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Abstract: Neutrophil extracellular traps (NETs) are web-like structures released by activated
neutrophils. Recent studies suggest that NETs play an active role in driving autoimmunity
and tissue injury in diseases including rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE). The purpose of this study was to investigate if celastrol, a triterpenoid
compound, can inhibit NET formation induced by inflammatory stimuli associated with RA

and SLE. We found that celastrol can completely inhibit neutrophil oxidative burst and NET formation induced
by tumor necrosis factor alpha (TNFa) with an IC50 of 0.34 uM and by ovalbumin:anti-ovalbumin immune
complexes (Ova IC) with an IC50 of 1.53 uM. Celastrol also completely inhibited neutrophil oxidative burst and
NET formation induced by immunoglobulin G (IgG) purified from RA and SLE patient sera. Further
investigating into the mechanisms, we found that celastrol treatment downregulated the activation of spleen
tyrosine kinase (SYK) and the concomitant phosphorylation of mitogen-activated protein kinase kinase
(MAPKK/MEK), extracellular-signal-regulated kinase (ERK), and NFxB inhibitor alpha (lxBa), as well as
citrullination of histones. Our data reveals that celastrol potently inhibits neutrophil oxidative burst and NET
formation induced by different inflammatory stimuli, possibly through downregulating the SYK-MEK-ERK-NF«B
signaling cascade. These results suggest that celastrol may have therapeutic potentials for the treatment of
inflammatory and autoimmune diseases involving neutrophils and NETs.
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INTRODUCTION

Neutrophils are the most abundant immune cells in
human blood and play an essential role in host defense
against invading pathogens. After recruitment to the
inflammatory site, neutrophils attack and destroy
pathogens by phagocytosis, along with releasing
antimicrobial peptides, proteolytic enzymes, reactive
oxygen species (ROS), and the more recently
described neutrophil extracellular traps (NETs) [1-3].
NETs are web-like structures released by activated
neutrophils through a process called “NETosis” [1, 4].
NETs are composed of decondensed chromatin
backbones with embedded antimicrobial granular
molecules, and some cytoplasmic proteins [5]. It is
believed that NETs provide an important mechanism
for host cells to entrap and Kkill extracellular
microorganisms [1].

Despite their beneficial effects in innate immune
response, NETs appear to contribute to the
pathogenesis of various inflammatory and autoimmune
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diseases [6], such as sepsis [7], inflammatory lung
diseases [8], vascular disorders [9-11], systemic lupus
erythematosus (SLE) [12-18], and rheumatoid arthritis
(RA) [19]. NET structures have been identified in
kidney lesions of SLE and vasculitis patients and
synovial tissues of RA patients, suggesting that
prolonged exposure of NET components (histones,
bactericidal peptides and proteases, and ROS) may
directly cause host tissue damage [11, 14, 18, 19]. In
addition, NET contents (such as dsDNA, citrullinated
histones and vimentin, myeloid peroxidase, and LL37)
may serve as a source of autoantigens that exacerbate
the autoimmune responses in these patients [19, 20].
Indeed, it was shown that some SLE patients displayed
decreased ability to degrade NETSs in their sera and the
patients with defective NET degradation had higher
levels of anti-dsDNA and anti-NET autoantibodies as
well as a higher frequency of developing lupus nephritis
[18, 21]. Furthermore, SLE is an immune complex-
mediated autoimmune disease with enhanced serum
type 1 interferon (IFN) activity (the so called “IFN
signature”) [22]. It has been shown that netting
neutrophils are a major inducer of type | IFN production
by plasmacytoid dendritic cells in SLE [12, 13].
Interestingly, recent studies show that netting
neutrophils have the capacity to produce IFNa
themselves [23], further supporting a pathogenic role of
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NETs in SLE. Taken together, NETs may play a
prominent role in the pathogenesis of a range of
inflammatory and rheumatic diseases. Thus, inhibition
of NET formation holds great promise for improved
treatment of these diseases.

