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A series of studieswere carried out in Farber disease (OMIM#228000) cells andmice to evaluate the feasibility of
enzyme replacement therapy (ERT) for this disorder. Media from Chinese hamster ovary (CHO) cells overex-
pressing human recombinant acid ceramidase (rhAC) was used to treat fibroblasts from a Farber disease patient,
leading to significantly reduced ceramide.Wealso found that chondrocytes from Farber diseasemice had amark-
edly abnormal chondrogenic phenotype, and this was corrected by rhAC as well. Acute dosing of rhAC in Farber
mice confirmed the enzyme's bioactivity in vivo, and showed that it could be safely administered at doses up to
50 mg/kg. These studies also revealed little or no re-accumulation of ceramide in tissues for at least 7 days after
enzyme administration. Once weekly administration of rhAC moderately improved survival of the mice, which
could be enhanced by starting enzyme administration at an earlier age (3 days vs. 3 weeks). Repeat administra-
tion of the enzyme also led to normalization of spleen size, significantly reduced plasma levels of monocyte
chemoattractant protein 1 (MCP-1), reduced infiltration of macrophages into liver and spleen, and significantly
reduced ceramide and sphingosine in tissues. Overall, we conclude that ERT should be further developed for this
debilitating and life-threatening disorder.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Farber disease (OMIM #228000) was first described in 1952 in a 14-
month-old infant with granulomatous lesions on multiple joints and evi-
dence of lipid storage [1]. Over the ensuing decade other similar cases
were described, all of whom had lesions and often exhibited a character-
istic “hoarse” cry or voice due to their presence on the larynx. The involve-
ment of other organ systems in someof these patients, including the lung,
liver, spleen and central nervous system (CNS), also was noted [2].

In 1972, Sugita and colleagues [3] demonstrated that post-mortem
tissues and cells from several Farber disease patients exhibited acid
ceramidase (AC) deficiency. Acid ceramidase (E.C. #3.5.1.23) is a lipid
hydrolase first identified in 1963 [4]. The enzyme was shown to have
a pH optimum of ~5, suggesting that it was a component of the lyso-
somal system, although at physiologic pH it also could carry out a “re-
verse” reaction in which ceramides were synthesized using fatty acids
and sphingosine as substrates [for review see [5]].
nomic Sciences, Icahn School of
20A, New York, NY 10029, USA.
Schuchman).

. This is an open access article under
The first substantial purification of AC was in 1995 from human
urine [6]. The purified urinary enzymewas found to be an ~50 kDapoly-
peptide that could be reduced into 13 kDa and 40 kDa polypeptides
(α and β-subunits, respectively). Deglycosylation studies revealed the
presence of 5 or 6 N-glycosylation sites on the β-subunit. The availabil-
ity of the highly purified urinary enzyme led to the isolation of the cDNA
and gene encoding AC (ASAH1) [7,8], the identification of thefirst muta-
tions causing Farber disease [7], and the production and purification of
recombinant human AC (rhAC) from Chinese hamster ovary (CHO)
cells [9].

Characterization of rhAC purified from CHO cell media showed that
it was composed of three polypeptides associated by disulfide bonds; a
precursor polypeptide and the α and β-subunits. The precursor poly-
peptide was inactive until an internal cleavage at cysteine residue 142
resulted in the subunit formation. Further studies showed that AC was
a self-cleaving enzyme and underwent “auto-activation” [10]. Farber
disease cells internalized rhAC, leading to the degradation of the accu-
mulating ceramides. The recombinant enzyme also was able to carry
out the reverse reaction, although the physiological significance of this
reaction and the factors that govern the balance between the degrada-
tive and synthetic functions remain unknown [11].
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The availability of the human AC cDNA also led to the isolation of the
murine gene (asah1) and the construction of the first AC deficient ani-
mal models [12,13]. These studies revealed that a complete knockout
of asah1 led to embryonic death by the 4-cell stage, demonstrating the
essential role of this enzyme in early development [14], and leading to
the use of rhAC to enhance embryo production by in vitro fertilization
[15]. Subsequent studies led to the construction of a tamoxifin-inducible
conditional KO mouse, and provided the first in vivo evidence that AC
was required for oocyte maturation [16].

