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Abstract

Clofazimine (CFZ) is an FDA-approved leprostatic and anti-inflammatory drug that massively
accumulates in macrophages, forming insoluble, intracellular crystal-like drug inclusions (CLDIs)
during long-term oral dosing. Interestingly, when added to cells in vitro, soluble CFZ is cytotoxic
because it depolarizes mitochondria and induces apoptosis. Accordingly, we hypothesized that in
vivo, macrophages detoxify CFZ by sequestering it in CLDIs. To test this hypothesis, CLDIs of
CFZ-treated mice were biochemically isolated, and then incubated with macrophages in vitro. The
cell biological effects of phagocytosed CLDIs were compared to those of soluble CFZ. Unlike
soluble CFZ, phagocytosis of CLDIs did not lead to mitochondrial destabilization or apoptosis.
Rather, CLDIs altered immune signaling response pathways downstream of Toll-like receptor
(TLR) ligation, leading to enhanced interleukin-1 receptor antagonist (IL-1RA) production,
dampened NF-xB activation and tissue necrosis factor alpha (TNFa) production, and ultimately
decreased TLR expression levels. In aggregate, our results constitute evidence that macrophages
detoxify soluble CFZ by sequestering it in a biocompatible, insoluble form. The altered cellular
response to TLR ligation suggests that CLDI formation may also underlie CFZ’s anti-
inflammatory activity.
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Introduction

Clofazimine (CFZ) is an FDA-approved anti-mycobacterial agent recommended by the
World Health Organization as part of the standard treatment of leprosy.1-2 It has been in
clinical use since the 1960s, and is well-tolerated, although bioaccumulation of the drug can
lead to visible (but reversible) changes in skin pigmentation.3# In mice, CFZ forms
intracellular, crystal-like drug inclusions (CLDIs) upon prolonged oral administration.®
These CLDIs are exclusively present in macrophages, such as bone marrow macrophages,
peritoneal macrophages and Kupffer cells.> CLDI formation is attributed to the drug’s
lipophilicity (logP>7) and low aqueous solubility.® CLDI formation may account for some
of the drug’s unusual pharmacokinetic properties, including a long half-life following an
acute dose’+® which increases further during prolonged, chronic treatment.9-11

Interestingly, CLDIs have also been documented in humans following autopsies and
toxicological case studies of CFZ-treated patients.12-15 While the drug is FDA-approved for
clinical use, there have been no scientific studies examining the toxicological properties of
CLDls, or any other biologically-derived insoluble drug complex. Although the formation of
insoluble drug precipitates or crystals inside cells could be readily dismissed as an unwanted
side effect, CLDI formation is intrinsically linked to the drug’s macrophage targeting
mechanism, as well as its downstream pharmacological and toxicological effects.
Furthermore, CLDIs can function as intracellular drug depots, accounting for the drug’s
prolonged elimination half-life, as well as the fact that mycobacteria have not developed
resistance to CFZ in spite of decades of clinical use. Perhaps more importantly, to the extent
that CLDIs may influence macrophage-dependent immune signaling functions, they could
be one of the reasons why CFZ is also clinically useful as an anti-inflammatory agent for the
treatment of various inflammatory disorders.16-22 From a biomaterials and nanotechnology
perspective, the presence of CLDIs in the cells of human patients clearly illustrates how it is
possible to endow cells with artificial structural and functional elements, using self-
assembling, orally bioavailable small molecule building blocks. CLDIs possess nanoscale
structural features, with properties resembling liquid crystals.®> Furthermore, CLDIs are
fluorescent and their fluorescence can change in response to the surrounding
microenvironment. Structurally, they are bounded by a membrane of likely biological
origin® and they are mostly composed of protonated CFZ molecules in a chloride salt form?23
(reference 23 submitted to Molecular Pharmaceutics; included with this manuscript as
Supporting Information for Review Only). Because they are already present in the cells of
human patients treated with CFZ, the many interesting chemical, physical and biological
properties of CLDIs could serve as a starting point for developing new kinds of CFZ-based
solid-state nano-derivatives with potential applications in diagnostics, drug delivery and
therapeutics.

Accordingly, we aimed to establish the ability of CLDIs to alter innate immune signaling in
macrophages following phagocytosis in vitro, in the context of the reported apoptosis-
inducing properties of soluble CFZ on cultured macrophages.2* While apoptosis can serve
as an anti-inflammatory mechanism, 2527 there is no evidence that CFZ induces macrophage
apoptosis in vivo. Therefore, we also decided to compare the in vitro CLDI-induced changes
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in Toll-like receptor (TLR)-dependent pro- and anti-inflammatory signaling pathways, in
relation to those of freely soluble CFZ. Experimentally, we used the macrophage-derived
Raw 264.7 cells as an experimental model. Considering both the amount of CFZ added to
the cells as well as the cell-associated CFZ content allowed equitable comparison of
intracellular CLDIs with those of freely soluble CFZ. Following phagocytosis of CLDIs, we
proceeded to analyze the associated changes in cell viability, mitochondrial integrity, and
inflammatory signaling pathways downstream of TLRs which play a critical role in
inflammation, innate immune response as well as in the initiation of adaptive immune
responses.28-31

Materials and Methods

Reagents

All primary antibodies were purchased from Cell Signaling Technology (Danvers, MA),
except p65 and TLR4 (Abcam, UK), actin and TLR2 (Sigma, St. Louis, MO), and TLR9
(Thermo Pierce, Rockford, IL). Pam3 and LPS were purchased from Invivogen (San Diego,
CA).