Celastrol (also called tripterine or tripdiolide) is one
of the two main active components in Chinese herbal
medicine Tripterygium wilfordii Hook F (TwHF). TwHF
extracts have been widely used in East Asia for the
treatment of autoimmune and inflammatory diseases
for centuries [24]. Phase | and Il clinical trials in the
United States and China have shown the safety and
efficacy of TwHF extracts in the treatment of patients
with RA [25-28]. The anti-inflammatory effects of
celastrol have been demonstrated in animal models of
different diseases, including SLE [29], inflammatory
arthritis [30], Alzheimer’s disease [31], and asthma
[32]. It has been shown that celastrol downregulates
the expression of pro-inflammatory cytokines and
modulates the activity of many inflammation-associated
molecules such as Janus kinase 2 (JAK2), transcription
factor NF-xB, NADPH oxidase, MHC Il, and
proteasome [24].

The purpose of this study was to determine the
effect of celastrol on NET formation and to investigate
the potential signaling mechanisms involved. Our
results demonstrated that celastrol was a potent
inhibitor of NET formation induced by inflammatory
stimuli which are known to contribute to the
pathogenesis of RA and SLE. Our study also identified
spleen tyrosine kinase (SYK) as a new molecular target
for the action of celastrol.

MATERIALS AND METHODS

Materials

Celastrol (M, = 450.6, = 98% pure) was purchased
from Cayman Chemical (Ann Arbor, MI, USA). A stock
solution of celastrol (30 mM in DMSO) was prepared
and diluted with phosphate buffered saline (PBS)
before using. Ovalbumin:anti-ovalbumin  immune
complex (Ova IC) was prepared by mixing ovalbumin
(Sigma-Aldrich, St. Louis, MO, USA) and rabbit anti-
ovalbumin antibodies (Acris Antibodies, San Diego,
CA, USA) at a molar ratio of 1:4 and incubated at 37°C
for 1 hr. Human tumor necrosis factor alpha (TNFa)
was purchased from Pepro Tech Inc. (Rocky Hill, NJ,
USA). Total serum IgG was purified using protein A
Sepharose following the manufacturer’s instruction
(Biovision Inc., Milpitas, California, USA). Bound IgG
on protein A Sepharose was washed using a high salt
buffer (3M NaCl and 1.5 M glycine, pH 9.0) to eliminate
associated antigens before it is eluted from protein A
beads.

Study Subjects

Human studies described in this manuscript were
approved by the Institutional Review Board (IRB) of
University of Nebraska Medical Center under the
protocols #447-10-EP and #342-10-FB. Written
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informed consent was obtained according to
procedures approved by the IRB before blood samples
were collected from study subjects. Healthy controls
were donors without any known autoimmune diseases.
Patients with RA or SLE fulfiled the 1987 American
College of Rheumatology classification criteria for RA
or SLE, respectively.

Neutrophil Isolation

Peripheral blood samples from healthy donors, SLE
and RA patients were obtained after informed consent
in accordance with institutional review board approved
protocols at the University of Nebraska Medical Center
(UNMC). Neutrophils were separated by Ficoll gradient
centrifugation using Polymorphprep (Axis-Shield Poc,
Oslo, Norway) following the manufacturer’s instruction.
The neutrophil layer was collected and washed three
times with PBS. Residual red blood cells were lyzed by
brief incubation with ice-cold hypotonic buffer (0.2%
NaCl in dH,0). The purified neutrophils were about
90% alive by trypan blue or propidium iodide (PI)
staining and 90% pure confirmed by flow cytometry
scatter analysis and cell surface expression of CD16
(data not shown).