In 2013 a “knock-in” mouse was produced that introduced a muta-
tion originally described in a severely affected Farber disease patient
(P362R) into the conserved residue (P361) of mouse AC [17]. Mice ho-
mozygous for this mutation exhibited growth retardation by 3 weeks,
progressive weight loss, and death between 7 and 13 weeks. Spleens
were firm, pale and significantly enlarged, as were the thymuses and
lymph nodes. Ovaries were small with a low number of follicles. Several
blood abnormalities also were documented, and macrophage infiltra-
tion into many organs was evident. This was correlated with the eleva-
tion of macrophage chemoattractant protein-1 (MCP-1) and several
other cytokines in the plasma, as well as the massive accumulation of
ceramides in tissues. These animals represent the first viable model to
study the pathophysiology and treatment of Farber disease.

In 2012, Zhou and colleagues showed that mutations in the ASAH1
gene also were responsible for a rare form of spinal muscular atrophy
with myoclonic epilepsy (SMA-PME) [18]. Cells from patients with
SMA-PME have reduced AC activity, and knock-down of the activity in
zebrafish resulted in a loss ofmotor neuron axonal branching in the spi-
nal cord. Patients with SMA-PME do not exhibit joint lesions or nodules
as in Farber disease, although as a recent publication illustrates [19],
there is likely a continuum of phenotypes due to AC deficiency.

To date, treatment for Farber disease patients has been symptomatic
and principally aimed at reducing pain. Hematopoietic stem cell trans-
plantation (HSCT) has been undertaken in several patients [e.g., [20,
21]], and overall the outcome on the non-neurological phenotype has
been positive provided that the transplant procedure itself was success-
ful. Such transplanted patients exhibited significant reduction in pain, in-
creased mobility and joint range of motion, and in most cases shrinking
and complete resolution of the subcutaneous nodules. However, success-
ful transplantation requires histocompatible donor cells, and exposes pa-
tients to invasive and potentially dangerous immunosuppressant
regimes. One alternative to HSCT is gene therapy in which autologous
donor cells are transduced with a vector expressing the therapeutic pro-
tein, obviating the need for histocompatible donors. Gene therapy has
been evaluated in the Farber disease knock-in mice, and resulted in re-
duction of tissue ceramides and macrophage infiltration [17].

Another approach is enzyme replacement therapy (ERT) in which
the recombinant protein is introduced into patients by intravenous in-
fusions [for reviews see [22,23]]. ERTs are currently available for 7 lyso-
somal storage disorders (LSDs), and under evaluation for several others.
Overall, the ERTs have proven to be safe and effective, although the re-
combinant enzymes cannot cross the blood-brain barrier, and therefore
have little or no effect in the CNS. Direct (e.g., intrathecal) CNS adminis-
tration of enzyme has been evaluated to overcome this limitation, and
new therapies that utilize fusion proteins containing CNS targetingmoi-
eties are under development [e.g., [24]].

The current study was designed to use the Farber disease knock-in
mouse model to evaluate the potential of ERT in this disorder. We hy-
pothesize that a ceramide-driven inflammatory response is responsible
for the infiltration of lipid-filledmacrophages into tissues of Farbermice
and patients, particularly at cartilage sites, and that reduction of cer-
amide by rhAC treatment will reverse and/or prevent this. Although
the knock-in Farbermice do not develop visible granuloma-like nodules
as in patients, they do exhibit massive ceramide storage and infiltration
of macrophages in most tissues, as well as elevations of plasma MCP-1
and other cytokines, making them a suitablemodel inwhich to evaluate
therapy.
2. Materials and methods

2.1. Production & characterization of rhAC

A human AC cDNA (derived from NM_177924.3; ASAH1 variant 1)
was introduced into the Selexis SURE CHO-M cell line™ (Selexis SA, Swit-
zerland), and clones overexpressing AC activity were selected. One over-
expressing clone (MST-cp07-cp47)was further expanded and grown in a
bioreactor system (GE Healthcare Life Sciences Inc.). After filtration, rhAC
was purified from the media by sequential ion-exchange and size-frac-
tionation chromatography. Prior to its use in animals, the in vitro physical
and biochemical characteristics (e.g., pH optimum, isoelectric point, mo-
lecular weight, subunit association) were compared to the previously de-
scribed CHO-derived rhAC [9] by established methods.

