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Abstract

Statins are HMG-CoA reductase inhibitors prescribed for lowering cholesterol. They can also
inhibit inflammatory responses by suppressing isoprenylation of small G proteins. Consistent with
this, we previously found that fluvastatin suppresses IgE-mediated mast cell function. However,
some studies have found that statins induced pro-inflammatory cytokines in macrophages and NK
cells. In contrast to IgE signaling, we show that fluvastatin augments IL-33-induced TNF and

IL-6 production by mast cells. This effect required the key mast cell growth factor, stem cell
factor (SCF). Treatment of IL-33-activated mast cells with mevalonic acid or isoprenoids reduced
fluvastatin effects, suggesting fluvastatin acts at least partly by reducing isoprenoid production.
Fluvastatin also enhanced IL-33-induced NF-xB transcriptional activity and promoted neutrophilic
peritonitis /n vivo, a response requiring mast cell activation. Other statins tested did not enhance
IL-33 responsiveness. Therefore, this work supports observations of unexpected pro-inflammatory
effects of some statins and suggests mechanisms by which this may occur. Because statins are
candidates for repurposing in inflammatory disorders, our work emphasizes the importance of
understanding the pleiotropic and possible unexpected effects of these drugs.
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1. Introduction

Mast cells play a sentinel role as early-acting innate immune cells. Although they have

a variety of functions in defense against pathogens, parasites, and toxins, they are best
known as effector cells in Type 1 hypersensitivities (1, 2). It is well established that mast
cells are activated during allergic responses by IgE cross-linking. More recently, a role
for IL-33 stimulation has also been emphasized (3-5). Due to the importance of mast
cells in allergies and allergic asthma, many therapeutics target them. Most drugs fall into
one of three categories: those inhibiting mast cell mediators, such as antihistamines and
leukotriene antagonists; those that target IgE-mediated activation (e.g., omalizumab); or
anti-inflammatory corticosteroids (6, 7). Although these treatments are effective, some are
expensive, have adverse side effects, or fail to target other types of mast cell activation
such as the 1L-33 pathway. Therefore, a goal of our work has been to determine if some
FDA-approved drugs might be repurposed for mast cell-associated diseases.

Statins are a widely prescribed class of cholesterol-lowering drugs. Within the U.S.,

1 in 4 adults over the age of 40 are prescribed statins for hypercholesterolemia or
cardiovascular disease, making them one of the most commonly used drugs (8). Statins

act by targeting HMG-CoA reductase (HMGCR) through competitive inhibition, which
decreases mevalonate synthesis and subsequently cholesterol production (9). Mevalonate is
also metabolized to isoprenoids used to modify proteins, including members of the Ras
family that play a vital role in cell signaling (10). Due to their relative safety and ability to
decrease isoprenoid synthesis, statins are considered for use in inflammatory disease.

Previously, statins have been shown to suppress inflammation in mouse models of airway
disease (11, 12) and have been debated as a potential asthma therapeutic (13-21). In

mast cells, fluvastatin has been shown to reduce IgE-mediated degranulation (22, 23).
Previously, we found that fluvastatin and other statins inhibit IgE-induced inflammatory
cytokine production in mast cells, decrease the severity of systemic anaphylaxis in a mouse
model, and induce mast cell apoptosis and autophagy (23, 24). These effects were found

to be driven by blockade of geranylgeranyl transferase. In contrast, some studies have

shown that statins can enhance inflammatory functions of immune cells. Statin-treated
macrophages stimulated with LPS had augmented inflammasome signaling, resulting in
increased IL-1p release (25). Similarly, NK cells co-stimulated with statins and I1L-2 had
enhanced pro-inflammatory cytokine production and cytotoxic effects on tumor cells (26).
Related to this, defective isoprenoid production due to mevalonate kinase deficiency (MKD),
commonly known as hyper IgD syndrome, causes periodic fevers characterized by elevated
plasma IL-1B (27). While it has been hypothesized that the lack of cholesterol or 1gG was
contributing to elevated IL-1p, loss of HMG-CoA reductase pathway intermediates have
been suggested to contribute (28, 29). We now show that fluvastatin unexpectedly increased
IL-33-mediated mast cell inflammatory responses /n vitroand /n vivo. These data emphasize
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the importance of understanding both the pleiotropic effects of statins and the fundamental
contributions of isoprenoid lipids to inflammation.

2. Methods

2.1 Animals

Mouse strain C57BL/6J or BALB/cJ breeding pairs were purchased from The Jackson
Laboratory (Bar Harbor, ME) and colonies were maintained in a specific pathogen-free
facility. Bone marrow was extracted from mice at a minimum of 10 weeks of age.
IL-33-induced peritonitis studies were also conducted mice of 10-16 weeks of age, under
protocols approved by Virginia Commonwealth University's Institutional Animal Care and
Use Committee. Both sexes of mice were used for /n vivo experiments, with comparisons
matched to sex. /n vitro data shown are from female BMMC; male BMMC yielded similar
outcomes.