Neutrophil Oxidative Burst

Freshly isolated neutrophils were resuspended in
Hank’s Balanced Salt Solution (HBSS) supplemented
with 1.09 mM CaCl;,1.62 mM MgCl,, and 5% fetal
bovine serum (FBS) at 5x10° cells/ml. Neutrophils were
loaded with 1 pg/ml of dihydrorhodamine 123
(DHR123, purchased from Life Technologies, Grand
Island, NY, USA) at room temperature (RT) for 15 min,
and then stimulated with 100 ng/ml of TNFa,5 pg/ml of
Ova IC or 250 pg/ml of purified total IgG from either
SLE or RA patient sera at 37°C for 30 min followed by
immediate fixation with 2% formaldehyde in PBS. Flow
cytometry was performed to measure the fluorescence
generated by oxidization of DHR 123. For celastrol
treatment, neutrophils were pre-incubated with different
doses of celastrol (0.5-20 uM) or vehicle only at RT for
45 min before stimulation. The concentrations of TNFa,
Ova IC, total serum IgG, and celastrol in the above
assays are within the most commonly used range for in
vitro studies in the literature.

NET Formation and Quantification

Freshly isolated neutrophils were resuspended in
RPMI medium at 2x10° cells/ml, and seeded into 96-
well plates at 50 pl/well. NET formation was stimulated
with 100 ng/ml of TNFa, 5 pg/ml of Ova IC, or 250
pg/ml of purified serum IgG for 3 hr at 37°C in a CO,
incubator. SYTOX Green (Life Technologies, Grand
Island, NY, USA), a cell non-permeable nucleic acid
binding dye, was added at 350 nM final concentrations
to detect extracellular chromatin DNA released in
NETs. NETs were visualized using fluorescence
microscopy and quantified by POLARstar Omega
fluorescence polarization microplate reader (BMG
Labtech, Ortenberg, Germany).
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NET Immunofluorescence Staining

Freshly isolated neutrophils (2x‘|06 cells/ml in RPMI
medium) were seeded in poly-L-lysine coated
coverslips and incubated at 37°C, 5% CO, for 3 hr.
Cells were then fixed with 4% paraformaldehyde. After
permeabilization with 0.2% Triton X-100 for 10 min at
RT, cells were blocked with PBS plus 2% BSA at RT
for 2 hr. Cells were then stained with mouse anti-
human myeloperoxidase antibody (AbD Serotec,
Raleigh, NC, USA) for 2 hr, followed by incubation with
secondary Rhodamine Red-X-conjugated rat anti-
mouse IgG secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA)
for 1 hr at RT. Nuclear DNA was detected by staining
with SYTOX Green. Coverslips were mounted onto
glass slides and analyzed using an upright fluorescent
microscope (Olympus 1X81).

Phospho-Specific Flow Cytometry

Neutrophils were stimulated as described above for
the examination of neutrophil oxidative burst with the
exception that the stimulation was stopped after 5 min
at 37°C by fixation with pre-warmed BD Phosflow ™
Lyse/Fix Buffer at 37°C for 10 min. Cells were
permeabilized with BD Phosflow™ Perm Buffer II on
ice for 30 min and then stained with Alexa Fluor® 488
conjugated anti-phospho SYK antibody (pY348) at RT
for 1 hr before flow cytometry analysis. All the above
reagents were purchased from BD Biosciences (San
Jose, CA, USA).

Western Blot

Neutrophils were stimulated as described in
“neutrophil oxidative burst” for 5-10 min at 37°C. Cell
lysates were prepared using boiling SDS lysis buffer
(2% SDS, 625 mM Tris, pH 6.8, 5% B-
mercaptoethanol, and 10% glycerol) supplemented
with phosphatase and proteinase cocktail inhibitors
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)
Protein concentration was determined by Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Equal amounts of proteins were separated
on 10% SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blotted with p-MEK-1
(B-4 for pSer298, #sc-271914), p-ERK
1/2 (pT202/pY204.22A, #sc-136521), or p-lkBa
(39A1431, #sc-52943) antibodies (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) to
determine the activation of MEK, ERK, and NF-xB. The
levels of citrullinated histone H3 was determined by
western blot analysis with anti-citrullinated H3 antibody
(citrulline R2 + R8 + R17, #ab5103) from Abcam
(Cambridge, MA, USA) using the similar procedure
except that neutrophils were stimulated for 2 hr before
processed for western blot. And Western blot analysis
with anti-B-actin antibody (#4967, Cell Signaling
Technology, Danvers, MA, USA) and histone H3
antibody (#MAS5-15150, Thermo Fisher Scientific)
served as loading controls. Intensity of protein bands in
western blot was quantified by ImageJ.
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Statistical Analysis