2.2. Farber mouse colony

A colony of asah1P361R/P361R mutant mice (i.e., Farber disease mice)
were maintained on a mixed genetic background (W4/129Sv/CD1) by
breeding heterozygous mating pairs as previously described [17].
Genotyping was carried out by analysis of toe clip DNA at weaning
(3 weeks) unless otherwise noted. All experiments were performed at
the Icahn School of Medicine under a protocol (#98-0089) approved
by the Institutional Animal Care and Use Committee. Wild-type mice
were used as controls and derived from within the colony. Animals
were fed ad libitum food and water, and euthanasia was performed by
ketamine/xylazine injections followed by cervical dislocation according
to NIH guidelines.

2.3. Cell culture analysis

Dr. Thierry Levade (Toulouse, France) kindly provided a previously
characterized [25] EBV-transformed fibroblast cell line from a Farber
disease patient. Cells were grown in RPMI culture media (Sigma-Al-
drich) containing 10% heat inactivated fetal bovine serum (FBS) (v/v),
1% penicillin/streptomycin (v/v) and 1% L-glutamine (v/v). To evaluate
rhAC secreted into the MST-cp07-cp47 media, conditioned media
(CM) was collected from the CHO cell clone grown in shaker flasks for
48 h. The transformed Farber disease fibroblasts were grown to ~80%
confluency and the standard RPMI medium was exchanged for media
containing RPMI diluted with CM such that the final concentration of
rhAC was 10 μg/ml. Cells were then grown for an additional 24 h, after
which they were trypsinized and harvested with a rubber policeman.
The cell pellets were washed 3× with PBS, and lipid assays were per-
formed on cell lysates as described below.

Chondrocytes were isolated from the articular surfaces of mouse
menisci. The tissue isolates were collected in fresh DMEM (Thermo
Fisher) containing 10% FBS (v/v), 1% penicillin/streptomycin (v/v), 1%
L-glutamine (v/v) and 0.1% fungizone (v/v), minced with scissors, and
then transferred to DMEM containing 1 mg/ml protease and rotated at
37 °C for 2 h. They were then incubated in DMEM containing 1 mg/ml
collagenase type II and rotated at 37 °C overnight. The remaining tissue
was strained three times through 40 μm nylon mesh filters to remove
debris. The cell suspension was centrifuged (3000 ×g for 5 min) and
cells were plated at a density of 10,000 cells/cm2 and cultured in com-
plete DMEM. Media was changed every 3 days. For rhAC supplementa-
tion experiments, cells were grown with (12.5 μg/ml) or without rhAC
in the medium. rhAC was only added on day 1, when the cells were
first plated. Subsequent media changes did not include rhAC.

2.4. rhAC preparation & enzyme administration

Purified rhAC obtained from the media of the MST-cp07-cp47 CHO
cell clone was maintained at a concentration of 10 mg/ml in sterile
PBS and stored at −20 °C. It was subjected to only one thaw cycle



Fig. 1.Effect of rhACon ceramide and sphingosine levels in Farber disease cells. Serum-free
conditioned media (CM) was obtained from a CHO cell line overexpressing rhAC and
added to an SV40-transformed skin fibroblast line derived from a Farber disease patient
(see Materials and Methods). Standard RPMI media (M) lacking rhAC was used as a
control. After media exchange, the Farber cells were grown for 24 h, harvested, washed
3× with PBS, and the amounts of total ceramide (Cer) and sphingosine (Sph) were
quantified and expressed per milligram (mg) total cell protein. **indicates p value b 0.01
comparing cells grown with CM to cells grown in M.
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prior to use. Enzyme administration into Farber mice was by intraperi-
toneal (i.p.) injection unless otherwise noted. The amount of enzyme
administered to mice was based on the desired dose and the weight of
the animals (in μg/g). If necessary, the enzyme was diluted in sterile
PBS prior to administration. Control Farber disease mice were injected
with PBS alone.

