1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

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

-, HHS Public Access
«

Published in final edited form as:
Mol Pharm. 2015 July 6; 12(7): 2528-2536. doi:10.1021/acs.molpharmaceut.5b00032.

Chemical Analysis of Drug Biocrystals: A Role for Counterion
Transport Pathways in Intracellular Drug Disposition

Rahul K. Keswani$, Jason Baik3#, Larisa Yeomans?*, Chuck Hitzman™, Allison Johnson$,
Ashtamurthy Pawatell, Paul J. A. Kenisll, Nair Rodriguez-Hornedo$, Kathleen A. StringerT,
and Gus R. Rosania®"

8Department of Pharmaceutical Sciences, College of Pharmacy, 428 Church Street, University of
Michigan, Ann Arbor 48109

*Department of Medicinal Chemistry & Biochemical Nuclear Magnetic Resonance Core, College
of Pharmacy, 428 Church Street, University of Michigan, Ann Arbor 48109

TStanford Nano Center, McCullough Building, Stanford University, 476 Lomita Mall, Stanford, CA
94305

IDepartment of Chemical & Biomolecular Engineering, University of lllinois, 600 South Mathews
Avenue, Urbana-Champaign, IL 61802

Department of Clinical, Social and Administrative Sciences, College of Pharmacy, 428 Church
Street, University of Michigan, Ann Arbor 48109

Abstract

In mammals, highly lipophilic small molecule chemical agents can accumulate as inclusions
within resident tissue macrophages. In this context, we characterized the biodistribution, chemical
composition and structure of crystal-like drug inclusions (CLDIs) formed by clofazimine (CFZ), a
weakly basic lipophilic drug. With prolonged oral dosing, CFZ exhibited a significant partitioning
with respect to serum and fat due to massive bioaccumulation and crystallization in the liver and
spleen. The NMR, Raman and Powder X-ray diffraction (p-XRD) spectra of CLDIs isolated from
the spleens of CFZ-treated mice matched the spectra of pure, CFZ hydrochloride crystals (CFZ-
HCI). Elemental analysis revealed a 237-fold increase in chlorine content in CLDIs compared to
untreated tissue samples, and a five-fold increase in chlorine content compared to CFZ-HCI,
suggesting that the formation of CLDIs occurs through a chloride mediated crystallization
mechanism. Single crystal analysis revealed that CFZ-HCI crystals had a densely-packed
orthorhombic lattice configuration. In vitro, CFZ-HCI formed at a pH of 4-5 only if chloride ions
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were present at sufficiently high concentrations (>50:1 CI™:CFZ), indicating that intracellular
chloride transport mechanisms play a key role in the formation of CLDIs. While microscopy and
pharmacokinetic analyses clearly revealed crystallization and intracellular accumulation of the
drug invivo, the chemical and structural characterization of CLDIs implicates a concentrative,
chloride transport mechanism, paralleling and thermodynamically stabilizing, the massive
bioaccumulation of a weakly basic drug.
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INTRODUCTION

The elucidation of molecular mechanisms influencing the solubility of poorly soluble
chemical agents in different cells, tissues and organs of mammals is interesting from a
fundamental chemical and biological perspective. Cells are able to eliminate soluble
chemical agents via metabolism and facilitated or active transport across the plasma
membrane. Moreover, in the case of foreign, insoluble particles, phagocytic cells of the
immune system are especially equipped to actively ingest these particles and isolate them
from the rest of the organism. However, for poorly soluble compounds, that can exist both
as soluble and insoluble forms within the cells of an organism, the mechanisms controlling
the bioaccumulation and distribution of soluble and insoluble forms of these agents in the
different cells and organs of the body are not known.

Many FDA-approved drugs (e.g., clofazimine, amiodarone, azithromycin, chloroquine,
gefitinib) fall within the class of poorly soluble compounds that are actively sequestered
within macrophages!6. Elucidating the mechanisms affecting their solubility and
accumulation inside cells is relevant to understanding drug toxicity, disposition and
efficacy’. Particularly, weakly basic molecules have been implicated to be accumulated via
the lysosomal pathway in macrophages due to the decrease in pH of the vesicles that contain
the drug!. Remarkably, research into mechanisms responsible for in vivo drug
bioaccumulation and retention has been very sparse.