Ratio paired t-test was used to determine the
differences with or without celastrol treatment. All data
were presented as mean £ SD. P values less than 0.05
were considered significant. IC50 of celastrol on was
obtained by HillSlope analysis using GraphPad Prism
software.

RESULTS
Celastrol Inhibited Neutrophil Oxidative Burst

First, we tested the effects of celastrol on the
production of reactive oxygen species (ROS, a process
called oxidative burst) which normally occurs prior to
NET formation [33]. Freshly isolated neutrophils from
the blood of healthy donors were pre-incubated with
vehicle only or celastrol at the indicated concentrations
and then treated with different inflammatory stimuli.
TNFa and immune complexes (IC) were first used as
the stimuli in the experiments because they have been
shown to play a prominent role in the disease
pathogenesis of RA and SLE, respectively [34, 35].
TNFa and Ova IC strongly induced neutrophil oxidative
burst and this induction was potently inhibited by
celastrol in a dose-dependent manner (Fig. 1A-C, ***p
< 0.001 and *p < 0.05 respectively, n = 5). Celastrol
completely inhibited oxidative burst induced by TNFa
and Ova IC at 3 uM (IC50 = 0.34 pM) and 10 yM (IC50
=~ 1.53 puM), respectively (Fig. 1C). Because
autoantibodies, especially the IgG types, play a critical
role in the etiology of SLE and RA [36, 37], we then
tested if celastrol inhibits neutrophil oxidative burst
induced by total 1gG purified from the patient sera.
Celastrol at 5 pM completely inhibited neutrophil
oxidative burst induced by serum IgG purified from an
SLE patient (serologically positive for anti-
ribonucleoprotein antibodies (anti-RNP*)) and a RA
patient (serologically positive for anti-citrullinated
protein antibodies (ACPA")) (Fig. 2A). Similar results
were obtained when neutrophils were stimulated with
purified serum IgG from 5 other anti-RNP* SLE patients
and 5 other ACPA" RA patients (Fig. 2B, ****p < 0.0001
and n = 6 for both). These results demonstrated that
celastrol potently inhibited neutrophil oxidative burst
induced by several inflammatory stimuli relevant to SLE
and RA.