2.2 Mouse mast cell culture

Mouse bone marrow-derived mast cells (BMMC) were derived from female mouse femur
and tibia bone marrow cultured in complete RPMI 1640 medium (cRPMI; Invitrogen Life
Technologies, Carlshad, CA) containing 10% FBS, 2mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 1mM sodium pyruvate, and 1mM HEPES (Corning, Corning, NY).
Media was supplemented with supernatant from WEHI-3B cells and BHK-MKL cells that
contain IL-3 (1 ng/ml) and SCF (15 ng/ml) respectively, as assessed by ELISA. BMMC
were used after 21-28 days of culture. These cultures are >95% mast cells, based on flow
cytometry analysis for c-Kit and FceRI expression. Peritoneal mast cells were collected
from C57BL/6J mice by peritoneal lavage with PBS supplemented with ImM EDTA.
Peritoneal cells were cultured in cRPMI supplemented with 10 ng/ml of recombinant mouse
IL-3 and SCF. Cells were used after 7-10 days of culture.

2.3 Human mast cell culture

Human mast cell studies were conducted with approval of the Internal Review Board

at the University of South Carolina. Skin samples were obtained from the Cooperative
Human Tissue Network of the National Cancer Institute or the National Disease Research
Interchange. Skin mast cells were prepared and cultured as described previously (30, 31).
Cells were used after purity was greater than 95% mast cells, as determined by toluidine
blue staining and surface FceRI expression assessed by flow cytometry.

2.4 Cytokines and reagents

Recombinant mouse IL-3, SCF, and IL-33 were purchased from Shenandoah Biotechnology
(Warwick, PA) for in vitro studies. For /n vivo studies and human mast cells, carrier free
recombinant mouse IL-33 and human 1L-33 were purchased from Biolegend (San Diego,
CA). Mevalonic acid, pravastatin, lovastatin, simvastatin, atorvastatin, and zaragozic acid
were purchased from Sigma-Aldrich (St. Louis, MO). Fluvastatin sodium salt was purchased
from Tocris Bioscience, part of Bio-techne (Minneapolis, MN). Farnesyl pyrophosphate

and geranylgeranyl pyrophosphate were purchased from Echelon (Salt Lake City, UT).
Purified anti-mouse TNFa (hence referred to as TNF) (clone MP6-XT22), anti-mouse TNF
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receptorl and 2 (clones 55R-593 and TR75-32.4), APC-coupled anti-mouse IL-33Ra, PE-
coupled anti-mouse Ly6G, APC-coupled anti-mouse CD45, PE-coupled anti-mouse CD117,
FITC-coupled anti-mouse Ly6C, FITC-coupled anti-mouse CD11b FITC (clone M1/70),
APC-Cy7-coupled anti-mouse F4/80 (clone BM8), Alexa Fluor 647-coupled anti-mouse
Siglec-F (clone S17007L), APC-coupled anti-mouse FceRla (clone MAR-1), PE-coupled
anti-mouse B220 (clone RA3-6B2), BV421-coupled anti-mouse CCR3 (clone JO73E5),
PE-Cy5-coupled anti-mouse CD4 (clone: GK1.5), FITC-coupled anti-mouse CD8a (clone
53-6.7), and corresponding isotype controls were purchased from Biolegend (San Diego,
CA). PE-coupled anti-mouse Ly6G (clone 1A8), PE-coupled anti-mouse ¢c-KIT (clone
ACKA45), APC-coupled anti-human phospho-ERK, BV421-coupled anti-human phospho-
Akt, PE-coupled anti-human phospho-Btk, relevant isotype controls, and purified rat anti-
mouse CD16/CD32 (clone 2.4G2) for blocking were all purchased from BD Biosciences
(San Jose, CA).

2.5 Cytokine and chemokine measurements

BMMC were washed and resuspended in cRPMI at a concentration of 1x10° cells/ml with
IL-3 (10 ng/ml) and SCF (50 ng/ml) unless otherwise stated. Cultures were stimulated with
IL-33 (100 ng/mL) for 16 hours and supernatant was assessed for IL-6 and TNF levels using
ELISA kits from Biolegend (San Diego, CA).

2.6 RT-gPCR

RNA was extracted from cell cultures treated with fluvastatin (20 uM) or vehicle

using TRIzol reagent (Life Technologies, Grand Island, NY). Following RNA extraction,
cDNA was produced using the gqScript RNA cDNA Synthesis Kit (Quanta Biosciences,
Gaithersburg, MD) using manufacturers' protocol. Amplification and qPCR analysis
were conducted using Bio-Rad CFX96 Touch™ Real-Time PCR Detection System
(Hercules, CA) and SYBR® Green detection. The reactions performed contained cDNA,
PerfeCTa SYBR Green SuperMix (Quanta Biosciences, Gaithersburg, MD) and primers
for the gene of interest and housekeeping genes. For IL-6 quantification, primers for
IL-6 (5-TCCAGTTGCCTTCTTGGGAC-3' and 5'-GTGTAATTAAGCTCCGACTTG-3')
and the housekeeping gene Gapah (5'-GATGACATCAAGAAGGTGGTG-3'and 5'-
GCTGTAGCCAAATTCGTTGTC-3") obtained from Eurofins MWG Operon (Huntsville,
AL). Amplification conditions were as follows: 95°C for 2 mins, followed by 40 cycles
at 95°C for 15 s, 55°C for 30 s, and 60°C for 1 min. mRNA levels in each sample were
normalized to the level of housekeeping gene mRNA using the Relative Livak Method
(AACYH).