2.5. Quantification of total tissue ceramides & sphingosine

Lipid extractswere prepared from tissue homogenates or cell lysates
by the classic Folch method [26] using chloroform/methanol (2:1). The
lipid extract was then dried under nitrogen gas and re-dissolved in a 2%
Igepal solution. For ceramide determination, a ceramidehydrolysis buff-
er (0.2 M citric/phosphate buffer, pH 4.5 containing 0.3 M NaCl and 0.2
mg/ml of rhAC)wasmixedwith the total lipid extract solution (1:1, v/v)
and incubated at 37 °C for 60min. For our standard reaction, 2 μl each of
lipid extract and ceramide hydrolysis buffer was used. This mixture was
Fig. 2. Ceramide and sphingosine levels in the livers and spleens of Farber disease mice after
injections of purified rhAC at the indicated doses (n = 3/dose). After 24 h the mice were euth
and expressed per milligram total protein in tissue extracts. “0” indicates age-matched Farber
rhAC to mice injected with PBS; **indicates p value b 0.01.
then incubated for an additional 10 min at 50 °C with 56 μl of a
fluorogenic reaction buffer (25 mM sodium borate buffer, pH 9) con-
taining 1.25 mM sodium cyanide and 1.25 mM naphthalene-2,3-
dicarboxyaldehyde (NDA) to derivatize the ceramide hydrolysis prod-
uct, sphingosine.

The mixture was then centrifuged (13,000 ×g/10 min) and 5 μl of
the supernatant was analyzed using an Acquity H-Class UPLC system
(Waters) equipped with a Waters Acquity UPLC BEH RP18 column
(2.0 × 50 mm, 1.7 μm). The mobile phase composition for the gradient
system was 0.1% ammonium hydroxide for mobile phase A, and 100%
acetonitrile for mobile phase B. The gradient program was 0–0.01 min
36-4% A, 64–96% B, 0.01–0.3 min 4–36% A, 96–64% B, 0.3–1 min 36% A,
64% B at a flow rate of 1 ml/min. The fluorescent (NDA) sphingosine
was monitored at excitation and emission wavelengths of 252 and
483 nm, respectively. Quantification of the sphingosine peakwas calcu-
lated using theWaters Empower software according to a standard curve
derived from commercial (Invitrogen) NDA sphingosine.

For quantification of sphingosine the same procedure was used ex-
cept that the ceramide hydrolysis stepwas excluded. In this way endog-
enous sphingosine present in the lipid extract could be derivatized
directly with NDA.

2.6. AC activity assay

Samples (tissue homogenates or cell lysates) were incubated at
37 °C (1:1, v/v) with substrate buffer (0.2 mM NBD-C12 ceramide,
0.2 M citrate/phosphate buffer, pH 4.5, 0.3 M NaCl, 10% FBS, and 0.2%
Igepal) for 30 min. NBD-C12 ceramide was purchased from Cayman
Chemical. The reaction was stopped by ethanol (10×) and centrifuged
(13,000 ×g/10 min), and the supernatant (5 μl) was analyzed using
the Acquity H-Class UPLC system (Waters). Separation of the
undegraded NBD-C12 ceramide substrate and NBD-C12 fatty acid reac-
tion product was achieved using a Waters Acquity UPLC BEH C18 col-
umn (2.0 × 30 mm, 1.7 μm). The mobile phase composition for the
gradient system was 13 mM ammonium acetate buffer (pH 7.2) for
a single injection of rhAC. Groups of ~9-week-old Farber disease mice received single i.p.
anized and the amounts of total ceramide (Cer) and sphingosine (Sph) were quantified
mice that were injected with PBS. *indicates p value b 0.05 comparing mice injected with
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mobile phase A and 100% acetonitrile for mobile phase B. The gradient
program was 0–0.1 min 68–0% A, 32–100% B, 0.1–0.4 min 0–68% A,
100–32% B, 0.4–0.8 min 68% A, 32% B at a flow rate of 1.2 ml/min. The
fluorescent product (NBD-C12 fatty acid) was monitored at excitation
and emissionwavelengths of 435 nm and 525 nm, respectively. Quanti-
fication of the product peak was calculated using the Waters Empower
software according to a standard curve derived from commercial NBD-
C12 fatty acid (Avanti).

2.7. MCP-1 Elisa

Immediately following euthanasia, bloodwas collected frommice by
heart puncture and plasma was frozen at −20 °C. MCP-1 levels were
determined by ELISA using a commercial kit (#MJE00, R & D Systems)
according to a protocol supplied by the manufacturer.