Celastrol Inhibited NET Formation

Enhanced spontaneous NET formation has been
reported in neutrophils derived from SLE and RA
patients compared to those from healthy donors [12,
13, 19]. In addition, total serum IgG and autoantibodies
such as anti-RNP* from SLE patients and ACPA from
RA patients also stimulate the release of NETs [12, 19].
We then tested the effect of celastrol on spontaneous
NET formation from neutrophils isolated from SLE and
RA patients and NET formation induced by TNFa, IC,
and IgG purified from SLE and RA patient sera. The
released NETs were confirmed by immunofluorescence
staining of DNA (green) and co-localized neutrophil
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Fig. (1). Celastrol inhibits neutrophil oxidative burst induced by TNFa or immune complexes. A, Representative flow cytometry
histograms showing inhibition of TNFa or Ova IC-induced oxidative burst by celastrol (5 uM). The red vertical lines represent the
peak fluorescence intensity of Rhodamine 123 in cells treated with vehicle only (as the base level of oxidative burst). B, A
summary showing that celastrol (5 pM) significantly inhibited TNFa or Ova IC-induced oxidative burst. The relative levels of
oxidative burst were presented as fold changes of mean fluorescence levels of Rhodamine 123 compared to non-stimulated
neutrophils (vehicle only). The data represent at least five independent experiments with neutrophils from different donors.
*p<0.05 and ***p< 0.001 by ratio paired t-test. C, A diagram showing dose-dependent inhibition of TNFa and Ova IC-induced
oxidative burst by celastrol. Data were plotted as the mean + SD and represented at least three independent experiments.
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Fig. (2). Celastrol inhibits neutrophil oxidative burst induced by total serum IgG from SLE and RA patients. A, Representative
flow cytometry histograms showing that celastrol (5 uM) completely inhibited oxidative burst induced by total serum IgG (250
ug/ml) purified from an SLE patient (anti-RNP*) or a RA patient (ACPA"). The red vertical lines represent the peak fluorescence
intensity of Rhodamine 123 in cells treated with IgG purified from healthy controls (as the base level of oxidative burst). B, A
summary showing that celastrol (5 pM) significantly inhibited SLE or RA IgG-induced oxidative burst. The data were
summarized from results obtained with serum IgG derived from 6 different SLE patients (anti-RNP*)and 6 different RA patients
(ACPA"). ****n < 0.0001 by ratio paired t-test. Cel: celastrol.
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granule molecule myeloid peroxidase (red) (Fig. 3A).
For quantification, NETs were examined by staining
decondensed fiber-like chromatin DNA using non-cell
permeable dye SYTOX Green. By fluorescence
microscopy analysis, we found that pre-treatment of
celastrol (at 10 pM) decreased the basal levels of
NETs from neutrophils derived from healthy donors
(Fig. 3B). Pre-treatment with celastrol (at 10 yM) also
decreased the spontaneous NET levels from
neutrophils derived from SLE and RA patients (data not
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by 10 pM of celastrol treatment (Fig. 3B).
Quantification of the released NET DNA by
fluorescence polarization microplate reader from three
independent experiments confirmed that celastrol
significantly inhibited the spontaneous as well as the
TNFa or IC induced NET formation (Fig. 3C, * p < 0.05,
**p < 0.01 and ***p < 0.001, respectively). This
observation was further confirmed by counting the
percentage of cells releasing NET through
fluorescence microscopy (Fig. 3D).

shown). TNFa and IC induced large amounts of NETs
and this robust NET formation was efficiently inhibited
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Fig. (3). Celastrol inhibits NET formation. A, Representative pictures showing co-localization of NET DNA (stained with DAPI)
with myeloperoxidase (stained with myeloperoxidase-specific antibody) by immunofluorescence analysis. B and E,
Representative pictures of fluorescence microscopy showing that celastrol (10 uM) inhibited NET formation induced by TNFa
and Ova IC (B) or total IgG purified from SLE or RA patient sera (E). Decondensed fiber-like chromatin DNA released in NETs
was stained by non-cell permeable nucleic acid dye SYTOX Green. The small round stained dots represent dead cells. C, D, F
and G, A summary showing celastrol significantly inhibits NET formation induced by TNFa and Ova IC (C and D) or total IgG
purified from SLE or RA patient sera (F and G). In C and F, the relative levels of NET formation were presented by fold changes
of SYTOX Green fluorescence intensity compared to vehicle or control IgG-stimulated neutrophils quantified by a fluorescence
polarization microplate reader. In D and G, the released NETs were visualized by fluorescence microscopy, and the percentage
of neutrophils releasing NETs was calculated as the average of six fields (X20) normalized to the total number of cells. The data
was plotted as the mean + SD and represented at least three independent experiments. *p < 0.05, **p<0.01, and ***p< 0.001 by
ratio paired t-test (C and F) or paired t-test (D and G). Cel: celastrol.
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Similarly, NET formation induced by total serum IgG
purified from an SLE patient (anti-RNP*) and a RA
patient (ACPA") was also efficiently blocked by
celastrol (Fig. 3E). The results were repeated when
neutrophils were stimulated with total serum IgG
purified from 4 other SLE patients (anti-RNP*) and 4
other RA patients (ACPA") using the two methods of
NET quantification as described above (Fig. 3F, G, *p <
0.05, *™*p < 0.01, and n = 5 for each treatment). In
summary, our data demonstrated that celastrol was a
potent inhibitor for NET formation induced by different
stimuli associated with SLE or RA.