While searching for drugs exhibiting natural, intracellular drug bioaccumulation
mechanisms, clofazimine (CFZ) caught our attention®-12, CFZ is an FDA-approved
riminophenazine antibiotic (Figure 1) that has been remarkably effective against
mycobacterial infections such as leprosy3-1® and mycobacterium avium infections in AIDS
patients16.17 1t has also attracted attention because of its anti-inflammatory18.19 and
immunomodulatory20 properties, and it is especially used for treating leprotic skin
inflammations (erythema leprosum nodosum)18:19.21.22 Here, we report on the significance
of counterion transport pathways in the bioaccumulation and tissue distribution of CFZ in
mammalian organisms. In particular, our studies point to a key role played by concentrative,
chloride transport mechanisms in the formation or stabilization of insoluble intracellular
drug complexes formed by CFZ in macrophages, upon prolonged oral administration.
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EXPERIMENTAL SECTION

Animal experiments

Mice (4 week old, male C57BI6) were purchased from the Jackson Laboratory (Bar Harbor,
ME) and acclimatized for 1 week in a specific-pathogen-free animal facility. Animal care
was provided by the University of Michigan’s Unit for Laboratory Animal Medicine
(ULAM), and the experimental protocol was approved by the Committee on Use and Care
of Animals. Clofazimine (CFZ) (C8895; Sigma-Aldrich, St. Louis, MO) was dissolved in
sesame oil (Roland, China, or Shirakiku, Japan) to achieve a concentration of 3 mg/ml,
which was mixed with Powdered Lab Diet 5001 (PMI International, Inc., St. Louis, MO) to
produce a 0.03% drug to powdered feed?3. A corresponding amount of sesame oil was
mixed with chow for vehicle treatment. On average, food consumption for a 25 g mouse was
3 g/day, resulting in 10 mg of bioavailable drug/kg per day. For CFZ treatment, the drug diet
was carried out for 8 weeks followed by a switch to a control diet for 8 weeks (washout
phase).

Measurement of CFZ in tissues

CFZ mass was measured as previously reported?425, Briefly, at predetermined time points,
mice were euthanized using CO», and blood was removed through cardiac puncture. Organs
and tissues were harvested, washed in cold DPBS, and kept at —20°C until further analysis.
The tissues were homogenized with Tissumizer (Tekmar®, Cincinnati, OH) and CFZ was
extracted with dichloromethane twice followed by solvent evaporation and resolubilization
in methanol (MeOH). CFZ mass was spectrophotometrically determined in methanol
(A=490 nm) and the concentration was calculated using a standard curve generated by
spiking extracted tissue of the control (vehicle-only treated) mice tissue with known
amounts of drug. The tissue-to-fat partition ratios were computed based on mass of drug in
the various tissues relative to mass of drug in total body fat (units: dimensionless; calculated
as [mg CFZ/qg tissue]/[mg CFZ/g fat]). The tissue to plasma partition ratios were computed
based on mass of drug in the various tissues relative to mass of drug in plasma volume
(units: g1 tissue, calculated as [mg CFZ/g tissue]/[mg CFZ in blood]). CFZ mass was
measured in relation to the measured weight of the tissue or plasma volume.

Isolation of CLDIs from mouse spleens

Spleen tissue homogenate at 8 weeks post drug feeding was sonicated for 30 minutes and
clarified by centrifugation (100 x g for 1 min). Supernatant was resuspended in 10% sucrose
solution in H,O followed by centrifugation (100 x g) to remove large cell debris. The drug
inclusions in the supernatant were then pelleted by centrifugation (21,000 x g for 1 min) and
resuspended in 20 ml of 10% sucrose. Clofazimine content was spectrophotometrically
(A=490 nm) determined using calibrated CFZ standards?324.26,

Preparation and transmitted light microscopy of cryopreserved tissues

After euthanasia, organs removed from CFZ and vehicle fed mice were cryo-preserved in
optimal cutting temperature compound (Tissue-Tek 4583; Sakura). Tissue blocks were
sectioned at a thickness 10 pm, using a Leica 3050S cryostat. For transmitted microscopy,
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cryo-sectioned slices were mounted on glass slides with glycerol, and imaged with Olympus
X51 upright microscope equipped with X100 objective, DP-70 color camera, and DP
controller 3.1.1267.

Sample Preparation and Transmission Electron Microscopy (TEM)

For TEM, mice were euthanized and they were perfused blood-free by infusing 0.1 M
Sorensen’s buffer into left ventricle. After flushing for five minutes, five times the total
blood volume of fixative containing Karnovsky’s solution (3% paraformaldehyde, 2.5%
glutaraldehyde) was infused. Afterwards, organs were removed, minced, and kept in the
fixative solution at 4 °C until further processing. For staining, the tissues were incubated
with osmium tetroxide and dehydrated in alcohol. Dehydrated samples were infiltrated with
Epon resin and then polymerized at 60 °C for 24 hours. The polymerized tissue blocks were
sectioned with an ultramicrotome and post-stained with uranyl acetate and lead citrate. TEM
was performed with a Philips CM-100 instrument equipped with a Hamamatsu ORCA-HR
camera system operated by Advanced Microscopy Techniques (Danvers, MA).

Synthesis of CFZ crystals

CFZ was dissolved in MeOH at 2 mM. Equal volumes of anti-solvents were added to obtain
the drug crystals — 0.1 M HCI - CFZ-A1, 0.1 M NaOH - CFZ-B, H,O - CFZ-N, 1 M
NH4Cl — CFZ-A2. The supernatant was removed, and the crystals were washed and
lyophilized in the dark in preparation for further analysis.

