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Clofazimine (CFZ) is a poorly soluble antibiotic and anti-inflammatory drug indicated for the treatment of leprosy. In spite of its
therapeutic value, CFZ therapy is accompanied by the formation of drug biocrystals that accumulate within resident tissue mac-
rophages, without obvious toxicological manifestations. Therefore, to specifically elucidate the off-target consequences of drug
bioaccumulation in macrophages, we compared the level of inflammasome activation in CFZ-accumulating organs (spleen, liver
and lung) in mice after 2 and 8 weeks of CFZ treatment when the drug exists in soluble and insoluble (biocrystalline) forms, re-
spectively. Surprisingly, the results showed a drastic reduction in caspase 1 and interleukin-1� (IL-1�) cleavage in the livers of
mice treated with CFZ for 8 weeks (8-week-CFZ-treated mice) compared to 2-week-CFZ-treated and control mice, which was
accompanied by a 3-fold increase in hepatic IL-1 receptor antagonist (IL-1RA) production and a 21-fold increase in serum IL-
1RA levels. In the lung and spleen, IL-1� cleavage and tumor necrosis factor alpha expression were unaffected by soluble or
biocrystal CFZ forms. Functionally, there was a drastic reduction of carrageenan- and lipopolysaccharide-induced inflammation
in the footpads and lungs, respectively, of 8-week-CFZ-treated mice. This immunomodulatory activity of CFZ biocrystal accu-
mulation was attributable to the upregulation of IL-1RA, since CFZ accumulation had minimal effect in IL-1RA knockout mice
or 2-week-CFZ-treated mice. In conclusion, CFZ accumulation and biocrystal formation in resident tissue macrophages pro-
foundly altered the host’s immune system and prompted an IL-1RA-dependent, systemic anti-inflammatory response.

Clofazimine (CFZ) is an antimycobacterial agent listed in the
World Health Organization’s List of Essential Medicines that

has been in use as part of the standard treatment of leprosy since
the 1960s (1, 2). The number of leprosy cases has drastically
dropped from 12 million/year in 1981 to 216,000/year in 2013 (3),
a testament to the effectiveness of CFZ, which has gained consid-
erable attention recently as part of a treatment regimen for drug-
resistant tuberculosis (4–6). The efficacy of oral CFZ against lep-
rosy is due, in part, to its well-documented anti-inflammatory
activity (2). However, CFZ’s mechanism of anti-inflammatory ac-
tion and atypical pharmacokinetic properties are not well under-
stood, and its high oral bioavailability and poor solubility leads to
significant bioaccumulation in tissues (7).

In previous studies, it has been shown that following prolonged
oral administration of CFZ, the drug massively bioaccumulates as
intracellular biocrystals in resident tissue macrophages (8–12).
Therefore, it is natural to assume that this bioaccumulation phe-
nomenon contributes to the drug’s toxicity, whereas the soluble
form of CFZ, which circulates and partitions to and from the
different organs, is responsible for CFZ’s mechanism of action.
Indeed, insoluble particles and crystals that accumulate in macro-
phages under various pathological conditions are known to acti-
vate immune signaling pathways that lead to caspase 1 (Casp 1)
activation and increased interleukin-1� (IL-1�) secretion (13–
16). This so-called “inflammasome” activation pathway is often
associated with many downstream pathological changes, as has
been shown by the accumulation of cholesterol monohydrate
crystals in atherosclerosis (13), monosodium urate crystals in gout
(14), and inhaled foreign particles in the case of asthma and other
chronic inflammatory lung diseases (15, 16).

In spite of its bioaccumulation, several clinical trials have es-
tablished CFZ as a potentially useful therapeutic agent for treating
a variety of chronic inflammatory diseases (17–22). Furthermore,
in vitro studies have shown that intracellular CFZ biocrystals
dampen proinflammatory pathways while enhancing anti-in-
flammatory signals (23).

In order to distinguish between the potential adverse effects of
insoluble drug biocrystals from those of the soluble molecules, we
designed an experimental strategy to compare how the accumu-
lation of insoluble drug biocrystals might influence the immune
signaling response of macrophages in live mice. We reasoned that
macrophages exposed to the soluble form of CFZ (after 2 weeks of
treatment) may behave differently from those that are exposed to
its biocrystalline form (after 8 weeks of treatment). Accordingly,
we tested the specific hypothesis that CFZ biocrystals that accu-
mulate in resident tissue macrophages can modulate (or activate)
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these cells’ inflammatory signaling pathways in vivo that lead to
systemic changes in the inflammatory response. By assessing tu-
mor necrosis factor alpha (TNF-�) and IL-1 receptor antagonist
(IL-1RA) expression, as well as Casp 1 and IL-1� maturation, in
the vital organs and blood of CFZ-treated mice, our results dem-
onstrate that CFZ biocrystals in macrophages, but not the soluble
form, is specifically associated with an IL-1RA-mediated anti-in-
flammatory response.