2.8. RT-qPCR analysis

After 7 or 14 days of expansion, chondrocytes with and without
rhAC supplementation were harvested from the culture flasks
(~1 × 106 cells/pellet). RNA was extracted using the qiaShredder
and RNeasy Mini Kit (Qiagen, Limburg, Netherlands) and quantified
using the Nanodrop 1000 (Thermo Scientific,Walthman, MA). Comple-
mentary DNA was synthesized using the same amount of RNA
from each group using the high capacity cDNA reverse transcription
Fig. 3. Time-course of ceramide, sphingosine and AC activity in the livers and spleens of Farber d
received single i.p. injections of purified rhAC at a dose of 10mg/kg. At the indicated times post-
(Cer), sphingosine (Sph), and AC activity were quantified and expressed per milligram protein
PBS. *indicates p value b 0.05 comparing mice injected with rhAC to mice injected with PBS. **
kit (Life Technologies, Grand Island, NY) and a Bio\\Rad S1000
thermal cycler (Bio\\Rad, Hercules, CA). RT-qPCR was completed
using the fast universal PCRMaster Mix and primers (Life Technologies,
Grand Island, NY) specific for collagen II (Rn01637087_m1),
aggrecan (Rn00573424_m1), Sox-9 (Rn01751069_mH), and GAPDH
(Rn01775763_g1 as a housekeeping gene), and run on a 7900HT qPCR
machine (Life Technologies, Grand Island, NY). The ΔΔct method was
used to analyze the data and the results were presented as relative
quantity (RQ) fold increase.
2.9. Histopathology

Following euthanasia, the tissues were harvested from mice and
fixed in 10% formalin for 24 h, and then stored in ethanol until ready
for analysis. For H&E staining they were paraffin embedded and sec-
tioned (5 μl) with a microtome.
2.10. Statistics

Comparisons between two groups were performedwith a Student's
t-test. In cases where more than two groups were compared to each
other, a one-way analysis of variance (ANOVA) was used, followed by
a Tukey's HSD test.
iseasemice after a single injection of rhAC. Approximately 9-week-old Farber diseasemice
injection,micewere euthanized (n=3per time point), and the amounts of total ceramide
in tissue extracts. FD indicates untreated, age-matched Farber disease mice injected with
indicates p value b 0.01.



Fig. 5. Spleen weight and plasma MCP-1 levels in Farber disease mice receiving repeat
injections of rhAC. Approximately 3-week-old Farber disease mice received once weekly
i.p. injections of purified rhAC at doses of 1 mg/kg, 3 mg/kg and 10 mg/kg (n = 4-9/
dose). Mice were euthanized when they lost N10% body weight within a one week
period. Spleen weight (A) was expressed per total body weight. MCP-1 (B) was
measured in plasma using ELISA kits (see Materials and Methods). “0” indicates Farber
mice receiving once weekly injections of PBS. The spleen weight and MCP-1 levels in
age-matched, wild-type mice (normal) also is shown. *indicates p value b 0.05
comparing mice treated with rhAC to mice treated with PBS.

Fig. 4. Survival of Farber disease mice receiving repeat injections of rhAC. Approximately 3-week-old Farber disease mice received once weekly i.p. injections of purified rhAC at doses of
1 mg/kg, 3 mg/kg and 10 mg/kg (n = 9-56/dose). Mice were euthanized when they lost N10% body weight within a one week period. Kaplan-Meir plots were used to indicate survival
probability. “0” indicates Farber disease mice receiving once weekly injections of PBS.
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3. Results

3.1. In vitro assessment of rhAC

The rhAC used for this studywas purified from themedia of an over-
expressing CHO cell clone (MST-cp07-cp47). As shown in supplemental
Fig. 1, the enzyme was highly purified and exhibited a ~50 kDa band
under non-reducing SDS PAGE conditions and ~13 kDa and 40 kDa
bands under reducing conditions, corresponding to the expected α-
and β-subunits, respectively. In order to confirm the biological activity
of this secreted enzyme, conditioned media was collected from the
MST-cp07-cp47 cells and added to EBV transformed fibroblasts obtain-
ed from a Farber disease patient [25]. After 24 h the cellswere harvested
and the total ceramides and sphingosine were quantified. Fig. 1 illus-
trates that cells grown in the conditioned media had significantly re-
duced ceramides and elevated sphingosine compared to cells grown
in standardmedia, demonstrating that the secreted rhAC could be inter-
nalized by cells and was catalytically active.

3.2. Acute dosing of Farber disease mice with rhAC

Initial studies in the Farber mice evaluated single administration of
purified rhAC into ~9-week-old animals at 4 different doses (0.1, 1, 10
and 50mg/kg). At this age, affectedmice exhibitmassive ceramide stor-
age in tissues [17]. Intraperitoneal (i.p.) injections were used rather
than tail vein due to the extremely small size of the mice and relatively
large volume (~75 μl) required for the high dose (50 mg/kg) injection.