2.7 Luciferase Assay

BMMC were transfected with vectors GL4.74[hRIuc/TK](1.2 pg) and pGL4.32[luc2p/NFkB
RE/Hygro](6 ug) encoding Renilla luciferase under the HSV-TK promoter and firefly
luciferase under NFxB response elements. Transfections were performed with Amaxa
Nucleofector (Lonza; Allendale, NJ, USA) on program T-005 in DMEM containing 20%
FBS and 50 mM HEPES (pH 7.5). Cells were used 48 hours after transfection. Cultures
contained IL-3 (10 ng/ml) and SCF (50 ng/ml) +/- vehicle or fluvastatin (20 uM) for 24
hours and were then activated with 1L-33 (100 ng/ml) for 2 hours. Cells were lysed and
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luciferase activity was measured with the Dual-Luciferase Reporter Assay System and a
Glomax 20/20 Luminometer (Promega, Madison, W1). Ratios of Firefly luciferase to Renilla
luciferase were normalized to DMSO-treated, unstimulated samples.

2.8 Flow cytometric analysis

Cells were cultured at 1x108 cells/ml in cRPMI with the indicated conditions before
staining. Afterward, cells were washed, pelleted, and resuspended in PBS containing 3%
fetal calf serum and 0.1% sodium azide (FACS buffer) with the indicated antibodies and
anti-CD16/32 clone 2.4G2. Samples were incubated at 4° C for 45 minutes, washed,

and resuspended in FACS buffer. Samples were then analyzed for expression of surface
molecules. To identify cell lineages from peritoneal lavage, forward scatter height and area
were used to exclude doublets and the following markers were used: mast cells (FceRla/c-
Kit-positive), T cells (CD4+ or CD8+), B cells (B220+), neutrophils (Ly6Gah, Ly6Clow/-),
macrophages (CD11b+, F4/80+), eosinophils (Siglec F+, CCR3+). For viability staining,
cells were cultured at 1x108 cells/ml in cRPMI with the indicated treatments before staining.
Cells (2x10°) were stained with propidium iodide (10 ng/test) immediately before analysis.
For intracellular staining of phosphorylated proteins, cells were cultured at 1x10° cells/ml
in cRPMI with the indicated treatments prior to activation. Cells were stimulated with
IL-33 (100 ng/ml) for the stated time before fixation with 1.6% paraformaldehyde for 20
minutes. Cells were then washed with PBS and fixed with 100% methanol for 10 minutes
at 4°C. Following fixation; cells were washed and stained with the indicated antibody at
room temperature for 45 minutes. Cells were rewashed and resuspended in FACS buffer
prior to analysis. All samples were acquired on a BD FACSCelesta and analyzed using BD
FACSDIVA™ (BD Biosciences, Franklin Lakes, NJ).

2.9 Western Blotting

Cells were cultured at 1x108 cells/ml in cRPMI with IL-3 (10 ng/ml) and SCF (50 ng/ml)
with 20uM fluvastatin or vehicle control for 24 hours. Cultures were then resuspended

at 3x108 cells/ml and activated with 1L-33 (100 ng/ml). Lysates were collected using

Lysis Buffer (Cell Signaling Technology, Danvers, MA) containing 1.5x ProteaseArrest
(G-Biosciences, Maryland Heights, MO). The Pierce BCA protein assay kit (Thermo
Scientific, Waltham, MA) was used to determine protein concentrations. Lysates were
separated on 4-20% Mini-Protean TGX Gels (Bio-Rad, Hercules, CA) followed by transfer
onto a nitrocellulose membrane. Following transfer, membranes were blocked using Blocker
Casein Buffer (Thermo Scientific, Rockford, IL) diluted 1:2 in tris-buffered saline (TBS)
for 1 hour at room temperature, and then incubated overnight at 4°C in primary antibody
resuspended in Blocker Casein Buffer diluted 1:2 with TBS/0.1% TWEEN-20 (TBS-T).
Membranes were washed with TBS-T several times prior to incubation with dye-labeled
secondary goat antibodies against mouse and rabbit IgG (LI-Cor, Lincoln, NE), also diluted
in Blocker Casein Buffer/TBS-T. Membranes were imaged on an Odyssey CLx infrared
scanner (Li-Cor, Lincoln, NE).

2.10 Measurement of neutrophil recruitment and cytokines in vivo

C57BL/6J mice were injected intraperitoneally (i.p.) with vehicle or fluvastatin (0.5 mg/
mouse) 24 hours and 1 hour prior to i.p. injection with 1 pg of 1L-33. Four hours later,
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peritoneal lavage and cardiac puncture were performed. Peritoneal cells were stained as
described above and analyzed by flow cytometry. Precision Count Beads™ (San Diego,
CA) from Biolegend were used to count the absolute cell number. Plasma was collected by
cardiac puncture, and cytokine levels were analyzed by ELISA.