Purification of CFZ crystal-like drug inclusions (CLDIs) from mice spleen and CFZ
guantification

Clofazimine (Sigma-Aldrich, C8895) was prepared in sesame oil (Shirakiku, Japan, or
Roland, China) and Powdered Lab Diet 5001 (PMI International, Inc., St. Louis, MO) and
orally administrated to C57BL6 mice (4 week old, Jackson Laboratory, Bar Harbor, ME) for
8 weeks as previously described.>: The animal protocol was approved by the University of
Michigan’s Animal Care and Use Committee in accordance with the National Institutes of
Health guidelines (UCUCA #PR0O0005111).

Spleens were harvested and CLDIs were isolated using a previously described method with
some modifications.> The spleens were cut into small pieces, homogenized with a syringe
plunger and then filtered through a 40 pm cell strainer to remove connective tissue debris.
The spleen homogenate was centrifuged (300 x g for 10 min) to remove large cell debris and
the pelleted CLDIs were resuspended in 10% sucrose in Dulbecco’s PBS (DPBS) without
CaCl, and MgCly, pH 7.4. CLDIs were further purified using a 3-layer discontinuous
gradient (50%, 30% and 10% sucrose in DPBS) centrifugation method (3200 x g for 30
min). For incubation with RAW 264.7 cells, CLDIs were washed 3 times with DPBS to
remove sucrose and resuspended in DMEM with 5% FBS. Protein concentration of purified
CLDl isolates before and after gradient centrifugation and subsequent washing with DPBS
was determined using the bicinchoninic acid detection (BCA) assay (Thermo Pierce). CFZ
content was spectrophotometrically measured using a previously described method with
some modifications.5® CLDIs in DPBS (100 pl of sample) were mixed with equal volume of
xylene to create lipid-aqueous partitioning and then vortexed to dissolve CLDIs and extract
the CFZ into the organic phase. The CFZ-containing xylene was placed into a new tube.
Fresh xylene was added to the sample and the process was repeated twice until there was no
CFZ remaining in the aqueous phase. The CFZ content in xylene was extracted twice using
equal volume of 2.5 M H,SO4 and vortexing until there was no CFZ remaining in xylene.
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Final CFZ concentration was calculated from the standard curve generated by adding a
known amount of drug solution to 2.5 M H,SO,4 and measurement of absorbance at 530nm
(Synergy-2 plate reader; Biotek, Winooski, VVT). The average extraction yield of CFZ was
90%, with elimination of 99% of protein.

Culture of RAW 264.7 cells with soluble CFZ or CLDIs and TLR stimulation

The murine macrophage cell line RAW 264.7 was purchased from ATCC (Manassas, VA)
and maintained in DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% FBS.
Soluble CFZ or isolated CLDIs were added at various concentrations in DMEM with 5%
FBS to 6-well plates containing 4 x 10° cells/well and incubated (24 h at 37°C and 5%
COy). Culture supernatants were harvested at 24 h, centrifuged (1500 x g for 5 min), and
stored (—20°C) in frozen aliquots prior to analysis. For experiments involving TLR
stimulation, cells were washed twice with pre-warmed DPBS to remove extracellular, non-
phagocytosed CLDIs or CFZ, and then the cells were serum-starved for 18 h in DMEM.
Supernatants were collected from unstimulated cells and cells stimulated with 200 ng/ml
Pam3 or 1 ug/ml LPS in DMEM.

CLDI Phagocytosis assay

The ability of RAW 264.7 cells to phagocytose CLDIs was measured by incubating cells
with increasing concentrations of CLDIs for 24 h, as described above. The cells were then
washed twice with pre-warmed PBS to remove extracellular CLDIs and images were
captured using the Nikon Eclipse Ti (Japan) inverted microscope with brightfield to count
cells and fluorescence at Cy5 wavelength to count CLDIs. Cells and CLDIs from each
image were manually counted to calculate the percentage of CLDI-containing cells and the
mean number of CLDIs internalized by each cell. A minimum of 5 random images were
analyzed for each concentration (minimum 640 total cells counted). CLDI internalization
was confirmed by confocal microscopy, following labeling of the plasma membrane of cells
with the lipophilic, fluorescent styryl probe FM-143.

Live cell staining and imaging

Cells were cultured with CFZ or CLDI media for 24 h in chamber slides (Lab Tek) and
stained with 150 nM of MitoTracker Red CMXRos (MTR, Life Technologies) in fresh
media for 45 min, and then NucBlue Live Cell Stain (Life Technologies) was applied for 10
min for nuclear staining. After incubation, extracellular MTR and NucBlue were washed
twice with DPBS and the cells were visualized on a Nikon Eclipse Ti fluorescence
microscope (Japan) using Texas Red (Mitotracker) and DAPI (NucBlue) filters. Real-time
live cell images were captured every 10 sec for 30 min with the same microscope and video
was created using the Nikon Elements software. For confocal imaging of intracellular
CLDIls, FM 1-43 (Life Technologies) was used at 3.5 uM (15 min at 37 °C) for membrane
staining followed by NucBlue (10 min). After washing with DPBS, cells were visualized
using laser-scanning confocal microscopy (Olympus Fluoview 500) fitted with argon (FITC)
and HeNe Red lasers (Cy5). Images were taken along the z-axis with a 60x objective at 0.25
um intervals and the composite Z-stack images were created using the Nikon Elements
software.
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Microscopy and image analysis