MATERIALS AND METHODS
Reagents. Anti-caspase 1 and anti-IL-1� antibodies were purchased from
Thermo Pierce (Rockford, IL) and Novus Biologicals (Littleton, CO),
respectively. Anti-F4/80 and anti-CD68 antibodies were purchased from
Abcam (Cambridge, MA). Anti-actin antibody and lipopolysaccharide
(LPS; from E. coli O55:B5) were purchased from Sigma (St. Louis, MO).

Mice clofazimine treatment. Clofazimine (CFZ; Sigma-Aldrich, cat-
alog no. C8895) was prepared in sesame oil (Shirakiku, Japan, or Roland,
China) and Powdered Lab Diet 5001 (PMI International, Inc., St. Louis,
MO) and orally administered to wild-type (WT) C57BL/6 mice or IL-1RA
knockout mice (4 to 5 weeks old; Jackson Laboratory, Bar Harbor, ME)
for up to 8 weeks ad libitum as previously described (8, 24). Control mice
were fed with the same diet without CFZ. The animal protocol was ap-
proved by the University of Michigan’s Animal Care and Use Committee
in accordance with the National Institutes of Health guidelines (UCUCA,
no. PRO00005542).

Carrageenan footpad edema test. Footpad edema in response to car-
rageenan (CAR; Sigma) injection was measured in CFZ-treated and con-
trol mice as previously described (25). In IL-1RA knockout (KO) mice,
these experiments were performed at 6 weeks and not at 8 weeks because
the IL-1RA KO mice weighed less than the WT mice and their livers were
smaller (see Fig. S4 in the supplemental material). In brief, the volume of
each hind paw was measured before and after the intraplantar injection of
30 �l of 2% CAR (60 �g per paw) in phosphate-buffered saline (PBS) or
an equal volume of PBS in the contralateral paw. Paw swelling was mea-
sured at 4 and 48 h after injection, after which the animals were euthanized
by exsanguination while deeply anesthetized with an intraperitoneal in-
jection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and the skin
tissues of the plantar region were harvested for cytokine assay (see the
Materials and Methods in the supplemental material).

Acute lung injury and infrared pulse oximetry. Since C57BL/6 mice
are relatively resistant toward a single dose of intratracheal (i.t.) LPS in-
stillation (26), two i.t. injections of LPS (16 mg/kg; 50 �l) were adminis-
tered, one on day 0 and the second on day 3. Briefly, mice treated with CFZ
for 8 weeks (8-week-CFZ-treated mice) and control mice were anesthe-
tized using intraperitoneal injections of xylazine (50 mg/kg) and ketamine
(5 mg/kg). Under direct visualization of the vocal cords using an otoscope,
either LPS or an equivalent volume of PBS in a 1-ml syringe attached to an
oral gavage needle (22G) was instilled into the lungs via the oral route. The
mouse was then placed in a temperature-controlled cage (37°C) for re-
covery from anesthesia.

The general health status of each PBS/LPS-instilled mice was moni-
tored by measuring body weight and rectal temperature (microprobe
thermometer; Physitemp Instruments, Clifton, NJ), and cardiopulmo-
nary function (arterial oxygen saturation, respiratory rate, heart rate, and
pulse distention) was monitored using MouseOx with a collar clip sensor
(Starr Life Sciences Corp., Oakmont, PA) as previously described (27, 28).
In brief, 1 day before i.t. instillations (day �1), the hair around the neck of
each mouse was removed using Nair (Church & Dwight, Princeton, NJ) to
enable data acquisition using the collar clip sensor. The next day (day 0),
immediately prior to the first LPS/PBS dose, and every 24 h afterward
until day 6, the body weight, temperature, and MouseOx readings were
recorded. MouseOx data were acquired by very brief anesthesia of the
mouse using 5% isoflurane to facilitate the placement of the collar clip
sensor. The mouse was then placed in an enclosed chamber with ambient
light and allowed to acclimatize for 5 min, at which point the animals had

recovered normal activities and physiological readings. Arterial oxygen
saturation, respiratory rate, heart rate, and pulse distention measure-
ments were then simultaneously recorded for 6 min (15 readings/s), and
any errors caused by motion during recording were excluded, after which
the mean value of each parameter was used for further data analysis.