2.11 Statistical analyses

p values were calculated with GraphPad Prism software by paired or unpaired two-tailed
Student’s t-test when comparing 2 samples. For a comparison of 3 or more samples, ANOVA
was performed followed by Tukey's post hoc test. P values of <0.05 were considered
statistically significant. Data are expressed as mean + standard error of mean (SEM) with
statistical significance: *p< .05, **p< .01, and ***p< .001.

3. Results

3.1 Fluvastatin augments IL-33-induced cytokine production by mast cells.

Recent publications have demonstrated statins can unexpectedly augment IL-1f and TNF
production from LPS-stimulated macrophages (25, 32) and enhance NK cell cytotoxic
effects (26). Because IL-33 signaling is an important mast cell stimulus in allergic

disease that also shares MyD88-mediated signaling with TLR receptors (33), we tested

the effect of fluvastatin on IL-33-mediated mast cell function. BMMC were cultured with
fluvastatin prior to activation with IgE/antigen crosslinking (IgE XL) or IL-33 stimulation.
In agreement with our previous work, fluvastatin suppressed IgE-mediated I1L-6 and TNF
secretion. In contrast, fluvastatin significantly enhanced IL-6 and TNF production by IL-33-
stimulated BMMC (Figure 1A).

To clarify this effect, BMMC were cultured with varying doses of fluvastatin (0-40 pM) for
24 hours (Figure 1B) before activation with 1L-33. Fluvastatin effects on TNF and IL-6 were
dose-dependent, with concentrations above 10 uM eliciting significant enhancement that
generally increased with concentration. 1L-33-induced IL-6 mRNA levels were also elevated
in fluvastatin-treated mast cells in comparison to the control (Figure 1C).

Since mast cell phenotype is influenced by the microenvironment and BMMC mature /n
vitro, it was important to determine if fluvastatin effects were due to culture conditions (34).
Comparable to BMMC cultures, fluvastatin augmented IL-33-induced TNF production by
mouse peritoneal mast cells, which differentiate /n vivo (Figure 1D). Human skin mast cells
(HUMC) are similar to mouse peritoneal mast cells in their mature phenotype and expansion
from a mature population (35). We found that HUMC stimulated with IL-33 produced little
IL-6 in the absence of fluvastatin, but levels increased with fluvastatin treatment (Figure
1E). These data show that fluvastatin consistently increases cytokine production in I1L-33-
stimulated mouse and human mast cells.

3.2 Fluvastatin effects are SCF-dependent but not reliant on TNF production or changes
in surface receptor expression.

Pro-inflammatory statin effects on NK cells are dependent on the mitogen IL-2 (26). Stem
cell factor (SCF) is a mast cell mitogen that also augments activation by IgE or IL-33 (36,
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37). We therefore determined whether SCF has a role in fluvastatin effects on IL-33-induced
function. BMMC were cultured in IL-3 with or without SCF for three days prior to the
addition of fluvastatin for 24 hours and subsequent IL-33 stimulation. As shown in Figure

2, fluvastatin had no effect on IL-33-induced IL-6 and little effect on TNF secretion in the
absence of SCF. Further, SCF effects were concentration-dependent, with an optimal effect
at 50 ng/ml (Figure 2).

Since SCF and IL-33 signaling are controlled by their surface receptors, we next determined
if fluvastatin altered expression of CD117 and ST2, the receptors for SCF and 1L-33,
respectively. Flow cytometry analysis after 24 hours of culture in fluvastatin showed that
both receptors were modestly reduced, an effect that would not explain increased signaling
(Figure 2B).

After establishing the effects of fluvastatin on IL-33-stimulated mast cells, we next sought
what factors augment IL-6 and TNF secretion. One possibility is that fluvastatin-enhanced
TNF secretion may create a feedback loop that enhances IL-6 production. Unlike most
cytokines, TNF can be pre-formed and stored in mast cell granules, allowing rapid release
during degranulation (38). Also, TNF is known to increase IL-6 production from skeletal
muscle cells (39). To determine if increased I1L-6 production is secondary to TNF signaling,
anti-TNF or anti-TNF receptor 1 and 2 neutralizing antibodies were added to cultures prior
to IL-33 stimulation (Figure 3). TNF blockade did not alter fluvastatin effects on IL-6.
These data support the conclusion that fluvastatin effects on 1L-6 are not secondary to
TNF-mediated feedback.

3.3 Fluvastatin-mediated increase in cytokine production is linked to the isoprenoid

pathway.

Fluvastatin suppresses cholesterol production by competitively inhibiting the enzyme
HMGCR, an apical rate-limiting step in cholesterol synthesis (Figure 4A). Blockade of

this enzyme not only decreases cholesterol synthesis, but also reduces production of

the isoprenoids farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP)
used to modify Ras family G-proteins and other factors (10) (Figure 4A). Because this
post-translational modification is needed for cellular localization, isoprenoid inhibition can
disrupt many signaling cascades. We therefore determined which aspects of the pathway are
involved in enhancing cytokine production.

