, followed by 5 mM ATP for 30 minutes. Data are presented as means + SEM
for three separate experiments, and each experiment was performed in triplicate. Cf-02, a
benzamide-linked small molecule; 3-MA, 3-Methyladenine. ***P < .005. #Not detectable

FASEB J. Author manuscript; available in PMC 2023 April 09.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yang et al. Page 24

Priming Activation

B8~ e y
/ [ ASC !
MAPKs IPKRNLRP3NEK7I

NF-«xB N e e y

Autophagy —— Caspase-1

NLRP3

prolL-1B > :Hg —> ASLN

FIGURE 8.
Schematic representation of the plausible mechanism of action for therapeutic effects of

Cf-02 on ASLN. ASLN, accelerated, severe lupus nephritis; Cf-02, a novel benzamide-
linked small molecule
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