Brightfield and fluorescence (DAPI, FITC, Texas Red and Cy5) images were captured using
the Nikon Eclipse Ti (Japan) inverted microscope equipped with a Nikon Digital Sight DS-
Fi2 camera (Japan) for brightfield and Photometrics Coolsnap Myo camera (Tucson, AZ) for
fluorescence. Polarized images were acquired with CRi Abrio Imaging System (Hinds
Instruments, Hillsboro, OR) fitted on the same microscope with a 623nm polarizing filter
using the OpenPolScope plugin for ImageJ and Micro-Manager.32 For determining the ratio
of nucleus-to-cytoplasm p65 fluorescence, ImageJ was used following previously described
methods.33:34 The average volume of CLDIs was calculated using the area, Feret max and
min values of each CLDI acquired from ImageJ. Each CLDI was considered to be
cylindrical in shape. A detailed diagram of the calculation method is shown in supplemental
figures (Fig. S1).

Cell viability assay (XTT assay)

Cells were plated in triplicate wells at a density of 5 x 103 per well in 96-well plates in
DMEM with 5% FBS and allowed to adhere overnight. Soluble CFZ (Stock solution 5mM
in DMSO) or CLDIs were added (0.25, 0.5, 1, 2, 4, 10, 20, 40 and 80 uM final
concentrations) to cells and incubated (37°C) for 24 h. XTT assay (Roche, UK) was carried
out according to the manufacturer’s instructions with absorbance measured at 450 nm and
690 nm using a Synergy-2 plate reader (Biotek). The cell viability percentage was calculated
by comparing absorbance of CFZ and CLDI-treated cells to control (untreated) cells.

TNFa and IL-1RA ELISA

The media of cells with or without 6 h TLR stimulation by Pam3 or LPS was harvested, and
TNFa and IL-1RA levels were measured by ELISA (Duoset, R&D Systems, Minneapolis,
MN) in duplicate wells according to the manufacturer’s instructions. The cytokine
concentrations were expressed as picogram per milligram of cell lysate. Experiments were
repeated three times and values are expressed as the mean + SD.

Isolation of alveolar macrophages

CFZ- or control chow-fed mice were euthanized by exsanguination while deeply
anesthetized by intraperitoneal injection of 300ul ketamine/xylazine. The trachea was
surgically exposed and cannulated with an 18G needle and the lungs were lavaged by
instilling DPBS containing 0.5 mM EDTA in 1 ml aliquots for a total of 6 ml.
Approximately 90% of the bronchoalveolar lavage (BAL) was retrieved. BAL was then
centrifuged for 10 min at 400 x g, 4°C and resuspended in RPMI 1640 media (Life
Technologies). The cells were placed in 12-well culture plate (Corning, Tewksbury, MA)
and washed with media after 45 min, enabling the isolation of alveolar macrophages by
adherence. The cells were imaged in brightfield and lysed in RIPA buffer (Sigma) for
Western blot.

Data processing and statistics

All data were expressed as mean + standard deviation. Statistical analysis was performed
with one-way analysis of variance (ANOVA) and Bonferroni’s post-hoc comparisons, or
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with Student’s t-test (paired, two-way). Correlation analyses were performed using a
Pearson’s correlation coefficient measurement. All statistical analyses employed the IBM
SPSS software and p < 0.05 was considered statistically significant.

Results

1. Clofazimine CLDI purification from spleen

In order to obtain pure CLDIs we elaborated a method to isolate and purify CLDIs from the
spleen of 8wk CFZ-fed mice using a 3-layer discontinuous gradient centrifugation method.
Brightfield, polarized and fluorescence microscopy images (Fig. 1A) were acquired before
and after gradient centrifugation to characterize and detect any alterations in the
physiochemical properties of CLDIs, including crystal structure or chemical composition.®
As seen through polarized light microscopy, diattenuation at 623nm, slow axis orientation
and transmittance was maintained in CLDIs after the isolation process, indicative of the
preservation of the crystal structure of CLDIs. The CFZ molecule is inherently fluorescent at
Texas Red and FITC channels, but the protonation and chlorination of CFZ, as is the case
with CLDIs, can cause spectral shifts to Texas Red- and Cy5-positive, but FITC-negative
wavelengths.>3° Therefore, fluorescence microscopy enables the detection of changes in the
morphology of CLDIs, as well as changes in the microenvironment surrounding CFZ
molecules in CLDls.

Comparing the optical properties of CLDIs before and after the purification process thus
showed that CLDIs were not altered by the purification process. The size dimensions of
spleen CLDIs displayed as rod-shaped crystals (Fig. 1A) had an average area of 9.96+8.66
(SD) pm? and Feret dimensions of 7.01+3.59 um (max) and 1.66+0.74 um (min) prior to
gradient centrifugation (Fig. 1B). The average volume was 17.08+27.27 um?3 before gradient
centrifugation. Size analysis showed a heterogeneous population of CLDIs, evidenced by
high standard deviations of average area and calculated volume (Fig. 1B), with at least 96%
of CLDIs smaller than 30 um?2 before gradient centrifugation (Fig. 1C). The purification
process removed many of the smaller CLDIs ranging from 0-5 um2, but enriched those over
10 um? (Fig. 1C), and thus increasing the average area and volume of CLDIs to 13.29+9.73
um?2 and 24.57+35.42 um3, respectively, and Feret dimensions to 8.28+3.57 um (max) and
1.88+0.82 pm (min) (Fig. 1B). Most importantly, no degradation, fragmentation,
aggregation or other gross morphological changes in the properties of CLDIs were observed
during the purification process.