Terminal endpoint assessment. To objectively assess LPS-induced
mortality, we used a multiparametric scoring system that relied on the
daily changes in vital signs associated with inflammatory injury progres-
sion and mortality, which included arterial oxygen saturation (27), body
weight, and temperature (29, 30). First, the percent change from baseline
(day 0) in arterial oxygen saturation, body weight, and temperature in
each mouse caused by i.t. instillation of PBS/LPS were measured and
calculated daily until day 6 after instillation. These data were then used in
a vector equation to calculate the distance between each LPS-treated
mouse and the mean of the PBS-treated mice to assess the terminal end-
point for each LPS-instilled mouse (see Materials and Methods in the
supplemental material). CFZ-treated and control mice were calculated
separately, and LPS-instilled mice that scored a total of 18 or higher were
determined as terminal, since these mice also displayed severe signs of
sickness evidenced by impaired mobility, lack of grooming, hunched pos-
ture, and muscle weakness that could be felt while handling the mice.
These mice were immediately euthanized with ketamine-xylazine (100
mg/kg, 10 mg/kg) and the bronchoalveolar lavage (BAL) fluid and lungs
were harvested for cellular and biochemical analysis (see below). Remain-
ing mice that did not reach terminal endpoint were all euthanized on day
6 after PBS/LPS instillation.

Cytokine measurements. The harvested organs (liver, spleen, lungs,
and kidneys) and footpads designated for cytokine assays were cut and
homogenized by sonication (2-s pulses repeated five times on ice, level 5;
Fisher model 100) in radioimmunoprecipitation assay buffer (Sigma)
with added protease inhibitors (Halt protease and phosphatase inhibitor
cocktail and 0.5 M EDTA; Thermo Pierce, Rockford, IL). After centrifu-
gation (18,000 � g, 15 min, 4°C), the supernatants were assayed for IL-1�,
IL-1RA, and TNF-� by enzyme-linked immunosorbent assay (ELISA;
Duoset; R&D Systems, Minneapolis, MN) in duplicate wells according to
the manufacturer’s instructions. Cytokines in the BAL were measured
after the removal of the cells. Albumin was assayed by ELISA (Innovative
Research, Novi, MI). The cytokine concentrations were expressed (i) as
pico-, nano-, or micrograms per milligram of protein for the organs, (ii)
as pico-, nano-, or micrograms of paw weight, or (iii) as pico- or micro-
grams per milliliter of BAL fluid.

Mouse BAL fluid harvesting, immunohistochemistry and imaging,
and SDS-PAGE and Western blotting. The mouse BAL fluid harvesting,
immunohistochemistry and imaging, and SDS-PAGE and Western blot-
ting procedures are described in the supplemental material.

Data processing and statistics. All data are expressed as means � the
standard deviations (SD). For multiple comparisons, statistical analysis
was performed with one-way analysis of variance (ANOVA) and Tukey’s
post hoc comparisons. For two-group comparisons, an unpaired Student
t test was used. All statistical analyses employed the Sigmaplot version 13
(Systat Software, San Jose, CA) software and P � 0.05 was considered
statistically significant.

RESULTS
CFZ crystallization and bioaccumulation in the liver occurs af-
ter 2 weeks. During the first 2 weeks of CFZ treatment, CFZ-
associated diffuse red staining was present throughout the liver
(Fig. 1A, brightfield). However, by 4 weeks, CFZ accumulated in
the biocrystalline form. At 8 weeks, red CFZ biocrystals were evi-
dent throughout the liver (Fig. 1A, top panel). Taking advantage
of solvatochromic changes in the fluorescent excitation and emis-
sion spectra of CFZ (31, 32), fluorescence microscopy enabled in
vivo detection of the soluble and biocrystalline forms of CFZ. After
2 weeks of CFZ treatment, the drug was mostly present in the
soluble form with its fluorescence mostly detectable in the FITC
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channel (Fig. 1A, fluorescein isothiocyanate [FITC] and Cy5 pan-
els; Fig. 1B). At later time points, the fluorescence signal in the
FITC channel declined, while the fluorescence signal in the Cy5
channel increased, indicating the relative accumulation of the
biocrystalline form (Fig. 1A and B). By 8 weeks, most of the fluo-
rescence signal was detectable in the Cy5 channel (Fig. 1 A and B),
indicating that CFZ was present almost entirely in biocrystalline
form. Immunohistochemistry of 8-week-CFZ-treated liver sec-
tions showed that CFZ biocrystals are sequestered inside F4/80-
positive macrophages (Fig. 1C). Such targeted accumulation of
CFZ biocrystals was also detected in other organs such as CD68�

alveolar macrophages (see Fig. S1 in the supplemental material),
and F4/80� splenic macrophages (8, 31).