We first determined if fluvastatin effects are linked to the intended target, HMGCR. BMMC
were co-cultured with fluvastatin with or without mevalonic acid, the product of the
HMGCR reaction, prior to stimulation with 1L-33 (Figure 4B). The ability of fluvastatin

to enhance IL-6 and TNF secretion was greatly diminished by mevalonic acid, suggesting
that the drug effects are due to HMGCR suppression.

We next explored whether a decrease in cholesterol synthesis is responsible for fluvastatin-
mediated IL-33 augmentation. BMMC were cultured for 24 hours with zaragozic acid (ZA),
an inhibitor of squalene synthase, which is distal to HMGCR and isoprenoid synthesis.
Unlike fluvastatin, zaragozic acid did not alter IL-33-induced TNF and IL-6 production
(Figure 4C). Thus, loss of cholesterol per se does not appear to enhance cytokine production.
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Isoprenoid synthesis lies between HMGCR and squalene synthase and is important for many
signaling pathways. To determine the importance of isoprenoid depletion by fluvastatin,
BMMC were co-cultured in fluvastatin with or without FPP and/or GGPP prior to 1L-33
stimulation. The addition of either FPP or GGPP reversed fluvastatin effects, reducing

IL-6 and TNF secretion (Figure 4D). These data support the hypothesis that fluvastatin
effects are due to reduced availability of GGPP and FPP, which may contribute to loss of
isoprenylation.

3.4 Fluvastatin alters signaling proteins downstream of IL-33 stimulation.

We next examined fluvastatin effects on IL-33 signaling, by observing changes in
downstream phosphorylation events. Mast cells cultured with fluvastatin 24 hours prior to
activation with 1L-33 were analyzed by flow cytometry (Figure 5A). Like our IgE signaling
study (23), IL-33-induced ERK and Akt phosphorylation was reduced by fluvastatin in
comparison to vehicle control. Because we and others have found that ERK inhibition
reduces IL-33-mediated cytokine production (40, 41) reduced ERK activation is an unlikely
explanation for fluvastatin effects. While IL-33-induced Akt phosphorylation has generally
been associated with promoting 1L-33 function (3, 42—-45), the role of 1L-33-Akt signaling
in mast cells is not clear. Therefore, we tested Akt inhibitors for their ability to mimic
fluvastatin. As shown in Figure 5B, two different Akt inhibitors enhanced IL-33-mediated
IL-6 production, much like fluvastatin. In contrast, Akt inhibition had no effect on TNF
production. These data support the hypothesis that fluvastatin-mediated Akt inhibition could
contribute to increasing IL-6 production. The role of Akt function in IL-33 signaling that
selectively controls IL-6 production warrants further study.

Downstream of these kinases, NF-xB is a critical component in 1L-33-induced mast cell
function (46). In striking contrast to our study of IgE signaling, fluvastatin increased IL-33-
mediated NF-xB p65 phosphorylation (Figure 5C). This effect appeared to be functionally
important, as a reporter assay showed greater NF-xB-mediated transcription. BMMC were
transfected with a plasmid vector encoding Firefly luciferase under control of NF-xB
response elements or a control plasmid prior to fluvastatin treatment and I1L-33 stimulation.
IL-33 induced luciferase production, an effect that was more than doubled by fluvastatin
(Figure 5D). This indicates that fluvastatin increases IL-33-mediated NF-xB transcriptional
activity.

Although the data show p65 activation and NF-xB transcriptional activity are elevated,

the link between fluvastatin enhancement of IL-33-induced NF-xB function and increased
cytokine production is correlative. To test the hypothesis that enhanced NF-xB function

is required for fluvastatin effects, we used varying concentrations of an NF-xB inhibitor
(Bay11-7082). At concentrations too low to inhibit IL-33-mediated cytokine secretion
(0.5uM), the NF-xB inhibitor reversed fluvastatin effects (Figure 5D). These data suggest
that fluvastatin increases IL-33-mediated NF-xB activity, resulting in greater 1L-6 and TNF
production.
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3.5 Fluvastatin enhances IL-33-mediated inflammation in vivo.

Gunnar Nilsson's lab has shown that intraperitoneal IL-33 injection elicits neutrophil
recruitment requiring mast cell-dependent TNF secretion (47). To test if fluvastatin enhances
mast cell function /n vivo, we injected mice with fluvastatin prior to IL-33 treatment

(Figure 6A). Peritoneal cellular infiltration was assessed by flow cytometry of lavage

fluid. We found that fluvastatin did not alter the number of CD45+ immune cells in the
peritoneum (Figure 6B). As previously reported, IL-33 induced neutrophil infiltration. This
was significantly enhanced by fluvastatin. Moreover, fluvastatin alone induced neutrophil
recruitment commensurate with 1L-33 (Figure 6C). This stimulatory effect was selective

for neutrophils; fluvastatin decreased the percentage of several lineages, including mast
cells, macrophages, CD4, CD8, and B cells (Figures 6C and 6D). Since only macrophages
decreased in absolute number (DMSO = 6.7x10° cells; fluvastatin = undetected), the
decreased percentage of other lineages was apparently due to neutrophil influx that shifted
lineage percentages. 1L-33 alone also decreased the percentage and number of macrophages
but had no effect on any other lineage (Figures 6C and 6D). While we could not detect

TNF in plasma, IL-33 increased plasma IL-6 levels. Fluvastatin induced plasma IL-6 and
enhanced the effect of IL-33. Peritoneal lavage fluid showed similar changes in IL-6 without
detectable TNF (Figure 6E). These data show that fluvastatin can enhance IL-33-mediated
inflammation /n vivo. In addition to promoting neutrophil infiltration, both fluvastatin and
IL-33 decreased macrophages in the peritoneum, perhaps due to emigration.