Powder X-ray diffraction (p-XRD)

Powder XRD of dried samples of isolated CLDIs, 8 week treated (or vehicle) mouse tissue
homogenate and synthetic CFZ samples were carried out with Bruker D8 Advance - Cu K
radiation (A = 1.5406 A), tube voltage = 40 kV, tube current = 40 mA. Data were collected
at 20=4° to 40° at a continuous scan at the rate of 2.5°/min. Diffractograms of the triclinic
(DAKXUI01) and monoclinic (DAKXUI) forms of CFZ crystals were imported from
Cambridge Structural Database (CSD) and CFZ-TC crystals (C8895; Sigma-Aldrich, St.
Louis, MO) were used as a positive control for comparison.

Solution NMR

1D IH-NMR and 2D HSQC spectra for various CFZ samples and CLDIs were acquired at
the University of Michigan’s Biochemical NMR Core Laboratory using an 11.74 Tesla (500
MHz) NMR spectrometer with a VNMRS console and a 7510-AS autosampler system
operated by host software VNMRJ 3.2, and equipped with a 5 mm Agilent OneNMR probe
with Z-axis gradients. DMSO-d6 (100%, 99.9% atom % D) was purchased from Cambridge
Isotope Laboratories, Inc. (Tewksbury, MA). The samples were prepared by first freeze-
drying the samples overnight followed by dissolution in DMSO-d6 at 2 mg/ml. 128 (*H) and
8 (HSQC) scans were acquired for each sample. For accurate identification of the NMR
peaks in spectrum, a DMSO-d6-solubilized CFZ spectrum was acquired from a saturated
solution of CFZ in DMSO: 1H 64 scans; 13C 9000 scans; HMBC 32 scans; HSQC
(gc2hsqcse was the pulse sequence) 8 scans; COSY (DQF-COSY) 8 scans; NOESY 8 scans.
All the experiments were run at 25 °C and using the standard parameters from VNMRJ4.0
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(Agilent Technologies). All the data were processed with MestreNova 9.0 (MestreLab,
Santiago de Compostela, Spain).

Bulk Elemental Composition Analysis (BEA)

CFZ samples were pelleted via centrifugation (10,000 x g, 2 min) followed by removal of
supernatant and freeze-drying overnight. All samples were sent to Atlantic Microlab, Inc.
(Norcross, GA) for elemental analysis. Established protocols for the measurement of carbon
(C), hydrogen (H), nitrogen (N), chlorine (CI) and sulfur (S) were used to obtain elemental
data. All instrumentation used were calibrated daily with ultra-high purity standards. In
brief, samples were accurately weighed using electronic microbalances. C, H, N and S
analyses were performed on automatic analyzers based on a modified Pregl and Dumas
methodology wherein samples were flash combusted in an oxygen atmosphere at ~1400 °C.
Quantitative combustion was achieved by passing the mixture of gases over oxidizing agents
comprised of copper oxide, EA1000 (chromium and nickel oxide mixture) and tungstic
anhydride, and then over copper, maintained at 650 °C, to remove excess oxygen and to
reduce the oxides of N. The individual components were separated and eluted as CO5, H,0,
N> and SO, followed by measurement via a thermal conductivity detector. Cl analysis was
performed by Schoniger flask combustion followed by analysis using ion chromatography.
The sample was diluted to 25 ml, 50 ml, or 75 ml, filtered and injected into the IC to yield
the ppm levels of Cl. All samples were analyzed in duplicate by different technicians.

Secondary lon Mass Spectroscopy (nanoSIMS)

CFZ-TC and other crystals of CFZ were prepared as mentioned earlier and deposited onto Si
wafers and allowed to dry overnight. For CLDI samples, spleens from 8 week CFZ fed mice
were isolated and cryo-preserved in optimal cutting temperature compound (Tissue-Tek
4583; Sakura) for histological sectioning as mentioned above. The sections were then
scrapped off gently onto a Si wafer. The spatial distribution of various atomic species along
the depth of the sample in cross-sectional pattern was mapped with the Cameca NanoSIMS
ion micro-probe (CAMECA Instruments, Inc., Madison, WI, USA). Briefly, with a primary
beam of Cs+, focused to a spot-size of 200 nm on the gold-coated surface of the sample,
secondary ions of 12C, 160, 14N, 28gj, 325 31p 35C]| were sputtered from the sample surface
and detected simultaneously in multi-collector mode. Elemental composition was obtained
by comparing counts with respect to CFZ-TC as a calibration standard for all atomic species.