CFZ biocrystal formation in the liver downregulates Casp
1/IL-1� processing while enhancing IL-1RA expression. Intra-
cellular crystals, such as those formed by cholesterol or uric acid,
have been implicated in the activation of the NLRP3-Casp 1 in-
flammasome, which plays a major role in the pathogenesis of
chronic inflammatory disorders (14, 33, 34). The uptake of other
nano- and microparticles has also been reported to cause inflam-
masome activation in macrophages (35–37). Therefore, to assess
whether the bioaccumulation of CFZ crystals leads to activation of
the inflammasome, we measured and compared cleaved Casp 1
and IL-1� in organs that bioaccumulate CFZ—i.e., the liver,
spleen, and lungs—and kidneys, that do not accumulate CFZ,
after 2 and 8 weeks of either CFZ or control treatment. Two weeks
of CFZ exposure resulted in only moderate cleavage of hepatic

Casp 1 and IL-1� (Fig. 2A, left panel, and Fig. 2B). However, by 8
weeks, Casp 1 and IL-1� cleavage was significantly reduced by
CFZ treatment (Fig. 2A, right panel, and Fig. 2B); IL-1� levels in
the spleen, lung, and kidneys did not change (see Fig. S2 in the
supplemental material). The expression of the proinflammatory
cytokine, TNF-�, was unchanged by CFZ at both 2 and 8 weeks
(Fig. 2C), except in the liver, where it was decreased at 2 weeks
compared to control livers.

Similar to previous observations (8), we found that after 8
weeks of oral administration CFZ caused a major upregulation of
IL-1RA expression in CFZ biocrystal-accumulating organs, such
as the spleen, the lungs, and especially the liver, which increased by
3-fold (Fig. 2D). IL-1RA levels in the kidney were unaffected (Fig.
2D). In contrast, after 2 weeks of oral CFZ administration there
were more modest increases in only the spleen and lungs, while the
liver was unaffected (Fig. 2D). Since the liver is known to be the
major source of circulating IL-1RA (38, 39), we observed a corre-
sponding increase in serum IL-1RA levels in CFZ-treated mice at
8 weeks but not at 2 weeks (Fig. 2E). Under all conditions, neither
TNF-� nor IL-1� was detected in the serum. In aggregate, these
findings suggest that crystallized CFZ, which is evident after 8
weeks of CFZ administration, decreased the activation of the in-
flammasome in vivo. In parallel with this decline, crystallized CFZ
induced an upregulation of endogenous IL-1RA.

Systemic CFZ bioaccumulation and crystallization dampens
CAR-mediated acute footpad inflammation. To test the physio-
logical impact of the CFZ-induced serum IL-1RA levels, we tested

FIG 1 CFZ bioaccumulation and crystal formation in the liver occurs after 2 weeks. (A) Representative bright-field and fluorescence (FITC for soluble CFZ and
Cy5 for crystalline CFZ) images of liver sections from control mice and mice treated with CFZ for 2, 4, and 8 weeks. Scale bar, 50 �m. (B) Fluorescence intensity
values (FITC and Cy5 channels) of liver sections from control and CFZ-treated mice. Baseline (0 week) intensity values of controls were subtracted from
CFZ-treated sections. The data are the means � the SD of results from three to four images/time point. One-way ANOVA was used to compare fluorescence
intensity between time points and P � 0.05 was considered statistically significant. *, P � 0.05; **, P � 0.01. (C) F4/80 (DAB) immunohistochemistry of a
representative liver section from an 8-week-CFZ-treated mouse in which CFZ crystals (Cy5) are sequestered inside F4/80� macrophages. CV, central vein. Scale
bar, 100 �m.
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the acute inflammatory response of CFZ-treated mice by using a
well-established footpad injury model (25). The paws of 8-week-
CFZ-treated mice displayed strikingly reduced swelling at 48 h
after the injection of CAR compared to the paws of untreated
CAR-injected mice (Fig. 3A). Paw volume measurements showed
that there was a significant reduction (57%) in footpad swelling as
early as 4 h after the injection of CAR in 8-week-CFZ-treated mice
compared to control mice, and the animals continued to exhibit
reduced swelling over the 48-h study period (Fig. 3B). CAR-in-
duced increases in footpad IL-1� and TNF-� levels were dramat-
ically reduced by 8-week-CFZ treatment (Fig. 3C and D). In con-
trast to the 8-week-treated mice, 2-week-CFZ-treated mice
produced only a modest reduction in paw swelling compared to
control mice (Fig. 3E and F). The IL-1� and TNF-� levels in foot-
pad homogenates from these animals were similar in both CFZ-
treated and control mice at 48 h (Fig. 3G and H). Accordingly,
these results suggest that the accumulation of CFZ biocrystals
modulated the immune response to profoundly dampen CAR-
induced footpad inflammation, and this action is not evident for
the soluble form of the drug after 2 weeks of treatment.