4. Discussion

Although statins are currently approved as a cholesterol-lowering drug, several studies
have noted their immunomodulatory effects. Statins have been indicated as a treatment
for inflammatory diseases such as autoimmune disorders, asthma, and cancer (13, 14, 20,
48-60). Statins have also been specifically implicated as a possible treatment for mast
cell-driven disease. Cerivastatin and atorvastatin have been shown to inhibit human mast
cell proliferation and IgE-induced degranulation (61). Fluvastatin has also been shown to
inhibit IgE-induced degranulation in RBL-2H3 cells, and we previously demonstrated that
fluvastatin inhibits IgE-mediated mast cell activation /n vitroand in vivo (22, 23) and
induces apoptosis after 3—4 days of exposure (24). Since 1L-33 is associated with allergic
diseases and is a known mast cell activator, we determined the effect of fluvastatin on
IL-33-stimulated mast cells.

Fluvastatin appears to be acting on HMGCR as intended, based on the ability of mevalonic
acid to reverse the augmentation. Further, suppressing cholesterol production with zaragozic
acid did not enhance cytokine secretion, suggesting cholesterol loss is not required for
fluvastatin effects. Downstream of the statin target HMGCR, farnesy! transferase and
geranylgeranyl transferase couple isoprenoid lipids to many proteins, including small G
proteins in the Ras Family (10). We previously found that statin effects on IgE-mediated
mast cell function and survival were reversed by GGPP but not by FPP (23, 24). In the
present study, both GGPP and FPP reversed fluvastatin-mediated cytokine enhancement.
These data suggest the ability of fluvastatin to augment cytokine production is due to loss
of geranylgeranyl transferase and farnesyl transferase actions on a pathway that restricts
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IL-33-mediated cytokine secretion. Despite fluvastatin actions likely being due to HMGCR
inhibition, we were unable to replicate its effects with pitavastatin, pravastatin, or lovastatin,
which had no consistent effect on 1L-33-mediated TNF and IL-6 secretion (data not shown).
This incongruence is like our earlier study of statin effects on FceRI signaling, which also
showed considerable drug variability (23, 24). Currently the reason for this variability is
unknown. It could relate to drug uptake or degradation. These differences emphasize the
importance of understanding the selective effects of drugs with the same mechanism of
action.

When searching for changes in IL-33 signaling, we found reductions in ERK and Akt
phosphorylation that mirrored our previous findings with IgE-mediated signals. In contrast,
fluvastatin greatly increased NF-xB function, an effect that appeared to be necessary for
augmented TNF and IL-6 production (Figure 5). Akt1/2 suppression by fluvastatin might
partly explain how the drug can have opposite effects on IL-33- and IgE-induced function.
While Akt has stimulatory effects downstream of the IgE receptor (62), it inhibits NF-xB
function in LPS-stimulated monocytes (70, 95, 96). Because ST2 signaling mirrors LPS-
induced signals, decreased Akt activity may allow greater NFxB function. In support of
this, Akula et al. found that GGT deletion reduced the suppressive function of the KRAS-
PI3K/Akt pathway, allowing greater NF-xB activation (25). Thus, one hypothesis is that
statin-mediated HMGCR inhibition diminishes isoprenylated KRAS availability, resulting
in reduced Akt-mediated suppression of NF-xB. In agreement with this possibility, Akt
suppresses GSK3 a/p function by phosphorylating serine residues (63). Because GSK-3
promotes NF-xB transcriptional activity (64), reduced Akt function may equate to greater
GSK-3p and NF-xB activation. Delineating these pathways in 1L-33 signaling could reveal
novel aspects of mast cell regulation. For example, Drube and coworkers demonstrated
that PI13K inhibition reduces IL-33-induced cytokine production in BMMC (65). Because
PI3K is often linked to Akt activation, one might logically conclude that Akt promotes
cytokine production. However, many pathways lie downstream of PI13K and the inhibitory
role for Akt in TLR signaling supports the possibility that Akt restricts rather than enhances
PI13K-induced mast cell function.

Stem cell factor plays an essential role in mast cell function. It drives mast cell maturation,
proliferation, migration, and enhances mast cell responses to 1L-33 (36, 66). We found

that fluvastatin had little effect in the absence of SCF (Figure 2). However, the mechanism
explaining SCF function is unknown. SCF and IL-33 co-stimulation augments STAT3,
ERK1/1, JNK2, and NF-xB activation in mast cells (36). While fluvastatin inhibited ERK
phosphorylation, NF-xB transcriptional activity was augmented. \We propose that statin-
mediated inhibition of the Akt pathway alleviates suppression on NF-xB signaling, which is
then promoted by SCF. More experiments are needed to test this hypothesis.