X-Ray Crystallography
Diffraction patterns of CFZ crystals were obtained on a Rigaku Saturn 944+ (Cu K,
(\=1.54178 A)) at —188 °C. Data reduction was performed using CrysAlisPro (Agilent
Technologies), and the structure was solved with direct methods using SHELXS?’. Structure
building, refinement, and electron density map generation were done with SHELXL via the
ShelXle GUI?8, Mercury was used to visualize the crystal structure, access CCDC database
as well as obtain predicted p-XRD data.
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Data Plotting and Statistical Analysis

All statistical analysis was performed using either ANOVA or Student’s t-test. Results were
considered significant if p<0.05. Plots were constructed using Origin 9.0 (OriginLab
Corporation, Northampton, MA, USA) and laid out in figure format using scalable vector
graphics format (svg) in either Inkscape (www.inkscape.org) or GIMP (www.gimp.org).
NMR plots were constructed in MestreNova 9.0 (MestreLab, Santiago de Compostela,
Spain).

RESULTS

Clofazimine (CFZ) — Cy7H2,CI>Ny - is a weakly basic, small molecule chemical agent with
a calculated pK,1 = 2.31 and pKgzo = 9.29 and is highly lipophilic (clog P ~ 7). Like other
lipophilic weak bases, it has a long retention time within tissues, and exhibits a highly
variable pharmacokinetic half-life (t;»~70 days in humans, 7 days in mice)°. Upon oral
dosing, CFZ exhibits context-dependent pharmacokinetics; while its half-life is in the order
of hours to days after an acute dose, upon prolonged oral administration, its half-life is in the
order of weeks to months®29:30, In aqueous solution, CFZ predictably exists in neutral,
monoprotonated and diprotonated states depending on the solution pH (Figure 1)31,
Commercially, CFZ is available as a triclinic polymorph of the unprotonated drug (CFZ-TC;
Sigma:C8895).

To study the intracellular disposition of CFZ upon prolonged oral dosing, CFZ-TC was fed
to 4-5 week old C57BI/6 mice for at least 8 weeks as an oral diet mixed with sesame oil and
regular chow (150 mg, 100 ml, 500 g respectively). Following 3-8 weeks of oral
administration, CFZ progressively accumulated within macrophages as membrane-bound
crystal-like drug inclusions (CLDIs)%3:24 in the spleen and liver (Figure 2, S2-S3). As
expected based on the tendency of hydrophobic small molecules to partition into body fat,
CFZ concentration in adipose tissue was >10,000-fold greater than in serum, starting at three
weeks (Figure 2a). However, by eight weeks of treatment, tissue-to-serum partition ratios in
spleen, liver and intestine dramatically increased and surpassed fat-to-serum partition ratios,
relative to three weeks and then remained relatively constant during an eight week washout
period (Figure 2a), suggesting a special sequestration mechanism determining the
preferential accumulation and retention of CFZ in these organs relative to body fat.
Analyzing the distribution of CFZ revealed that spleen, liver and intestine were major sites
of drug retention, after the eight week washout period (Figure 2a). Based on measured
partition ratios as well as the mass of drug remaining after the washout period, CFZ mass
retained in spleen exceeded its combined mass retained in the other organs (Figure 2a).

To study the sites of CFZ retention, we used transmitted light microscopy and transmission
electron microscopy (TEM) to visualize tissue cryo-sections of spleen and liver (Figure 2b).
CLDIs were observed in the eight week treated mice and even after drug treatment was
discontinued (washout phase) in the spleen, liver and intestines (Figures S2-S3). The
intracellular localization and morphology of CLDIs was also independently established
using TEM. The spleens of CFZ-treated mice and those of washout animals exhibited cells
filled with empty, elongated, and polyhedral CLDI cavities that remained after the drug was
extracted during TEM sample preparation process (Figure 2b). In TEM images, CLDI
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cavities exhibited faceted, polygonal shapes, with multiple CLDIs clustered within
organelle-free cytoplasmic subdomains. In the liver, Kupffer cells were filled with CLDI
cavities and arranged in clusters, as previously reported23:24, Most importantly, after an
eight week washout period, intracellular CLDI cavities were still present within clusters of
Kupffer cells (Figure 2b). Overall, other organelles, including endolysosomal vesicles,
mitochondria, nuclei, Golgi were generally localized at the periphery of CLDI clusters?4.
Nuclear morphology of the cells containing CLDIs was normal and similar to that of CLDI-
free cells, without any evidence of nuclear condensation or fragmentation which would
suggest necrosis or apoptosis.

Deep-Etch Freeze-Fracture Electron Microscopy (FFEM) was used to inspect the interface
between the internal core of the CLDI and the cytoplasm at high magnification (Figure S4).
We observed that each CLDI was surrounded by a ~40 nm thick, multilamellar structure
comprised of five distinct layers, with morphological features that were unlike those of any
membranes surrounding the other cellular organelles. In direct frontal views of cross-
sectional profiles of CLDIs, the membrane layers lacked regular lattice spacings and
cleavage planes that characterized the underlying structure of the CLDI cores. Examining
this cell-crystal interface revealed a complex arrangement of five distinct membranous
layers (Figure S4, 1 to 5). Also observed surrounding the CLDIs were other organelles
including mitochondria, lysosomes, endoplasmic reticulum and nuclei. However, none of
the membranes delimiting these other organelles exhibited the characteristic morphological
features of the multi-lamellar structure that was consistently observed at the CLDI-cell
interface.