CFZ biocrystals dampen the acute inflammatory response in
the footpad by increasing blood IL-1RA. IL-1RA is known to be
an early-acting acute-phase anti-inflammatory cytokine (38), and
circulating IL-1RA has been reported to dampen a broad spec-
trum of inflammatory conditions by inhibiting the activity of
IL-1� at the site of injury (40, 41). Therefore, we hypothesized that
the anti-inflammatory response observed after 8 weeks of CFZ
treatment may be mediated by increased serum IL-1RA concen-
trations, which are not evident after 2 weeks of CFZ treatment

(Fig. 2E). Detection of serum IL-1RA in 2-week-CFZ-treated and
control mice showed comparable IL-1RA levels before (0 h) and
after (48 h) CAR injection (Fig. 4A). However, serum IL-1RA
levels in 8-week-CFZ-treated mice rapidly declined 4 h after CAR
injection (Fig. 4B). After 48 h, IL-1RA returned to similar levels in
the plasma of control and 8-week-CFZ-treated mice (Fig. 4B). For
all mice, the plasma levels of TNF-� and IL-1� were below the
detection limit of ELISAs (15 pg/ml). These results suggest that
increased circulating IL-1RA levels associated with CFZ bioaccu-
mulation and crystallization could be responsible for the anti-
inflammatory activity observed in 8-week-CFZ-treated mice.

In order to test the possibility that elevated IL-1RA expression
mediates the anti-inflammatory activity of CFZ after crystal for-
mation, we administered oral CFZ to age-matched IL-1RA KO
and WT mice and then subjected the animals to the CAR footpad
injury model. IL-1RA KO mouse livers also increased in weight to
an extent similar to that of WT mice after 6 weeks of CFZ treat-
ment (see Fig. S3B in the supplemental material). Also, IL-1RA
KO mice formed and accumulated CFZ biocrystals in the liver at a
level similar to WT animals without noticeable differences in crys-
tal shape or Cy5 fluorescence intensity (see Fig. S3C and D in the
supplemental material). Remarkably, the anti-inflammatory ac-
tion of CFZ bioaccumulation was greatly diminished in IL-1RA
KO mice, since CFZ-treated and CAR-injected IL-1RA KO mice
displayed similar swelling compared to untreated and CAR-in-
jected IL-1RA KO mice (Fig. 4C and D, right panels). In the CFZ-
treated WT mice, we observed significantly reduced CAR-induced
swelling compared to control mice at 4 and 48 h postinjury (Fig.
4C and D, WT panels). As expected, the footpad IL-1� and TNF-�

FIG 2 CFZ bioaccumulation reduces Casp 1 and IL-1� cleavage levels in the liver but increases IL-1RA expression. (A) Representative Western blots of liver
homogenates showing that Casp 1 and IL-1� cleavage was not altered by 2 weeks of CFZ treatment but that 8 weeks of treatment reduced the detection of Casp
1 and IL-1� cleavage. (B) Densitometry of cleaved Casp 1 and IL-1� protein in 2- and 8-week-treated liver blots, normalized to actin (n 	 4). Hepatic Casp 1 and
IL-1� cleavage were reduced by 86 and 78%, respectively, in 8-week-CFZ-treated mice. (C) The levels of TNF-� in the spleen, lungs, and kidneys were unchanged
by CFZ treatment, but there was a significant decrease in liver TNF-� from 2-week-CFZ-treated mice (n 	 4 to 5). (D) The organs that bioaccumulate CFZ
crystals—liver, spleen, and lung— displayed increased IL-1RA expression, whereas the kidney, which does not accumulate CFZ, did not show changes in IL-1RA
expression (n 	 4 to 5). (E) Serum IL-1RA levels were unchanged after 2 weeks but were increased 21-fold after 8 weeks of CFZ treatment. The serum TNF-� and
IL-1� levels were below the limit of detection of the assay (n 	 6). *, P � 0.05; **, P � 0.01; #, P � 0.001. Data are means � the SD, and an unpaired Student t
test was used to compare control mice versus CFZ-treated mice.
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levels were significantly reduced in WT CFZ-treated and CAR-
injected mice compared to WT untreated and CAR-injected mice
(Fig. 4E). However, the IL-1� and TNF-� levels were comparable
in the CAR-injected IL-1RA KO mice with or without CFZ treat-
ment (Fig. 4F). IL-1RA KO mice with or without CFZ treatment
showed higher cytokine levels than the control WT mice after
CAR injection (Fig. 4E versus Fig. 4F), but the footpad swelling
was similar (Fig. 4D). These results are consistent with CFZ bio-
accumulation exerting a systemic anti-inflammatory action via
the elevation of blood IL-1RA levels.