2. Active phagocytosis of CLDIs by RAW 264.7 cells

The red color of CFZ allowed monitoring the cellular uptake of soluble CFZ or CLDIs (Fig.
2A). In some of the cells (10-15%), we observed CLDIs inside vacuole-like intracellular
vesicles (Fig. 2A inset image). As shown in Figure 2B, 16.7+£4.3% and 28.6+5.1% of the
cells showed evidence of CLDI uptake at 2.5uM and 54M concentrations, respectively,
without obvious differences in the number of CLDIs per cell (1.58+0.35 and 1.66+0.16).
With increasing doses, we observed a dose-dependent increase in the percentage of cells
with CLDIs as well as the number of CLDIs per cell. At 40uM, the maximal dose tested,
89.6+3.22% of cells averaged 3.22+0.29 CLDIs per cell (Fig. 2B). The phagocytic index
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(percentage of CLDI positive cells x mean number of CLDIs per cell), which measures the
ability of macrophages to phagocytose particles,3¢ was highly correlated between CLDI
concentration and CLDI phagocytosis (Supplemental fig. S2). To confirm that CLDIs were
internalized, we conducted confocal microscopy and Z-stacking, which clearly demonstrated
the cytoplasmic localization of CLDIs (Fig. 2C). A real-time video of CLDI phagocytosis by
a RAW 264.7 cell is shown in supplemental figure S3. Penetration or damage of the plasma
membrane or cell nucleus by CLDIs was not observed.

3. Intracellular CLDIs are not cytotoxic

CLDIs induced minimal cytotoxicity (Fig. 3A) even at very high concentrations (81%
viability at 40 pM), but soluble CFZ exerted cytotoxicity at a 20-fold lower concentration
(61% viability at 2uM). Exposure of RAW 264.7 cells to soluble CFZ at 10uM reduced cell
viability to 20%, whereas CLDIs at the same concentration maintained cell viability at 80%
(Fig. 3A). Intracellular CLDIs also did not affect mitochondrial membrane potential (Fig.
3B), as seen from the staining of the membrane potential-sensitive (Mitotracker Red; MTR)
fluorescent probe. However, macrophages treated with soluble CFZ exhibited diffuse
cytoplasmic MTR staining, indicative of mitochondrial membrane depolarization, and
displayed fewer mitochondria labeled with MTR. Morphological evidence of apoptosis,
such as membrane blebbing, was only seen in soluble CFZ-treated cells (Fig. 3B,
arrowhead). MTR signal intensity of the nuclear area was measured to quantify MTR
leakage, which was similar in CLDI-treated cells and untreated cells, whereas soluble CFZ-
treated cells displayed increased nuclear MTR signal by 4-fold (Fig. 3C).

Changes in mitochondrial membrane permeability such as those leading to difference in
MTR staining are upstream of activation of apoptosis pathways mediated by activation of
caspases, proteolysis of caspase substrates, and ultimately leading to cell death. Since
previous studies also indicated that soluble CFZ could activate apoptosis pathways in
cultured macrophages,24 we proceeded to directly establish the activation of apoptotic
pathways by monitoring caspase-3 and PARP cleavage after CFZ or CLDI treatment.
Indeed, while soluble CFZ caused increased PARP cleavage at low concentrations (4 and 10
UM; Fig. 3D), CLDIs did not induce caspase-3 activation or PARP cleavage, even at the
highest concentrations (80uM).

4. Intracellular CLDIs activate the Akt pathway and enhance IL-1RA production

Previous studies on mice fed with a CFZ-supplemented diet for an 8 week period indicated
increased levels of interleukin 1 receptor antagonist (IL-1RA) an endogenous, secreted anti-
inflammatory signaling molecule.® Thus, we proceeded to establish whether CFZ or CLDIs
boosted IL-1RA secretion by cultured macrophages. Remarkably, while soluble CFZ did not
affect IL-1RA secretion, phagocytosed CLDIs significantly enhanced the production of
IL-1RA in a concentration dependent manner (Fig. 4A). Phosphorylation of Akt, which
marks the activation of the signal transduction pathway leading to upregulation of IL-1RA
expression28:37:38 glso was increased in concentration-dependent manner in cells that
phagocytosed CLDIs. Solubilized CFZ minimally affected phosphorylation of Akt with no
effect on IL-1RA expression (Fig. 4B).
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5. Intracellular CLDIs dampen TLR2- and TLR4-mediated NF-xB activation and TNFa

production

Next, we tested whether soluble CFZ or CLDIs were able to activate pro-inflammatory
signaling pathways by monitoring the secretion of TNFa from the cultured cells. Soluble
CFZ or CLDlIs failed to induce TNFa production on their own (Fig. 5A). Thus, we
proceeded to determine if CFZ or CLDIs would promote TNFa release if the cells were pre-
stressed with pro-inflammatory stimuli. Surprisingly, both soluble CFZ and CLDIs
suppressed TLR2- and 4-mediated inflammatory responses and decreased TNFa production,
IxB phosphorylation (p-1xB), and NF-xB (p65) nuclear translocation (Fig. 5) following
ligation of TLRs. Ingested CLDIs inhibited TNFa production in response to Pam3 (TLR2)
and LPS (TLR4) stimulation at 10 (Pam3, 55.6%; LPS, 52.3%), 20 (Pam3, 67.6%; LPS,
72.1%) and 40uM (Pam3, 82.9%; LPS, 89.5%) concentrations (Fig. 5A). In contrast, soluble
CFZ only inhibited LPS stimulated TNFa at 2 (51.2%) and 4uM (76.5%) concentrations,
while Pam3/TLR2-mediated TNFa production was not affected (Fig. 5A).