Fig. 2 shows the effect of the different rhAC doses on total ceramides
and sphingosine in the livers and spleens of the Farber disease mice at
24 h post-injection. Overall, rhAC administration led to ceramide reduc-
tions in both tissues, albeit the maximal reductions were only ~40%,
likely due to the massive ceramide build-up at the time of injection
and the fact that only a single administration of rhAC was used. There
was some benefit of higher dosing, but no clear dose response. In con-
trast to ceramide reduction, a dose-responsive increase in sphingosine
was observed in livers and spleens. Importantly, no adverse reactions
to the enzyme injections were evident, including when animals were
dosed at 50 mg/kg.

To further evaluate the pharmacokinetics of the enzyme in vivo,
Farber disease mice received a single rhAC injection of 10 mg/kg, and
AC activity, total ceramides, and sphingosine were determined in the
livers and spleens at 12, 24, 48, 72, and 168 h post-injection (Fig. 3).
AC activity in the liver peaked at 12 h post-injection, and was main-
tained for up to 48 h. By 72 h the liver AC activity returned to baseline.
Liver ceramides were maximally reduced by 24 h and remained at
these low levels for up to 168 h (7 days). Sphingosine levels were in-
creased at 12 h post-injection (corresponding with ceramide
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breakdown), but returned to baseline by 24 h. This indicated either
rapid degradation or metabolism of the rhAC-derived sphingosine.

A similar pharmacokinetic pattern was observed in spleens, except
that the peak AC activity was slightly delayed compared to the liver
(peak AC activity at 24 vs. 12 h). We also evaluated the plasma half-
life of AC activity in Farber disease mice following single tail vein injec-
tion, and found that the T1/2 was ~36 min (Supplemental Fig. 2).

Based on the above dosing studies, we concluded that rhACwas bio-
active in vivo (reduced ceramide and produced sphingosine), and that
single i.p. injections into Farber disease mice could be well tolerated at
doses up to 50 mg/kg. We also hypothesized that repeat dosing of at
least once per week should be sufficient to maintain low ceramides
and achieve therapeutic effects due to the relatively slow rate of re-ac-
cumulation after enzyme administration.

3.3. Repeat dosing of Farber disease mice with rhAC

Next, groups of Farber disease mice were injected i.p. with three
doses of rhAC (1, 3 and 10 mg/kg), once per week beginning at
~3 weeks of age. Mice were maintained on enzyme treatment until
they required euthanasia according to IACUC protocol (loss of N10%
body weight within 1 week). Thus, the primary endpoint for this
study was survival.

Fig. 4 illustrates amodest benefit of enzyme injection on survival, ev-
ident in all treatment groups. However, no dose responsewas observed.
Modest effects of ERT on prevention of weight loss also were found, but
again no clear dose response was noted (Supplemental Fig. 3). When
Fig. 6.Ceramide in tissues of Farber diseasemice receiving repeat injections of rhAC. Approxima
doses of 1mg/kg, 3mg/kg and10mg/kg (n=4–10/dose).Micewere euthanizedwhen they lost
in tissue extracts as described in the Materials and Methods. “0” indicates Farber disease mice
with rhAC to mice treated with PBS. **indicates p value b 0.01.
themice reached their euthanasia endpoint, blood and tissueswere col-
lected for analysis. Since survival was the primary endpoint for this
study, not all animals received the same number of enzyme injections
or were the same age prior to euthanasia. Euthanasia was carried out
within 2–3 days of the last enzyme injection.

ERT reduced spleen weight in the Farber disease mice to that of nor-
mal mice, even at the 1mg/kg dose (Fig. 5A). There was an incremental,
albeit small, benefit of higher doses. Plasma MCP-1, a macrophage che-
mokine that is elevated in Farber diseasemice and patients [17,27], also
was significantly reduced by ERT, although the levels never reached
those of normal animals (Fig. 5B). As with spleen size, there was a
small incremental benefit of doses above 1 mg/kg.

Total ceramides and sphingosine were quantified in six tissues
(liver, spleen, kidney, lung, heart and brain) after euthanasia. Dose re-
sponsive reduction of ceramides by ERT was observed in all tissues
(Fig. 6). Liver ceramides were reduced to normal, spleen ceramides
were reduced by N80%, and heart, lung and kidney ceramides were re-
duced by N60%. Surprisingly, brain ceramides were modestly reduced
compared to untreated Farber disease mice at doses up to 3 mg/kg.