CFZ bioaccumulation enhances resistance to acute lung in-
jury and improves mouse survival. Given the massive bioaccu-
mulation of CFZ observed in the lungs, we proceeded to deter-
mine whether the presence of CFZ biocrystals in these organs may
sensitize mice to a sublethal proinflammatory injury. Although
CFZ treatment and bioaccumulation did cause some physiologi-
cal changes, these changes were within ranges of normal physio-
logical readings and overall mouse health was normal (see Table
S1 in the supplemental material).

To determine whether CFZ bioaccumulation induced a latent
proinflammatory state in mouse lungs, a sublethal dose of LPS (16
mg/kg) was delivered i.t. to control and CFZ-treated mice. Strik-

ingly, CFZ-treated mice were highly resistant to LPS-induced
acute lung injury, with a 92% survival rate compared to the 42%
survival rate of control mice (Fig. 5A). The difference in the arte-
rial oxygen saturation levels between control and CFZ-treated
mice was more prominent after the second LPS injection. CFZ-
treated mice displayed significantly higher arterial oxygen levels at
days 5 and 6 than control mice because most control mice expe-
rienced levels of hypoxia that required euthanasia, indicating that
control mice showed progressive deterioration in lung function
compared to CFZ-treated mice (see Fig. S4A in the supplemental
material). Paralleling the impaired lung function, LPS-injected
control mice lost weight more rapidly than CFZ-treated mice,
such that six control mice lost 
15% of their body weight com-
pared to a similar weight loss in one CFZ-treated mouse (see Fig.
S4B in the supplemental material). Both control and CFZ-treated
LPS-injected mice displayed large drops in body temperature one
day after LPS injection (days 1 and 4). However, CFZ-treated mice
were more resistant to a decline in body temperature after the
second injection compared to control mice (day 4) (see Fig. S4C in
the supplemental material). CFZ-treated mice also displayed less
reduction in heart rate, respiratory rate, and pulse distention after
the second LPS injection (see Fig. S4D to F in the supplemental

FIG 3 Systemic CFZ bioaccumulation and crystal formation dampens CAR-induced inflammatory response in the mouse footpad. (A) Representative photo-
graphs of paws 48 h after CAR or PBS footpad injection show markedly reduced paw swelling in 8-week-CFZ-treated mice compared to control mice. Scale bar,
5 mm. (B) Paw swelling, as measured by foot volume, was reduced on average by 57% as early as 4 h after CAR injection in 8-week-CFZ-treated mice compared
to control mice and was sustained through 48 h. The footpad homogenate cytokine levels of IL-1� (C) and TNF-� (D) were reduced in 8-week-CFZ-treated mice
at 48 h compared to untreated and injured paws. (E and F) Representative photographs of paws 48 h after CAR or PBS footpad injection in 2-week-CFZ-treated
or control mice (E), which resulted in only a minor reduction in swelling at 4 and 48 h (F). Scale bar, 5 mm. (G and H) Associated footpad homogenate TNF-�
(G) and IL-1� (H) levels were unchanged. PBS-injected paws did not show any difference in cytokine expression between CFZ-treated or control paws. Data are
means � the SD of n 	 5 to 6/experiment. An unpaired Student t test was used to compare control versus CFZ-treated mice. *, P � 0.05; **, P � 0.01.
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material) compared to control mice. Gross lung examination
lungs after LPS-induced injury showed a notable reduction of
hemorrhaging in CFZ-treated mice compared to control mice
(Fig. 5B). Cellular and biochemical analyses of BAL fluid to assess
lung injury revealed that CFZ treatment reduced the LPS-induced
BAL fluid cell count (Fig. 5C) and reduced the BAL fluid albumin
concentrations (Fig. 5D). This CFZ-mediated reduction in lung
injury was corroborated by CFZ-induced reductions in LPS-in-

duced levels of BAL fluid TNF-� and IL-1� (Fig. 5E and F). These
results demonstrate that CFZ biocrystal accumulation in the lungs
did not impair lung function but instead increased resistance to
LPS-induced inflammatory lung injury.