Celastrol (= 10 pM) Does Not Significantly Affect
Cell Viability

We have noticed slightly increased numbers of
dead cells in samples treated with 10 uM of celastrol
(Fig. 3A, B, E, dead cells were shown as SYTOX
green-stained small round dots). We then tested the
cytotoxicity of celastrol at different concentrations.
Freshly isolated neutrophils from healthy donors were
pre-incubated with celastrol and stimulated with TNFo
as described above. Neutrophils were then stained with
propidium iodide (Pl), a membrane impermeable dye
which intercalates into double-stranded nucleic acids
and is generally used to identify dead cells. Flow
cytometry was performed to determine the percentage
of dead cells (PI') out of total cells. Increased
concentrations of celastrol (up to 10 puM) did not
significantly affect the cell viability (p > 0.05 by paired T
test, compared to without celastrol treatment) although
the percentage of dead cells gradually increased from
= 2% (without celastrol) to = 5% (with 10 uM of
celastrol) and to = 13.5% (with 20 uM of celastrol) (Fig.
4A). Fluorescence microscopy analysis of neutrophils
stained with cell impermeable DNA-staining dye
SYTOX Green confirmed that over 90% of cells were
alive (not stained by SYTOX Green) with 10 uM of
celastrol treatment (Fig. 4B). Therefore, the observed
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inhibitory effects of celastrol on neutrophil activation
were most likely not due to the cytotoxicity of celastrol.

Celastrol Downregulated the Activation of SYK,
MEK, ERK, and NF-kB As Well As Citrullination of
Histones

It has been reported that the Raf-MEK-ERK
signaling cascade is required for NET formation [38].
To investigate the potential molecular mechanisms of
celastrol-induced inhibition on NET formation, we first
analyzed its effect on the activation of SYK, a kinase
which acts upstream of the Raf-MEK-ERK pathway.
SYK is also important for neutrophil activation through
mediating the signaling of immunoreceptors on
neutrophils [39]. Neutrophils derived from a healthy
donor were pre-incubated with 5 uM of celastrol and
stimulated with the indicated stimuli for 5 min.
Intracellular flow cytometry analysis using phospho-
SYK specific antibodies showed that celastrol
treatment completely inhibited SYK phosphorylation
induced by TNFa, Ova IC, or total IgG purified from
SLE or RA patient sera (Fig. 5A, B). These
experiments were repeated with neutrophils isolated
from 5 different healthy donors and purified serum 1gG
from 6 different SLE or RA patients (Fig. 5C, D, * p <
0.05).

We then tested the effect of celastrol on the
activation of MEK (MAPKK) and ERK which act
downstream of SYK by western blot analyses using
phospho-specific antibodies. Both TNFa and Ova IC-
induced phosphorylation of MEK-1, and ERK1/2 which
was dramatically suppressed by the pretreatment with
5 uM of celastrol (Fig. 6A, upper two panels).
Activation of transcription factor NF-xB has been
shown to be involved in the generation of NETs [40].
We then tested if the phosphorylation of IkBo that
leads to the activation and nuclear translocation of NF-
kB was affected by celastrol treatment. Treatment with