Thus, CLDIs reflect an increase in the partition coefficient of CFZ into these tissues, relative
to body fat (Figure 2, Figures S2-S4). Considering the massive crystallization of the drug,
we focused our efforts toward thorough chemical analysis of drug precipitates obtained both
biologically as well as through in vitro chemical synthesis. To obtain synthetic drug
precipitates, CFZ was recrystallized through the addition of acidic or basic solvents to pure
drug solutions in methanol. The addition of basic (0.1 M NaOH) or neutral (H,0O) anti-
solvent led to the formation of orange-colored precipitates (Figure 1), CFZ-B and CFZ-N,
respectively. In contrast, the addition of acidic (0.1 M HCI, pH 0.9-1) or 1 M NH4CI (pH 4-
5) solutions resulted in dark-red precipitates (Figure 1), CFZ-Al and CFZ-A2 that looked
similar to CLDIs. On the other hand, the orange color of CFZ-B and CFZ-N was similar to
that of CFZ-TC. To obtain intracellularly crystallized samples, CLDIs were isolated from
the eight week CFZ-treated animal spleen via organ rupture followed by centrifugation.

The protonation state of the CFZ molecule in the different CFZ crystals and CLDIs was
examined via solution NMR studies, conducted in DMSO-d6. 1H NMR of CFZ-A1 and
CFZ-A2 revealed a chemical shift of +5,=0.25 ppm and +6,=0.15 ppm for the aliphatic
protons (1-7, Figure 1) compared to CFZ-TC, noticeably brought about by the protonation
of the amine - 22 (pKgp, Figure 1, Figure 3a). The 13C, HSQC, HMBC, COSY, NOESY
spectra comparing 1H with their carbons (Figures S5-S15) and 1H integration (Table S1)
was used to assign NMR peaks to the protons in the molecule. All other protons also
exhibited varying chemical shifts (+6=0.05-0.6 ppm) in CFZ-Al and CFZ-AZ2 relative to
CFZ-TC. Most importantly, CLDIs isolated from the spleen, CFZ-Al and CFZ-A2 showed
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similar H NMR spectra with an additional amine proton (22) that was absent in CFZ-TC
(Figure 3a). Thus, the NMR spectra indicate that CFZ present in CFZ-Al and CFZ-A2
crystals and, most importantly, in CLDIs is monoprotonated.

Bulk elemental analysis (BEA) was then performed to determine the exact elemental
composition of CFZ-Al, CFZ-A2 and CFZ-TC. Using the ratio N/Cl as a direct indicator of
the stoichiometry of Cl in relation to the number of protonatable amines, BEA confirmed the
presence of an additional Cl in CFZ-Al and CFZ-AZ2 relative to CFZ-TC (CFZ-Al and
CFZ-A2 had an N/CI = 1.33 whereas in CFZ-TC, N/CI = 2; Table 1). This confirmed that
CFZ-Al and CFZ-A2 were identical in chemical composition, confirmed to be the
monoprotonated hydrochloride salt of CFZ, hereby referenced as CFZ-HCI. Since, CLDIs
were derived from a biological source and contained cellular-derived impurities in the form
of membranous domains (Figures S2-S4), bulk elemental analysis to determine sample
stoichiometry would provide an erroneous chemical composition. Hence, CLDIs were
analyzed with Secondary lon Mass Spectroscopy (nanoSIMS) to obtain localized mass
distributions within crystals along with other synthetic CFZ crystals. With this instrument,
the measured, integrated ion counts are proportional to the elemental composition of the
sputtered surface. The counts were plotted in relation to the position of the atom beam to
generate a mass image of each isotope in a sample. By progressively scanning a region of a
sample, depth profiles of atom counts through the samples were obtained (Figures S16—
S17). To compare atomic composition of CLDIs and reference CFZ crystals, C, N, S, O, P,
and Si isotope counts were divided by the corresponding CI counts and adjusted for
differences in detector yield using CFZ-TC as a calibration standard (Table 2). Accordingly,
the N/Cl ratio for CFZ-HCI was identical to the value obtained via BEA (=1.33) and lower
than CFZ-TC (=2) (Table 1), consistent with the theoretical stoichiometry of Cl per the
chemical formula of CFZ-HCI. More remarkably, N/CI for Spleen CLDIs was 237-fold
lower compared to the tissue only sample (no drug) (Table 2, Figures S16-S17). This is
consistent with a high concentration of chloride within CLDIs relative to the rest of the cell.
While there was a high concentration of P, S, Si and O in the surrounding tissue and in
untreated tissue samples (P/CIl =0.128, S/Cl = 0.917, Si/Cl = 0.123, O/Cl = 1.704), P, S and
Si were undetectable in CLDIs. O was marginally present with O/CI = .022. The C/Cl ratio
demonstrated a much higher accumulation of carbon within CLDIs (23.16) in relation to
expected carbon counts based on pure CFZ crystals —-CFZ-TC (13.5) and CFZ-A1/A2 (4.43)
but much lower than only tissue (81.59). The detection of minor oxygen content and excess
carbon in CLDIs confirms the presence of non-drug derived impurities in the form of
biological membranes.