Of interest, we also found that sphingosine was substantially elevat-
ed in several Farber disease mouse tissues (liver, kidney and brain)
(Fig. 7, normal vs. untreated).We assume that the elevation of sphingo-
sine in these tissues was due to breakdown of accumulating ceramides
by non-lysosomal ceramidases. Following rhAC administration, sphin-
gosine levels were reduced to normal by ERT in the liver and brain,
and also significantly reduced in the kidney. A clear dose response
was observed.
tely 3-week-old Farber diseasemice received onceweekly i.p. injections of purified rhAC at
N10% bodyweightwithin a oneweek period. Total ceramide (Cer) levelswere determined
receiving once weekly injections of PBS. *indicates p value b 0.05 comparing mice treated



91X. He et al. / BBA Clinical 7 (2017) 85–96
Histological assessments also were carried out on representative
liver and spleen sections from treated and control Farber disease mice,
and reductions of storage macrophages were observed following ERT
(Fig. 8A,B). All Farber disease mice tolerated the repeat enzyme injec-
tions well and no drug-related adverse events were noted.

Overall, the above findings demonstrated that ERT in Farber disease
mice had a significant impact on several important endpoints, including
tissue ceramides and sphingosine, macrophage infiltration, spleen size,
and plasma MCP-1 levels. Surprisingly, there also was some evidence
that rhAC might influence the brain (e.g., reduction of accumulating
sphingosine).

To further explore these findings, we next carried out a study in
which Farber disease mice were treated with rhAC at a dose of
10 mg/kg (once weekly, i.p.), starting at ~3 days of age, immediately
after genotyping. The rationale underlying this study was that early
treatment might provide additional benefit in the brain, as in other
mouse LSD studies [28].

As shown in supplemental Fig. 4, early treatment provided a signifi-
cant survival benefit (mean survival of 101 days vs. 78 days). Lipid anal-
yses (Fig. 9) further showed that ceramides in liver, spleen, heart, and
lung also were reduced in animals undergoing early ERT treatment as
compared to those started at 3weeks. Surprisingly however, early treat-
ment resulted in higher ceramides in kidney and brain. It should
be noted that mice subjected to early treatment received on average
~6–7 more rhAC injections than those started at 3 weeks due to the
early starting age and longer survival period. Sphingosine also was
Fig. 7. Sphingosine in tissues of Farber diseasemice receiving repeat injections of rhAC. Approxim
at doses of 1 mg/kg, 3 mg/kg and 10 mg/kg (n = 4–10/dose). Mice were euthanized when th
determined in tissue extracts as described in the Materials and Methods. “0” indicates Farber d
mice treated with rhAC to mice treated with PBS. **indicates p value b 0.01.
significantly reduced in the livers with early treatment, and modestly
reduced in the lung. The levels in other organs were comparable be-
tween the two treatment groups (supplemental Fig. 5).

3.4. In vitro assessment of rhAC treatment on Farber disease mouse
chondrocytes

As noted above, macrophage-filled nodules (“lipogranulomas”)
form at cartilage sites in all or most Farber disease patients, leading to
debilitating cartilage disease. Farber disease mice do not form visible
nodules, and thus this feature of the human disorder could not be eval-
uated in these ERT studies. However, we isolated chondrocytes from the
affectedmice and treated themwith rhAC in vitro to assess enzyme up-
take and efficacy by this important cell type. As shown in Fig. 10,
chondrocytes from untreated Farber disease mice exhibited very low
expression of several chondrogenic marker genes (collagen 2, aggrecan
and Sox-9), and addition of rhAC to the culture media markedly en-
hanced their expression at days 7 and 14. These findings demonstrated
uptake of the enzyme by this important pathologic cell type and the po-
tential of correcting the chondrogenic phenotype in Farber disease.