Fluvastatin effects were consistent on mouse peritoneal mast cells and human skin mast cells
in vitro and in a mast cell-dependent model of IL-33-induced peritonitis. We found that
fluvastatin enhanced both IL-6 production and neutrophil recruitment. Although the previous
models found that I1L-33-mediated neutrophil recruitment is TNF-dependent (47), we were
unable to detect significant TNF in plasma or peritoneal lavage fluid. TNF detection may

be hampered in our assays by the short half-life of the cytokine. It was interesting to note

Cell Immunol. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taruselli et al.

Page 11

that fluvastatin alone elicited neutrophil influx, macrophage loss, and increased plasma
IL-6, suggesting the drug has potent immunomodulatory effects in naive animals. These
effects were more notable when combined with 1L-33, supporting the /n vitro findings that
fluvastatin increases IL-33-induced signaling pathways.

Our work corroborates what some /n vitro studies have found: that statins are pro-
inflammatory in the proper context. These conform to findings on the rare genetic

disease Mevalonate Kinase Deficiency (MKD). Those who suffer from MKD cannot
metabolize mevalonate in the cholesterol synthesis pathway, terminating the cholesterol
synthesis pathway similarly to statin blockade of HMGCR. These patients display
hypocholesterolemia as expected, but also increased IgD and low 1gG levels, and have
periodic fever syndrome driven by high cytokines levels (27). It is thought that either the
build-up of mevalonate or the lack of small G-protein isoprenylation causes innate immune
cells to produce high levels of cytokines (28, 29). Our study suggests that mast cells might
also produce pro-inflammatory cytokines in these patients, but more evidence is needed
from human samples.

In summary, our data demonstrate an enhancing effect of fluvastatin on I1L-33-mediated mast
cell function. These data indicate important differences between 1L-33 and IgE receptor
signaling that warrant further investigation, since these pathways are rational targets for
allergic disease. This unexpected outcome appears to be specific to fluvastatin, despite the
drug acting on HMGCR as intended. Other statins tested showed no enhancing effects.
While the mechanism can be at least partly ascribed to increased NF-xB function, why

other statin family drugs do not have the same activity is unclear. This disparity emphasizes
the importance of understanding drug-specific inhibitory and stimulatory effects statins

have on immune function. Our data are consistent with work showing statins can enhance
LPS-mediated IL-1p and TNF production by macrophages (25, 32). Because LPS/TLR4
signaling shares features of IL-33/ST2, this offers some direction in understanding pro-
inflammatory statin effects, particularly the possibility that inhibiting Akt may have opposite
effects in some signaling pathways. Understanding drug-specific effects in the statin class
has direct relevance to the current COVID-19 pandemic, since statins are being tested in
multiple studies and appear to reduce the risk of severe disease or death from COVID-19,
especially among in-patient subjects (reviewed in (67)). Our work suggests that the choice of
statin may matter significantly and needs to be included when interpreting these studies.

5. Conclusions

We find that fluvastatin has unexpected stimulatory effects on I1L-33-mediated mast cell
activation. Fluvastatin augmented IL-33-induced TNF and IL-6 production consistently

in mouse and human mast cells through a process that was dependent on inhibiting
isoprenylation and enhancing NF-xB function. While IL-6 and TNF were both enhanced,
some mechanisms differed, since Akt inhibition reproduced fluvastatin effects on IL-6 but
not TNF. The stimulatory effects of fluvastatin were also consistent /n vivo, where the

drug increased IL-33-mediated neutrophil recruitment and systemic IL-6 production. These
results suggest that despite its inhibitory effects on FceRl, fluvastatin has an opposite impact
on IL-33. Other statins do not appear to have this enhancing effect. While statins are
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logical candidates for treating inflammatory disorders, these findings emphasize the need to
understand drug-specific effects and how these drugs affect differing signaling cascades.
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Highlights:
. Fluvastatin surprisingly enhances IL-33-induced mast cell IL-6 and TNF
secretion.
. These effects are consistent on mouse and human cell and /n vivo.
. Fluvastatin effects are mediated by blocking isoprenylation.

. Fluvastatin inhibits IL-33-induced Akt activation and is mimicked by Akt
inhibitors.

. Fluvastatin enhances NFxB activation by IL-33.
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Figure 1. Fluvastatin has opposing effects on IgE and IL-33-mediated cytokine.