B Vehicle

Fig. (4). Cytotoxicity test of celastrol. A, A diagram showing percentages of dead neutrophils (PI") when treated with different
doses of celastrol during TNFa-induced oxidative burst. Data were plotted as the mean + SD and represented at least three
independent experiments. B, Representative pictures of fluorescence microscopy showing cytotoxicity of celastrol (10 uM) on
neutrophils during TNFa-induced NET formation. Chromatin DNA in NETs or dead cells was stained by non-cell permeable
nucleic acid dye SYTOX Green. The graphs shown were fluorescence images merged with differential interference
contrast (DIC) images. NS: not significant (p > 0.05 by paired T test); * p < 0.05 by paired T test; Cel: celastrol.
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Fig. (5). Celastrol inhibits SYK phosphorylation. A and B, Representative histograms of phospho-specific flow cytometry
showing that celastrol (5 uM) inhibited SYK phosphorylation induced by TNFa, Ova IC, and purified total IgG from SLE or RA
patient sera. C and D, A summary showing that celastrol (5 uM) significantly inhibited SYK phosphorylation induced by TNFa,
Ova IC, and purified total IgG from SLE or RA patient sera. The relative levels of phospho-SYK were presented as fold changes
of mean fluorescence intensity of phospho-SYK compared to non-stimulated neutrophils. Data in C represent at least five
independent experiments with neutrophils from different donors. Data in D were summarized from results obtained with serum
IgG derived from 6 different SLE patients (anti-RNP*)and 6 different RA patients (ACPA). *p<0.05 by ratio paired f-test. Cel:

celastrol.

5 uM of celastrol resulted in complete inhibition of 1kBo
phosphorylation induced by TNFa and Ova IC, while
none of the treatments affected the protein levels of
constitutively expressed B-actin (Fig. 6A, lower two
panels). The results were confirmed by quantification of
band intensity on Western blot normalized by the B-
actin loading control (Fig. 6B).

Histone hypercitrullination mediates chromatin
decondensation during NET formation and citrullinated
histones have been shown to be autoantigens in
patients with RA and Felty’s syndrome [41]. We then
examined if celastrol treatment resulted in decreased
histone citrullination. Neutrophils were preincubated
with celastrol and stimulated with TNFa or Ova IC for 2
hr. Western blot analysis using antibodies specific for
citrullinated histone H3 showed that both TNFa and
Ova IC strongly induced histone H3 citrullination and
the levels of citrullinated histone H3 were partially
decreased by 5 uM of celastrol treatment (Fig. 6C,
upper panel). The levels of total histone H3 remained

essentially unchanged by different treatments and
served as a loading control (Fig. 6C, lower panel). The
results were confirmed by quantification of band
intensity on Western blot normalized by the total
histone H3 loading control (Fig. 6D).

Taken together, these results suggested that
celastrol inhibited the activation of SYK-MEK-ERK-
NFxB signaling cascade and the action of celastrol
could occur at the early signaling events that activate
SYK. Interestingly, celastrol also leads to decreased
levels of citrullinated histones, which are autoantigens
for patients with RA and Felty’s syndrome [42].

DISCUSSION

NETSs play a pivotal role in host defense to microbial
infections. However, NETs are also generated upon
sterile stimuli during inflammation [6]. Excessive NET
formation and/or defective NET clearance may
contribute to the initiation and perpetuation of aberrant
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autoimmune responses and subsequent organ
manifestations in inflammatory autoimmune diseases
[20]. Therefore, inhibition of NET formation may be
beneficial for the treatment of these diseases, such as
SLE and RA. In this study, we demonstrate that
celastrol potently inhibits neutrophil oxidative burst and
NET formation induced by inflammatory stimuli which

are known to contribute to the pathogenesis of SLE
and RA. Investigating further into the mechanisms, we
found that inhibition of NET formation by celastrol
involves downregulation of the SYK-MEK-ERK-NFxB
signaling cascade and leads to decreased levels of
citrullinated histones.



Celastrol Inhibits Neutrophil Extracellular Trap Formation

Celastrol is one of the two most pharmacologically
active compounds extracted from Chinese herbal
medicine TwHF (also known as “thunder god vine”).
TwHF has been used in Asia for years in remedies to
treat a variety of inflammatory and autoimmune
diseases including RA and SLE [24]. In a previous six-
month study in the United States, it was shown that RA
patients receiving TwWHF were almost twice as likely to
demonstrate a clinical response as patients receiving
sulfasalazine [25]. A recent study in 207 RA patients
showed that the combination therapy of TwHF and
methotrexate led to a 1.6 fold increase of ACR50
response rate than methotrexate monotherapy (76.8%
vs 46.4%), further suggesting the beneficial effect of
TwHF in the treatment of RA [28]. Our results add a
new mechanism for the anti-inflammatory function of
TwHF and also suggest that celastrol, the pure
compound derived from TwHF, may be a drug
candidate for the treatment of inflammatory
autoimmune diseases.