In order to further understand the mechanisms leading to TNFa inhibition, we measured IxB
phosphorylation (Fig. 5B) and NF-xB (p65) nuclear translocation (Fig. 5C-G).
Phosphorylation of 1xB leads to the release of bound NF-xB complex, followed by its
nuclear translocation and transcription of TNFa and other pro-inflammatory genes. In
accordance with TNFa assay results, we observed reduced p-1xB levels in response to Pam3
and LPS stimulation in CLDI-containing cells in a concentration-dependent manner (Fig.
5B). Moreover, soluble CFZ only inhibited LPS/TLR4-mediated IxB phosphorylation, while
the Pam3/TLR2-mediated response was not affected. Furthermore, by monitoring the
nuclear and cytoplasmic distribution of intracellular NF-xB (p65) in soluble CFZ or CLDI-
containing cells with or without Pam3 or LPS stimulation (Fig. 5C-E), and by comparing
the ratio of nuclear to cytoplasmic p65 staining intensity, we were able to measure the
ability of CLDIs to reduce both LPS and Pam3-induced nuclear translocation of p65 (Fig.
5G). Soluble CFZ (4uM) reduced p65 translocation in response to LPS, but not Pam3 (Fig.
5G). In addition, the presence of intracellular soluble CFZ or CLDIs alone did not induce
nuclear translocation of p65 (Fig. 5G, naive), and the reduction of p65 nuclear translocation
in CLDI-containing cells correlated with the measured reduction in p-1xB levels (Fig. 5B,
G).

Inhibition of 1B phosphorylation and NF-xB activation could be achieved by interference
with multiple points upstream of the signaling pathway so we assayed for TLR2, TLR4 and
TLR9 levels, as well as the adaptor molecule MyD88. Interestingly, increasing
concentrations of CLDI treatment led to decreased levels of TLR2 and TLR4 expression
following 24 h incubation (Fig. 5H). Conversely, soluble CFZ upregulated TLR2 and TLR4
expression over the same time period. The expression of intracellular TLR9 or MyD88 was
not changed in both soluble CFZ and CLDI treated cells. Western blot data were confirmed
by immunofluorescence microscopy, which showed downregulation of TLR2 and TLR4, but
not TLR9 in CLDI-containing cells (Supplemental figure S4).

In order to verify whether the accumulation of soluble CFZ or CLDIs altered TLR2
expression in mice, primary alveolar macrophages (AM) from mice fed with control chow
or CFZ for 4 wks (which are loaded with soluble CFZ but not CLDIs) or 8 wks (which
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contain CLDIs) (Fig. 51) were subjected to Western blot detection of TLR2. Relative to
untreated controls, TLR2 expression was moderately increased in soluble CFZ-containing
AMs obtained from 4 wk treated animals. More importantly, TLR2 was downregulated in
CLDI-containing AMs obtained from 8 wk treated animals (Fig. 5J).

Discussion

To summarize our experimental results, cultured macrophages incubated with soluble CFZ
exhibit evidence of impaired mitochondrial function, activation of apoptotic pathways and
decreased cell viability. However, cells containing phagocytosed CLDIs exerted profoundly
different changes in intracellular signal transduction pathways downstream of TLR2 and
TLRA4 ligation, ultimately leading to downregulation of TLR2 and TLR4 expression on the
cell surface, and an associated decrease in TNFa production while boosting IL-1RA release.
These findings demonstrate that CLDIs can affect immunomodulatory pathways without
altering mitochondrial integrity, promoting apoptosis or decreasing cell viability.
Furthermore, when compared to untreated cells or to cells treated with soluble CFZ,
phagocytosed CLDIs resulted in changes in Akt phosphorylation, and inhibition of NF-xB
(p65) signaling downstream of TLR receptor ligation, which are directly related to the
observed increase in IL-1RA release and reduction in TNFa production.

Underscoring the significance of these results, there have been many clinical reports
indicating that CFZ possesses anti-inflammatory and immunosuppressive activities, evident
in various cutaneous, non-microbial and chronic inflammatory disorders, including discoid
lupus erythematosus,6:17 pustular psoriasis,}® Melkersson-Rosenthal syndrome,19
necrobiosis lipoidica and granuloma annulare,2C as well as cutaneous lesions in systemic
lupus erythematosus.?! Topical application of CFZ has been shown to exhibit anti-
inflammatory effects on tuberculoid leprosy.?2 More recent studies have explored expanding
the indication of CFZ to non-cutaneous inflammatory disorders such as multiple sclerosis,
rheumatoid arthritis and type | diabetes mellitus.? Despite this known anti-inflammatory
activity, the molecular and cellular mechanisms that underlie this property of CFZ have not
been elucidated. Although it had been reported that soluble CFZ causes mitochondrial
membrane destabilization and activation of caspase 9-mediated apoptosis in epithelial cells
and macrophages in vitro,8-24 CFZ does not behave as the typical, apoptosis-inducing
immunosuppressive agent. This is because unlike other cytotoxic, immunosuppressive drugs
(e.g., methotrexate, azathioprine or cyclosporine), CFZ is well tolerated and safe in vivo
even when administered at very high doses for prolonged periods of time.> Furthermore, in
vivo studies indicate that CLDIs are present inside viable macrophages with no evidence of
cytotoxicity.? Therefore, while our observations do not completely exclude the possibility
that macrophage apoptosis may contribute to the suppression and resolution of
inflammation,2>-27 they indicate that CLDIs can activate alternative immunomodulatory
pathways in macrophages.