To probe the crystal structures of CLDIs in relation to its different crystal forms, powder X-
Ray Diffraction (p-XRD) was performed on samples of isolated spleen CLDIs, CFZ-TC,
CFZ-Al and CFZ-A2. The diffraction peak corresponding to 20 = 9.3° (d=9.71 A) was
present exclusively to CFZ-TC (Figure 3b, closest crystal analog CCDC refcode —
DAKXUIO01, Figure S18, Table $2)32, while the plane corresponding to 20 = 7.3° (d=12.27
A) was exclusive to CLDIs, CFZ-A1 and CFZ-A2 (Figure 3b, Table S2). This single peak
was previously reported as being a hallmark of spleen CLDIs?4. Hence this particular peak
can be considered a signature peak for CFZ-HCI crystals. Additional peaks that were
observed in CFZ-A2 (20 = 22.8°, 32.7°) relative to CFZ-A1 were attributable to unreacted,
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contaminating NH4CI crystals. Other prominent peaks were uniquely present in CLDIs,
CFZ-Al and CFZ-A2 (peaks shown in red, Figure 3b, Table S2). Also, observed were peaks
common to CFZ-TC, CFZ-A1, CFZ-A2 and CLDIs (peaks shown in blue, Figure 3b, Table
S2; peaks exclusive to CFZ-TC are shown in green). Thus, the p-XRD data clearly indicates
that CFZ in CLDIs is present in a structural organization similar to that of pure CFZ-HCI
crystals (both CFZ-Al and CFZ-A2). To further confirm the similarity of the crystallized
microstructure of CLDIs relative to CFZ-HCI, Raman microspectroscopy was performed.
Peaks observed in CFZ-TC are shown in green while those observed in CFZ-HCI are shown
in red (Figure S19). Consistent with the p-XRD observations, the Raman spectra of CLDIs
and CFZ-HCI were similar, exhibiting matching peaks at 1396 cm~ and 1301 cm~2. These
peaks were absent in the Raman spectra of CFZ-TC.

While the X-ray diffraction signals acquired from single CLDIs were not useful in terms of
constructing a 3D molecular model, noting the fact that CLDIs and CFZ-HCI are structurally
and chemically similar (Figure 3b), CFZ-HCI crystals were subjected to single crystal
analysis. The structure revealed an orthorhombic configuration with 8 molecules/unit cell in
CFZ-HCI (submitted to CCDC — Cambridge Crystallographic Data Center, deposition
number: 1053818) compared to CFZ-TC (CCDC refcode: DAKXUIO1, triclinic, 2
molecules/unit cell) (Figure 4, Table S3). The stacking of CFZ in CFZ-HCI was remarkably
closer than in CFZ-TC with the phenazine backbones being 5.32 A apart within a dual
molecule stack while that in CFZ-TC being 12.15 A. The phenazine backbone had an
inherent torsion of 9.4° in CFZ-HCl and 1.58° in CFZ-TC. The densely packed CFZ-HCI
had a calculated density of 1.36 g/ml while CFZ-TC had a density of 1.3 g/ml. The signature
peak of CLDIs at 20 = 7.3° (Figure 3b) was indexed as the 002 plane in the crystal lattice
(Table S4) while the signature peak of CFZ-TC at 26 = 9.3° (Figure 3b) was indexed as the
001 plane in the lattice (Table S5). Significantly, the predicted p-XRD pattern of the CFZ-
HCI based upon its orthorhombic configuration also matched with the absolute p-XRD
pattern (Figure S20, Table S2). Overall, since the p-XRD pattern of CLDIs match those of
CFZ-HCI (Figure 3b), it can be inferred that CLDIs predominantly contain layers of CFZ as
orthorhombic crystalline structures of CFZ-HCI (Table S3) separated by membranes of
likely biological origin, consistent with the three dimensional, orthogonal orientation of
cleavage faces and fracture plane observed by deep etch-freeze fracture electron microscopy
(Figure S4). Further refinement of the crystal structure is ongoing.