(A) BMMC were treated with anti-DNP IgE £ 20 uM Fluvastatin for 24 hours prior to IgE

XL or IL-33 stimulation. Supernatants were collected 16 hours after activation and cytokines
were measured via ELISA. Data are means + SEM of 3 populations, representative of 2

independent experiments. (B) BMMC were treated with the indicated dose of fluvastatin
for 24 hours prior to activation. Cells were then stimulated with 1L-33 (100 ng/ml) for 16
hours, and cytokines were measured via ELISA. Data are means = SEM of 9 populations

from at least 2 independent experiments. (C) BMMC were treated as described in (A),

with RNA collected 4 hours after I1L-33 stimulation. RT-gPCR was used to measure IL-6

MRNA expression. Data are means + SEM of 3 populations. (D) Peritoneal mast cells or (E)
Skin-derived human mast cells from 3 donors were treated with 20 pM fluvastatin or DMSO

for 24 hours prior to stimulation with 100 ng/ml of IL-33 stimulation. Supernatants were
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collected 16 hours after activation and cytokines were measured by ELISA. Data are means
+ SEM, with each icon representing a donor.
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Figure 2. Fluvastatin effects are SCF-dependent.

(A) BMMC were cultured in IL-3 = SCF (50 ng/ml) for three days. Fluvastatin (20 pM)
was added for 24 hours prior to 1L-33 activation for 16 hours. Cytokines were measured
via ELISA. Data are means + SEM of 6 populations from 2 independent experiments.
(B) BMMC were cultured for 24 hours in media containing DMSO (vehicle control)

or fluvastatin (20 uM), and surface expression of c-Kit and ST2 was measured by flow
cytometry. Data are means + SD from 17 samples of BMMC populations.
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Figure 3. TNF blockade does not prevent fluvastatin effects.
BMMC were cultured +/—fluvastatin for 24 hours as described in Figure 1. Cells were then

activated +/- IL-33 (100ng/ml) for 16 hours in the presence of (A) anti-TNF (5ng/ml), (B)
anti-TNF receptor 1 and 2 (100 ng/ml), or isotype control antibodies. Culture supernatants
were analyzed by ELISA. Data shown are means £ SEM from each of 3 BMMC populations
analyzed in triplicate.
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Figure 4. Fluvastatin-mediated increase in cytokine production depends on inhibiting the
isoprenoid arm of the HMG-CoA pathway.
(A) A simplified depiction of cholesterol synthesis and the inhibitors used. Dashed arrows

indicate summarized pathway steps in which intermediates are not shown. Inhibitors are
indicated by gray font. (B) BMMC were cultured in vehicle or fluvastatin (20 uM) =
mevalonic acid (1 mM). (C) BMMC were cultured for 24 hrs in the presence of ZA or
fluvastatin at 20 uM. (D) BMMC were cultured for 24 hrs in * fluvastatin (20 uM) in the
presence or absence of GGPP, + FPP at 20 pM. Cultures were then activated with 1L-33 (100
ng/ml) for 16 hours, and cytokines were measured by ELISA. Data shown are means £ SEM
from 6 (B, D) or 14 (C) samples from at least 2 separate experiments.
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Figure 5. Fluvastatin alters IL-33 induced signaling.
(A) BMMC were cultured for 24 hrs in the presence of vehicle or fluvastatin (20 pM)

followed by activation with I1L-33 (100 ng/ml) for 0-15 minutes. Samples were fixed

and stained with the indicated antibodies and analyzed via flow cytometry. MFI of
phosphoprotein was normalized to vehicle 0' time point. Data shown are means + SEM from
3 populations, representative of 2 experiments. (B) BMMC were cultured for 24 hours with
the indicated chemicals prior to IL-33 stimulation for 16 hours. Culture supernatants were
analyzed by ELISA. The Akt inhibitors MK-2206 and GDC-0068 were used at 3 uM and 5
UM, respectively. Data shown are means = SEM from 3 populations. (C) Samples were lysed
and analyzed by western blot. Data shown are from 1 of 3 experiments that yielded similar
outcomes. (D) BMMC were transfected with vectors encoding luciferase genes from Renilla
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reniformis under HSV-TK promoter and Firefly under NF-xB response elements. Cultures
were then treated vehicle or fluvastatin for 24 hours prior to activation I1L-33 for 2 hours.
Ratios of Firefly to Renilla luciferase were normalized to DMSO unstimulated. (E) BMMC
were cultured in the presence of vehicle or fluvastatin + bay11-7082. Cells were activated
with IL-33 for 16 hours, and cytokines were measured by ELISA. Data are means + SEM of
9 (D) or 8 (E) populations from 3 independent experiments.
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_Figt_Jre 6. Fluvastatin enhances IL-33-mediated cytokine production and neutrophil recruitment
1N VIvo.

(A) C57BL/6J mice were injected i.p. with vehicle or fluvastatin (0.5 mg/mouse) 24 hours
and again 1 hour prior to IL-33 (1 pg/mouse) or PBS. Schematic created with BioRender.
Peritoneal lavage and cardiac puncture were performed 4 hours after 1L-33 injection. (B)
Cells from the peritoneal lavage were stained with anti-CD45 and the percentage positive
cells was used to calculate total cell numbers in peritoneal lavage fluid. (C) The indicated
innate immune lineages were assessed by flow cytometry. (D) T cell and B cell populations
were assessed by flow cytometry. CD11b, Ly6C, and Ly6G and analyzed using flow
cytometry. (E) Plasma and peritoneal lavage fluid were collected and assessed for IL-6
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via ELISA. Data are means + SEM of n=5 mice, analyzed by ANOVA, and representative of
3 independent experiments.
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