Because CLDIs naturally accumulate within resident tissue macrophages in mice and
humans, it can be inferred that CLDIs serve to decrease the toxicity of CFZ.® Thus, CLDIs
can be considered as a fundamental component of an intrinsically biocompatible
detoxification system. Based on these experiments, the main cellular effect of CLDIs is that
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macrophages acquire a more anti-inflammatory, wound-healing phenotype, characterized by
down regulation of TLR2 and TLR4-mediated, innate immune signaling pathways which
can result in cells being less responsive to pro-inflammatory stimuli. This is consistent with
CFZ being a safe, well-tolerated drug.

The finding that soluble CFZ and CLDIs differentially modulate IL-1RA and TLR-induced
TNFa production in vitro indicates that the macrophage targeted bioaccumulation of CFZ
may be the key to understanding its in vivo anti-inflammatory function. In macrophages and
other cell types, TLRs function as pattern recognition receptors, responsible for induction of
innate immune responses against a wide variety of pathogens. Following TLR ligation, the
immune response of the organism is controlled by the balance between pro-inflammatory
and anti-inflammatory signals, of which TNFa and IL-1RA play crucial roles. Although the
precise mechanism by which CLDIs exert their effect on TLR-signaling pathways remains
to be fully elucidated, one possibility is that the phagocytosis of CLDIs, but not soluble
CFZ, could be triggering TLR activation at a low level that fails to produce a robust
inflammatory response, but can transiently reprogram the cell to become desensitized or
hyporesponsive towards a subsequent stronger TLR challenge.3° Also, one can imagine that
different effects of soluble CFZ and CLDIs may be partly due to differences in how alternate
forms of the drug interact with cellular membranes, with soluble CFZ associated with an
increased propensity to destabilize cellular membranes while forming disordered drug-
membrane aggregates.®

With regards to the specific, cellular signaling pathways affected by soluble CFZ compared
with CLDIs, intracellular CLDIs by themselves did not trigger TNFa expression or NF-xB
nuclear translocation. Soluble CFZ treatment did not lead to altered TNFa secretion in
Pam3-stimulated cells even though TLR2 expression was increased. This could be due to
either unchanged MyD88 expression or the effect of soluble CFZ on cell viability, which
may affect cell signaling. However, LPS-elicited TNFa secretion was significantly
dampened, which may implicate soluble CFZ as a specific inhibitor for the TLR4 induced
inflammatory response. Several publications have highlighted lipids, such as fatty acids and
high-density lipoprotein (HDL) can dampen TLR4 signaling and NF-kB activation.40-42 |n
addition, TLR4 requires additional accessory molecules such as MD2, CD36, and TRAIL
for full activation of signaling pathways, whereas TLR2/1 signaling does not.#3 Thus, it is
possible that soluble CFZ may interfere with the interaction of TLR4 with these accessory
molecules.

A more unique aspect of the biocompatibility and anti-inflammatory activity of CLDIs are
the increased activation of the Akt pathway and enhanced production of IL-1RA, which is
not evident when cells are treated with soluble CFZ. For the first time, our results
demonstrate that enhanced IL-1RA expression is specifically caused by the presence of
intracellular CLDIs, which leads to direct effects on the PI-3K/Akt pathway which controls
IL-1RA expression levels.3744 This is also an important finding because IL-1RA is a
cytokine that inhibits the activity of IL-15, which is one of the main pro-inflammatory
cytokines in chronic inflammatory diseases.*> By competing with IL-1p for the same
receptor, IL-1RA is critical for the resolution of inflammation and wound healing.#> CLDlIs,
seem to have no effect on 1L-1p expression or inflammasome activation. In our previous
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studies in mice orally administered with CFZ for 8 weeks, CLDIs were found to massively
accumulate in the lung, liver and spleen. As a marker of inflammasome activation, we could
not find changes in IL-1f expression in these organs compared to control diet-fed age-
matched mice.® Therefore, we do not have any indication that CLDIs induce inflammasome
activation, as has been observed with monosodium urate*8 or cholesterol47 crystals.

In terms of the clinical significance of these observations, TNFa is a critical inflammatory
mediator in the pathogenesis of local or systemic inflammatory diseases. Several drugs
currently on the market act by decreasing TNFa levels or interfering with its activity. These
drugs are used to treat inflammatory bowel diseases,*8 rheumatoid arthritis,*%->0 and
psoriasis.?12 Furthermore, recombinant human IL-1RA is also clinically used as a drug
(anakinra/Kineret; Sobi, Sweden) to treat rheumatoid arthritis. It has also been shown to
reduce airway inflammation®3 and is being considered for the treatment of inflammatory
lung diseases, including acute respiratory distress syndrome,>* acute lung injury,>5-57
allergic airway inflammation,>8 and bronchopulmonary dysplasia.>® As an added note,
down-regulation of TLRs could also contribute to CFZ’s activity against mycobacteria. For
instance, mycobacterial components have been reported to engage with TLR2, TLR4 and
TLR9 in macrophages to trigger pro-inflammatory responses.6%:61 Clinical studies have
shown that TLR2 and 4 are downregulated in leprosy patients undergoing successful
corticosteroid therapy, which may contribute to the reversal reaction of leprosy.52