DISCUSSION

CFZ was recently found to be effective against multidrug resistant tuberculosis and is
currently in clinical trials for this indication18:33-36_ This has prompted increased interest in
understanding the mechanism underlying its atypical pharmacokinetic properties since the
drug’s bioaccumulation and pharmacokinetics has been shown to be dependent on the
treatment period and dosing. Our results provide evidence that a solution-to-solid phase
transition, more specifically the formation and stabilization of an intracellular, crystalline
hydrochloride salt form of the drug, is responsible for the high tissue-to-serum partition
coefficients of CFZ in spleen and liver. Such massive sequestration of CFZ as crystal-like
drug inclusions (CLDISs) in the macrophages of spleenl?, liver2? and intestines3’ as well as
lung® has been reported in humans. In previous studies, we and others have shown that
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CLDiIs originate from a multi-lamellar, membrane-bound perinuclear cytoplasmic structure,
with morphological characteristics resembling autophagosomes derived from degenerating
lysosomes, mitochondria and perhaps other organelles812:24.26,31.38.39 | this study, we
further demonstrate via transmission and deep-etch freeze fracture electron microscopy that
the membranes bounding the CLDIs are indeed very different from the membranes
bounding the typical cytoplasmic organelles: a well-structured, multilamellar membrane
possessing five distinct, different layers can be clearly seen in many different CLDIs (Figure
S4). However, the molecular transport mechanisms leading to cell and tissue specific, drug
biocrystal formation and stabilization have not been explored.

Following quantitative, chemical and structural analyses on CLDIs isolated from mice
spleens, our results provide mechanistic insights for the bioaccumulated crystallization.
While many biological anions (e.g., chloride, phosphate, sulfate, carbonate, oxalate) could
form salt crystals with the ionized, protonated CFZ, chemical characterization of CLDIs
using powder X-Ray Diffraction (Figure 3b), IH NMR (Figure 3a), Raman
Microspectroscopy (Figure S19) and nanoSIMS (Table 2) suggest that chloride is essential
for the crystallization of CFZ in CLDIs. The nanoSIMS data clearly shows that the high
levels of chloride observed in CLDIs far exceed chloride levels observed in untreated tissue
samples or in the other cell-derived material that is around the CLDIs. Thus, different lines
of evidence point to the importance of concentrative chloride transport pathways in the
context of the mechanism of CLDI formation and stabilization. Furthermore, the relative
absence of oxygen, phosphorus and sulfur in CLDIs relative to the surrounding tissue
suggests that this concentrative mechanism is specific to chloride, and not to other common
anions present inside cells. The higher than expected O/Cl and C/Cl values could reflect the
presence of biologically-derived membrane domains separating layers of pure CFZ-HCl in
CLDiIs, as suggested by deep-etch freeze fracture electron microscopy analysis of CLDIs
(Figure S4)24.

With regards to the specific accumulation of CLDIs in macrophages, it is expected that the
endolysosomal network within the cells would play a critical role in such chloride-mediated
precipitation events. The macrophage endo/phago/lysosomal network has a pH range of 4—
64041 and also possess CI/H* channels, such as the CIC-7 anti-porter, which can provide
not only a primary chloride permeation pathway within lysosomes#2, but also a potential
concentrative, chloride transport mechanism. Other chloride channels that are present in
macrophage lysosomes include the CFTR and CIC-1, both of which have been implicated as
modulators of phagosomal maturation3. As a weakly basic, lipophilic molecule, CFZ is
expected to accumulate in acidic organelles like endosomes and lysosomes. Nevertheless,
CFZ has also been shown to interact with the membranes of mitochondria and perhaps other
organelles?®. This is not too surprising, because CFZ is a highly lipophilic molecule and is
therefore prone to partition nonspecifically into hydrophobic core of cellular membranes.
Since the flux of chloride ions across cellular membranes is highly regulated by specific ion
channels, the results of the present study implicate these chloride channels in stabilizing
CFZ in CLDIs (as the CFZ-HCI salt). Because the multilamellar membrane structure that we
have found to surround the CLDIs (Figure S4) is an atypical characteristic of lysosomes,
endosomes or phagosomes, the precise identity of the organelle that may be mediating and
stabilizing CLDI formation remains to be determined.
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To study how high, local chloride concentrations may thermodynamically stabilize and
perhaps drive intracellular CLDI formation, we studied the formation of CFZ precipitates
under in vitro conditions. Precipitation of CFZ by diluted HCI alone (0.1-0.01 mM, pH=5-
6) resulted in the formation of precipitates that resembled CFZ-N or CFZ-B (Figure S21),
while the precipitation of CFZ by NH4CI at high concentrations (0.1-1 M) yielded deep red
monoprotonated CFZ-HCI crystalline precipitates at pH ~5 (Figure S22, Table S6).
However, as NH4Cl was diluted to concentrations < 100 mM (<50:1 CI™:CFZ), CFZ again
precipitated as yellow-orange aggregates of unprotonated, neutral CFZ (Table S6).
Furthermore, CFZ was completely solubilized in aqueous media, only at very acidic pH,
under conditions in which clofazimine is most likely found in a diprotonated state (<1, ~5 M
HCI) (Figure $22)3L. However, formation of monoprotonated CFZ at pH ~5 in the presence
of >0.1 M NH4CI, was stabilized as a precipitated salt in the form of CFZ-HCI crystals,
rather than remain in solution (Figure S23). Based on these observations, we postulate that
crystallization and stabilization of CFZ-HCI as CLDlIs at the physiological pH of acidic
organelles (also pH~5) must be dependent on molecular mechanisms that facilitate proton
and excess chloride transport.