DISCUSSION

Previously, CFZ bioaccumulation has been associated with atypi-
cal pharmacokinetics, as well as more serious side effects, ranging

FIG 4 The CFZ-induced dampening of the acute inflammatory response in the CAR footpad model is mediated by circulating IL-1RA. (A) Two-week-CFZ-
treated and control wild-type (WT) mice displayed similar serum IL-1RA levels before (0 h) and after (48 h) CAR injection. (B) Serum IL-1RA concentrations
were significantly increased after 8 weeks of CFZ treatment compared to controls in WT mice (0 h). CAR injection in 8-week-CFZ-treated mice caused a sharp
decline in serum IL-1RA concentrations by 4 h, whereas the levels in control CAR mice remained constant. At 48 h after CAR injection, the serum IL-1RA
increased to similar levels in both control and CFZ-treated WT mice (data are means � the SD of n 	 5 to 8 animals/group/time point). (C) Representative
images of inflamed paws of 6-week-CFZ-treated WT mice and IL-1RA KO mice at 48 h after CAR injection. (D) Footpad swelling, as measured by foot volume,
was reduced by 27 and 38% at 4 and 48 h after CAR injection, respectively, in 6-week-CFZ-treated WT mice compared to control WT mice. In IL-1RA KO mice
with CFZ treatment, paw swelling was similar at 4 h compared to untreated littermates, and at 48 h, swelling was marginally reduced (17%) compared to
untreated IL-1RA KO mice. (E) Footpad homogenate levels of IL-1� and TNF-� were dampened in 6-week-CFZ-treated and CAR-injected WT mice at 48 h
compared to control and CAR-injected paws. (F) Footpad homogenate levels of IL-1� and TNF-� were unaffected in 6-week-CFZ-treated and CAR-injected
IL-1RA KO mice at 48 h compared to control and CAR-injected paws. Data are the compilation of two separate experiments and are presented as means � the
SD (n 	 7 to 9). A Student t test was used to compare untreated versus CFZ-treated mice at each time point. *, P � 0.05; **, P � 0.01. Scale bar, 5 mm.
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from gastrointestinal problems to splenic infarcts (42). Although
expecting that CFZ bioaccumulation would lead to an upregula-
tion of proinflammatory signaling pathways in macrophages, we
were surprised to find the opposite. Instead, our experimental
results indicate that long-term oral administration of CFZ and its
sequestration as biocrystals within the macrophages of the lung,
the spleen, and especially the liver can dramatically suppress in-
flammation in peripheral tissues and increase mouse survival in
response to acute lung injury. This systemic anti-inflammatory
response parallels the accumulation of CFZ biocrystals through-
out the animal and is accompanied by elevated IL-1RA levels in
these organs and a corresponding boost in IL-1RA levels in serum.
Of noteworthy significance, the formation and accumulation of
cholesterol monohydrate and monosodium urate crystals have
been implicated in the pathogenesis of chronic inflammatory
diseases, such as atherosclerosis, nonalcoholic steatohepatitis
(NASH) (34), and gout (43). Moreover, other artificial nano- and

microparticles, such as silica crystals (37), aluminum salt crystals
(44), silver nanoparticles (35), poly(lactide-co-glycolide) (PLG),
and polystyrene microparticles (36), have also been reported to
cause inflammasome activation in macrophages. At the cellular
level, the aforementioned particles or crystals are known to aug-
ment Toll-like receptor signaling and activate the NLRP3 inflam-
masome via lysosomal destabilization, which leads to Casp 1 acti-
vation and the production of cleaved IL-1� (13, 14). Therefore,
the finding that inflammasome activity was inhibited in the CFZ
biocrystal-containing liver, evidenced by the suppression of Casp
1 activation and mature IL-1� processing, was unexpected. More-
over, the presence of CFZ biocrystals in the lung, spleen, or liver
did not alter the TNF-� levels, a finding consistent with a lack of
proinflammatory signaling.