During the past 10 years, TLRs have emerged as a major class of pro-inflammatory
mediators in mammals and humans.83 Recognition of pathogen-associated molecular
patterns by TLRs, either alone or in heterodimerization with other TLR or non-TLR
receptors, triggers pro-inflammatory signaling pathways through adaptors MyD88 and/or
TRIF, which then leads to increased production and release of TNFa, IL-1RA, as well as
other cytokines and chemokines responsible for the activation of innate and adaptive
immune responses.%3 Because TLRs can exert profound effects on the immune
system,30.64.65 TR signaling must be tightly regulated to prevent inappropriate or over-
activation that might cause damaging inflammation to the host.66.67 While TLRs have
emerged as a promising therapeutic target for the treatment of inflammation,%8 these results
indicate that formulation of CFZ into CLDI-like complexes could be useful for modulating
TLR-dependent inflammatory disease processes.

Conclusions

To conclude, our findings demonstrate the unique immunomodulatory effects of CLDIs on
TLR-dependent TNFa downregulation and IL-1RA augmentation and implicate the
existence of anti-inflammatory signaling pathways stemming from the formation and
intracellular sequestration of insoluble, biocrystalline CFZ complexes in macrophages. In
addition, CLDIs undergo active phagocytosis without causing cytotoxicity and can
effectively modulate cell surface TLR expression and function. In this context, we envision
that formulation of CFZ or other drugs as insoluble, CLDI-like complexes may be readily
justifiable as a novel, cell type-specific, macrophage-targeted therapeutic approach for
treating inflammatory diseases.
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Figure 1.
Purification of CLDIs from the spleen of 8wk CFZ-fed mice using differential sucrose

gradient centrifugation. (A) Brightfield (BF), polarized (diattenuation at 623 nm, slow axis
orientation and average transmittance) and fluorescence (Cy5 and FITC) microscopy of
spleen CLDIs before (top panel) and after (bottom panel) sucrose gradient centrifugation
which shows the two were visually similar. (B) Average Feret max, min and area
dimensions of CLDIs before (n=629) and after (n=531) sucrose gradient centrifugation.
Average volume was calculated using area, Feret max and min values (also see
supplemental figure S1). The data are the mean (+ S.D.) of the total CLDIs analyzed. (C)
Size (area) distribution of CLDIs before and after sucrose gradient centrifugation.
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Figure 2.

Phgagocytosis of soluble CFZ or CLDIs by RAW 264.7 cells. (A) Brightfield (top panel) and
fluorescence (Cy5; lower panel) microscopy of RAW 264.7 cell that were incubated with
soluble CFZ or CLDlIs for 24h showing the presence of each CFZ species in the intracellular
space. Inset image displays CLDI in vacuole-like intracellular vesicle. Bar = 20 pm. (B)
Concentration dependent increases in the percentage of CLDI positive cells and the number
of CLDIs per cell. Data are the mean ( S.D.) of cell percentage or CLDI number from 5 or
6 images acquired from two different experiments with at least 640 total cells per condition.
Correlation analysis (Pearson’s) of CLDI concentration versus CLDI phagocytosis showed
strong associations (r = 0.936 for percentage of CLDI-positive cells, p < 0.001; r = 0.912 for
CLDiIs per cell, p < 0.001). (C) Composite Z-stack of confocal fluorescence images showing
the intracellular location of a CLDI after incubation with RAW 264.7 cells. Shown are the y-
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z (left), x-y (top right) and x-z (bottom right) projections of cell and CLDI in monolayer.
Bar =10 pm.
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Figure 3.
Intracellular CLDIs are not cytotoxic to RAW 264.7 cells. (A) Increasing concentrations of

soluble CFZ (O) lead to decreased cell viability as compared with CLDIs (@) measured by
XTT assay. Data are the mean of triplicate wells + S.D., representative of three independent
experiments (* p < 0.05, ** p < 0.01; unpaired Student’s t-test). (B) Mitotracker Red and
NucBlue (DAPI) staining of control, soluble CFZ (10uM) and CLDI (10uM) treated RAW
264.7 cells shows dissipation of mitochondrial membrane potential in soluble CFZ-treated
cells, evidenced by diffuse cytoplasmic Mitotracker staining (middle panel), but not in CLDI
treated cells (bottom panel). Bar = 10 um. (C) Quantification of mitochondrial membrane
potential dissipation by measurement of nuclear fluorescence intensity of Mitotracker Red in
control, CFZ (10pM) and CLDI (10uM) treated RAW 264.7 cells. Data are the mean £ S.D.
of at least 80 cells per condition (** p < 0.01; ANOVA with Bonferroni’s post-hoc tests).
(D) Representative RAW 264.7 cell Western blot of caspase 3, cleaved caspase 3 and
cleaved PARP following treatment with increasing concentrations of soluble CFZ or CLDIs
for 24h. Exposure of cells to 4 and 10 pM of soluble (sol) CFZ resulted in increased caspase
3 and PARP cleavage, indicative of activation of apoptosis pathways, which was not evident
in any of the CLDI treated cells. An untreated control (DMSO or 0) and cells treated with
staurosporine (stauro; 500nM for 3h) were used as negative and positive controls,
respectively.
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Figure4.
Intracellular CLDIs enhance IL-1RA production and activate Akt in RAW 264.7 cells. (A)

IL-1RA production in the media increased in CLDI containing cells compared with negative
control cells (DM=DMSO) or cells containing intracellular CFZ. Data are the mean (x S.D.)
IL-1RA pg per mg of cell protein concentration from three independent experiments. (*
p<0.05, ** p<0.01; ANOVA with Bonferroni’s post-hoc tests). Correlation analysis
(Pearson’s) between soluble CFZ and IL-1RA showed a negative association (r = —0.637, p
=0.011) and a positive association between CLDI and IL-1RA (r = 0.896, p < 0.001). (B)
Representative RAW 264.7 cell Western blot of Akt phosphorylated at Ser473 (pAkt) and
total Akt detected in the same cell lysates as those assayed for IL-1RA showing up
regulation of pAkt with increasing CLDI concentration.