To further establish the specific molecular pathway facilitating chloride transport into
CLDils, experiments using pharmacological inhibitors of transmembrane chloride channels,
as well as specific mice mutants with defects in transmembrane chloride transport
mechanisms are in progress. In terms of potential implications of these observations to other
drugs, in addition to CFZ, weakly basic drugs have been reported to accumulate in
lysosomes while undergoing solution-to-solid phase transitions’. Nevertheless, beyond pH-
dependent ion trapping mechanisms, the detailed chemical and structural analysis presented
in this study indicate that, specific counterion transport pathways also need to be considered
in order to fully understand the intracellular transport and disposition properties of weakly
basic drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CFZ with atomic assignment for 'H NMR identification and pK; values. The atomic

assignment is used to assign peaks for NMR in Figures 3a, S5-S15. Representative
brightfield microscopy of CFZ precipitates formed using 0.1 M HCI (CFZ-A1), 1 M NH,4CI
(CFZ-A2), H,0O (CFZ-N) and 0.1 M NaOH (CFZ-B) are shown on the right. Scale bar = 10
pm.
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Figure 2.
(a) Partition ratios of CFZ in spleen, liver, and intestine, in relation to serum and fat tissue at

the major sequestration sites at three weeks (3wk), eight weeks (8wk) and eight weeks +
eight weeks washout (8wk wo). All partition coefficients were significantly different
between 3wk, 8wk and 8wk wo (p<107%, spleen; p<1073, liver; p<10~2, intestine). Pie charts
showing fractional mass distribution of clofazimine in the four major drug disposition sites
in the mice at 3 wk, 8wk and 8 wk wo. The area of each pie corresponds to the total drug
mass. Although total mass decreased during washout, spleen mass (exploded pie) increased
significantly (Student’s t-test, p<0.05). (b) Bright field optical microscopy revealed red
clofazimine CLDIs in (A) spleen and (B) liver tissues at 8 weeks (scale bar = 20 um). (A’-B
") Zooming into relevant regions in A and B. TEM images of fixed (C) spleen and (D) liver
cryo-sections revealed the corresponding empty (white) CLDI cavities following extraction
of clofazimine during the sample preparation process (scale bar = 20 um). (C’, D’) Zooming
into relevant regions of the images shown in C and D.
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Figure 3.
(a) Representative 1H NMR spectra of spleen CLDIs, CFZ-A1, CFZ-A2 and CFZ-TC, s —

residual solvent peak. The amine proton (22) is absent CFZ-TC while all other protons
undergo a +3 shift with respect to CFZ-TC in CFZ-Al, CFZ-A2 and CLDIs confirming the
monoprotonated characteristic of the molecule in these samples. The NMR spectrum of
CLDIs, CFZ-Al and CFZ-A2 corresponded to identical protonation states of the molecule.
(b) Powder X-Ray Diffraction (p-XRD) of spleen CLDIs, CFZ-Al, CFZ-A2 and CFZ-TC
showing peaks (crystal diffraction planes) common to CLDIs, CFZ-Al and CFZ-A2 (red
vertical bars), exclusive to CFZ-TC (green vertical bars) and in all samples (blue vertical
bars). Inset shows spleen CLDIs p-XRD. The signature peak of CLDIs at 26 = 7.2° is absent
in CFZ-TC while prominent in CFZ-Al and CFZ-A2. Conversely, the peak at 20 = 9.3°
visible in CFZ-TC is absent in the other CFZ samples.
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b=19.174 A

Figure 4.
CFZ-HCI crystal structure shown in three orthogonal views to depict the unit cell

comprising of 8 CFZ-HCI molecules. Cl is shown in green, N in orange, H in white and C in
grey. Unit cell dimensions are a, b and c. All unit cell angles (a,  and v) are at 90°.
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Bulk Elemental Composition Analysis (BEA) for CFZ-TC, CFZ-Al, CFZ-A2 (on % impurity-free basis).

Element CFz-TC CFZ-Al CFZ-A2
C 68.47 63.15 63.15
H 4.82 4.66 4.66
N 11.82 10.91 10.91
Cl 14.89 21.28 21.28
S 0.00 0.00 0.00
Stoichiometry CFz CFZ+H+Cl CFZ+H+ClI
N/CI (atomic) 2 1.33 1.33
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