These results prompt us to question whether CFZ bioaccumu-
lation is an inherently toxic phenomenon. It is well known that
soluble CFZ is toxic in vitro, with a 50% inhibitory concentration

FIG 5 CFZ bioaccumulation enhances resistance to LPS-induced lung injury and improves mouse survival. (A) Kaplan-Meier survival curve showing the 92%
survival rate of 8-week-CFZ-treated mice after LPS-induced acute lung injury compared to the 42% survival rate of control mice with LPS-induced injury. (B)
A representative photograph shows the gross appearance of the lungs after PBS or LPS injection in control and CFZ-treated mice. Hemorrhaged areas caused by
LPS injection are outlined in black lines. (C to F) CFZ treatment reduced LPS-induced increases in the BAL fluid cell count (C), albumin level (D), TNF-� level
(E), and IL-1� level (F). The data are the compilation of two separate experiments and are presented as means � the SD (PBS, n 	 4; LPS, n 	 12). One-way
ANOVA was used to compare control versus CFZ-treated mice with PBS or LPS injections, and P � 0.05 was considered statistically significant. *, P � 0.05; **,
P � 0.01.
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of approximately 5 �M, whereas the insoluble crystalline form of
CFZ that bioaccumulates in macrophages leads to very few signs
of toxicity even at 100 �M (23). Indeed, in spite of its massive
accumulation in the liver, the hepatotoxicity of CFZ in mice and
human patients has not been a significant concern (45–47). Like
humans, mice treated with therapeutic CFZ doses (10 mg/kg/day)
did not show signs of deteriorated health. In fact, the CFZ-in-
duced reduction of heart rate could be linked with increased lon-
gevity in mice (48). Also, hypothermia, which is most often used
as an indicator of drug toxicity in mice (49), was not seen in
8-week-CFZ-treated mice.

Regarding the therapeutic implications of these results, CFZ
has proven to be highly effective for treating leprosy and active
against a broad range of Gram-positive bacteria strains (Staphylo-
coccus, Streptococcus, Bacillus, and Listeria spp.) (50) and even
against drug-resistant Staphylococcus aureus clinical isolates that
are methicillin resistant (MRSA) and vancomycin intermediate
resistant (VISA) (51). Indeed, CFZ has been clinically used since
the 1960s and has helped cure over 16 million leprosy patients.
Many of these microorganisms tend to infect and reside within
macrophages. Interestingly, chemical analysis of CFZ biocrystals
has revealed that they are composed of protonated hydrochloride
salt of CFZ (CFZ-HCl) within membrane-bound intracellular
compartments (9). Therefore, the bioaccumulation of CFZ
biocrystals in macrophages could serve to maximize the therapeu-
tic efficacy of CFZ without significant side effects. Accordingly, it
may be possible to reformulate CFZ as injectable micro- or nano-
crystals to specifically target macrophages at sites of infection.
Targeted local delivery could maximize CFZ benefit as a therapeu-
tic agent while minimizing the systemic side effects that have cur-
tailed the more widespread use of CFZ.

Considering possible signal transduction mechanisms under-
lying the anti-inflammatory activity of CFZ biocrystals, the cellu-
lar integrated stress response pathway is a candidate (52, 53). Al-
though soluble CFZ can cause membrane destabilization and cell
death at high concentrations (54), lower concentrations of CFZ
lead to accumulation within intracellular compartments. Previ-
ously, we observed that CFZ biocrystals can also be phagocytosed
by macrophages, where they are stable inside low-pH (4, 5) and
counterion (Cl�)-containing (9) membrane-bound compart-
ments. As a weakly basic lysosomotropic drug, CFZ is prone to
pH-dependent ion trapping in lysosomes and could therefore ac-
tivate transcription factor EB (TFEB [55]), a master transcription
factor of lysosomal biogenesis and homeostasis (56–58). In turn,
this could attenuate inflammasome activation pathways and
IL-1� processing (59). Alternatively, like intracellular protein ag-
gregates and other crystalline inclusions that form in the endo-
plasmic reticulum (60), CFZ biocrystals may activate the unfolded
protein response pathway, which could lead to downstream ef-
fects on inflammatory signaling (61, 62).

Our experiments indicate that CFZ biocrystals induce a con-
siderable upregulation of IL-1RA production without triggering
proinflammatory signaling. Since the evidence points to IL-1RA
mediating the anti-inflammatory effects downstream of CFZ bio-
accumulation in macrophages, future experiments aimed at elu-
cidating the signaling pathway leading from CFZ biocrystals to
IL-1RA expression should reveal further mechanistic details about
the mechanism of action of CFZ and perhaps serve as the starting
point for the development of new kinds of anti-inflammatory
drugs. Thus, the present study strongly warrants further investi-

gation into the mechanisms and therapeutic potential of CFZ for
treating inflammatory and infectious diseases in humans. To con-
clude, CFZ biocrystal accumulation in macrophages could be trig-
gering a previously unknown anti-inflammatory/immunomodu-
latory signaling pathway(s) of potential therapeutic value.
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