Mol Pharm. Author manuscript; available in PMC 2016 July 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yoon et al.

Page 21

A i B Sol. CFZ (uM) CLDI (uM)
3500 am3
NT— == LPS C0051 2 4 0 5 10 20 40
3000 *% (Pam3 & LPS) _IkB
< e p-IKi ——— —— e — — — =
‘g 2500 |KB S o m— —— | e e
§>2000 — T IR TR ——
> 1500 Pam3
Qo
£ 1000 P-IKB = - o e
- 500 KB —— == o= e e i e e
Actin DS EEDEE G > e e
DM 05 1 2 4 Cont 5 10 20 40 LPS
Sol. CFZ (uM) CLDI (uM)
C Control D CLDI 40uM E Sol. CFZ 4pM Iso. IgG

65 DAPI Merged p65 DAPI Merged p65 DAPI Merged

p
.
-
ES - " :
2

+ DAPI

s
P @
L 4

Sol. CFZ Control

agt
& c
£ v B
g ® : B L
s

> y > °
iy t .’ 1Y »® »* =
o [ y a N © -
- p o

O

G 24— contro e H Sol. CFZ (uM) CLDI (uM)

2.2 4 1 Sol. CFZ 4uM 0051 2 4 0 5 10 20 40
-CLDI40pM

2.0 TLR? = e Gun SHDEND @28 smm == — -
1.8 TLR4 == -~ cpemnguy o= == o - -

’ TLRY =8 s aem 5= = 58 o 58 o o
1.4

S MVDBS-T_-,",‘,— omebechens
1.0 _ : ‘ 7

Nuclear : Cytoplasmic p65
-3
1

Naive Pam3
I Cont 4wk (sol. ) 8wk (CLDI) J
w—‘ 9__4wk C 8wk
Alveolar - ‘ 3 4&%*? TLR2 = o e
Macrophage ' A m—
' ’ [ oy Actin g == (—— =
Figureb5.

Intracellular CLDIs dampen TLR2 and 4-mediated NF-xB activation and TNFa production
in RAW 264.7 cells. (A) TNFa production from non-stimulated cells (naive) or negative
control cells (DM: DMSO or Cont) with or without intracellular soluble (sol.) CFZ or
CLDiIs following a 6h stimulation by the TLR2 agonist, Pam3 or the TLR4 agonist, LPS.
Results show a CLDI-concentration dependent suppression of TNFa. Soluble CFZ modestly
reduced Pam3- and LPS-induced TNFa production, which may be due in part, to loss of cell
viability (see Figure 3A). Data are the mean (+ S.D.) TNFa pg per mg of cell protein
concentration from three independent experiments. Correlation analysis (Pearson’s) showed
no association between soluble CFZ and TNFa production in Pam3-stimulated cells (r =
-0.018, p = 0.948) and negative association in LPS-stimulated cells (r = —0.941, p < 0.001).
Correlation for CLDIs and TNFa showed strong negative correlation (r = —0.846 for Pam3;
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r = -0.886 for LPS; both p < 0.001). (B) Representative Western blot of RAW 264.7 cell
phosphorylated 1xB (p-1xB) and 1xB from naive cells (c) or cells with or without
intracellular soluble (sol.) CFZ or CLDIs in response to a 1h stimulation with Pam3 (top
panel) or LPS (bottom panel). These data corroborate the data in (A) because intracellular
CLDIs reduced both Pam3 and LPS-induced p-1xB. (C-E) Representative p65 and isotype
1gG (F) immunofluorescence images displaying p65 nuclear translocation in control (C),
4uM soluble CFZ (D), or 40uM CLDI (E) treated cells non-stimulated (naive) or stimulated
with Pam3 or LPS for 3h. Images were used for p65 nuclear:cytoplasmic ratio
measurements quantitatively presented in (G). These data show the ability of intracellular
CLDiIs to suppress both Pam3 and LPS induced p65 translocation to a greater extent than
soluble (sol.) CFZ. Data are the mean (x S.D.) from analysis of 3 separate images (minimum
200 total cells per condition). (H) Representative Western blot of RAW 264.7 cell TLR2,
TLR4, TLR9 and MyD88 expression in cells with or without intracellular soluble (sol.) CFZ
or CLDIs demonstrating the CLDI-induced down regulation of TLR2 and TLRA4. (1)
Brightfield images displaying mouse primary alveolar macrophages isolated from mice fed
with control diet or CFZ for 4 wks (contains soluble CFZ) or 8 wks (contains CLDI), and (J)
detection of TLR2 by Western blot shows reduced expression of TLR2 in alveolar
macrophages from 8 wk CFZ-fed mice, while 4wk CFZ-fed mice show increased levels of
TLR2 compared to control alveolar macrophages. (* p < 0.05, ** p < 0.01; ANOVA with
Bonferroni’s post-hoc tests).
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