Indeed, animal studies have shown that celastrol
treatment reduces inflammation and organ damage in
models of rheumatoid arthritis, systemic lupus, asthma,
and select neurodegenerative disorders  [24].
Interestingly, celastrol can also decrease the titers of
anti-dsDNA autoantibodies in NZB/W F1 lupus mice
[29] and ACPAs in antigen-induced arthritis models
[30]. NETs have recently been suggested to act as a
“repository” of autoantigens such as chromatin DNA,
modified histones, and citrullinated proteins, for SLE
and RA patients [20, 43]. Here, we show that celastrol
inhibits the formation of NETs, providing a potential
mechanism for the decrease in autoantibody
production in SLE and RA. This is particularly
noteworthy given the direct pathogenic role that has
been proposed for autoantibodies in diseases such as
SLE and RA [36, 37].

Celastrol has been shown to directly or indirectly
modulate numerous cellular targets including JAK
kinase, ERK, c-Jun N-terminal kinase (JNK), and
NADPH oxidase [24]. In this study, we showed that
celastrol inhibited the phosphorylation of SYK and
concomitant phosphorylation of MEK-1, ERK1/2 and
IkBo during neutrophil oxidative burst and NET
formation. Our data suggest that celastrol could act on
the very early signaling events that activate SYK.
Because SYK can be autophosphorylated or
phosphorylated by other kinases, celastrol may inhibit
the kinase activity of SYK itself or kinases that
phosphorylate SYK. Future in vitro kinase assays will
be performed to determine if SYK is directly targeted by
celastrol. Nevertheless, to our knowledge, modulation
of SYK activation by celastrol has never been reported
before.

The use of TwFH in the treatment of autoimmune
diseases is limited by its toxicity at high doses. In this
study, we also found that celastrol treatment at
concentrations exceeding 10 uM resulted in increased
cell death. Therefore, the development of celastrol
derivatives with less toxicity and higher solubility may
overcome the barrier for its clinical use. Alternatively,
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targeted delivery of celastrol to inflamed tissues may
provide another strategy to decrease its toxicity.
Indeed, studies have shown that macromolecular
prodrugs have reduced toxicity and enhanced efficacy
due to their preferential delivery to the inflamed tissues
in animal models of lupus and arthritis [44]. It will be
very interesting to develop a macromolecular prodrug
of celastrol and test if the prodrug has improved
efficacy and reduced toxicity in the treatment of
inflammatory autoimmune diseases.

In summary, we report here that celastrol potently
inhibits neutrophil oxidative burst and NET formation,
which identifies celastrol as a novel inhibitor for NET
formation. NETs have recently been suggested to play
a pivotal role in autoimmune responses and
inflammation-mediated organ damage. Our findings
suggest that celastrol may be a promising drug
candidate for a range of inflammatory and autoimmune
diseases involving neutrophils and NETs.

ABBREVIATIONS

ACPA = Anti-citrullinated protein antibodies.

DHR123 = Dihydrorhodamine 123

ERK = Extracellular-signal-regulated
kinase

FBS = Fetal bovine serum

HBSS = Hank’s balanced salt solution

IxkBa = NFxB inhibitor alpha

MAPKK/MEK-1 = Mitogen-activated protein kinase
kinase

NETs = Neutrophil extracellular traps

OvalC = Ovalbumin:anti-ovalbumin immune
complexes

PBS = Phosphate buffered saline

RA = Rheumatoid arthritis

RNP = Ribonucleoprotein

ROS = Reactive oxygen species

SLE = Systemic lupus erythematosus

SYK = Spleen tyrosine kinase

TNFa = Tumor necrosis factor alpha

TwHF = Chinese herbal medicine

Tripterygium wilfordii Hook F
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