4. Discussion

The goal of these experiments was to use themousemodel of Farber
disease to establish proof-of-concept for future ERT studies in Farber
disease patients. The Farber disease mouse is a knock-in of a severe
ately 3-week-old Farber diseasemice received onceweekly i.p. injections of purified rhAC
ey lost N10% body weight within a one week period. Total sphingosine (Sph) levels were
isease mice receiving once weekly injections of PBS. *indicates p value b 0.05 comparing
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human Farber disease mutation (P362R), and correspondingly themice
exhibit a severe disease that results in death between ~7–13 weeks of
age [17]. Affected mice are exceptionally small and exhibit failure to
thrive and a rapid decline beginning at ~4–5 weeks of age. As in pa-
tients, they accumulate ceramides in most tissues and exhibit macro-
phage infiltration. They also have high levels of several inflammatory
biomarkers, of which MCP-1 is the most significant and consistent. Un-
like patients, Farber disease mice do not develop visible nodules at car-
tilage sites, although there is histological evidence of macrophage
infiltration in cartilage and synovial tissues. The fact that they do not de-
velop the lipogranulomatous nodules characteristic of human disease
might be due to their markedly shortened lifespan.

The rhAC used for these studieswas purified from themedia of over-
expressing CHO cells. The cell line expressed the same cDNA as in our
previous work [9], except that it was prepared and maintained under
“good manufacturing practice” (GMP) conditions. In addition, the puri-
fication protocolwasmodified fromour previouswork to accommodate
scale-up and eventual clinical use. As shown in supplemental Fig. 1, this
rhAC exhibited the same molecular weight and subunit association as
A

Fig. 8. Histology in liver and spleen sections from Farber disease mice receiving repeat injec
injections of purified rhAC at doses of 1 mg/kg, 3 mg/kg and 10 mg/kg (n = 4–10/dose). Mice
and spleens (B) were fixed in formalin, sectioned and subjected to H&E staining. “0” indicates
wild-type mice. Representative sections are shown from mice in each dose group. Magnificatio
our previous rhAC. To confirm the bioactivity of this enzyme, condi-
tioned media from the overexpressing CHO cells was used to grow
SV40-transformed Farber disease skinfibroblasts. This co-mixing exper-
iment resulted in significant ceramide reduction and sphingosine eleva-
tion compared to cells grown in standard tissue culture media.

Acute injection studies using this rhAC in the Farber disease mice
further revealed the bioactivity of this enzyme, resulting in a reduction
of tissue ceramides and production of sphingosine. Several important
findings were observed from these acute dosing studies: a) doses as
low as 0.1 mg/kg had biological effect, b) doses up to 50 mg/kg were
well tolerated and exhibited no toxic effect, c) there was no advantage
of the 50 mg/kg dose compared to 10 mg/kg, d) sphingosine elevation
exhibited a more linear and dose responsive pattern than ceramide re-
duction, and e) even in 9-week-old animals with considerable disease,
reversal of ceramide storage was evident. It was also notable that after
a single injection of rhAC ceramide levels remained reduced for up to
1 week, indicating a relatively slow re-accumulation rate.

Several interesting points arise from these observations. At the out-
setwe predicted that wemight observe some toxicity to high dose rhAC
tions of rhAC. Approximately 3-week-old Farber disease mice received once weekly i.p.
were euthanized when they lost N10% body weight within a one week period. Livers (A)
Farber disease mice receiving once weekly injections of PBS. WT indicates age-matched
n = 20×.
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administration in Farber disease mice, in part due to the production of
sphingosine, a highly toxic and bioactive sphingolipid, particularly in
the liver where the majority of the rhAC is delivered. Such a high dose
toxicity has been observed in acid sphingomyelinase deficient
(Niemann-Pick disease) mice, and was attributed to the production of
ceramide, which is subsequently converted to sphingosine [29]. We
did not observe this in the Farber disease mice, perhaps due to the rela-
tively low levels of sphingosineproduced and the transient nature of the
elevation. In fact, although nanomole levels of sphingosine should have
been produced in tissues from ceramide hydrolysis by rhAC, only pico-
mole levels were detected (see Figs. 2 & 3). This indicated that the ma-
jority of the sphingosine produced by rhACwas either rapidly degraded
or re-metabolized. In the future it will be of interest to examine the
baseline levels of enzymes involved in sphingosine metabolism in
Farber disease mice and patients, including sphingosine kinases and
sphingosine lysase, to see if overexpression of these enzymes could be
responsible for this observation. The current data also warrant a more
detailed analysis to identify additional sphingolipid metabolites that
might be produced by rhAC treatment and could represent pharmaco-
dynamics markers for future clinical trials. Also, the fact that acute dos-
ing studies in the Farber disease mice revealed a relatively slow re-
accumulation of ceramide after enzyme administration suggests that
this ERT can likely be administered to Farber disease patients in the clin-
ic every other week, or perhaps less frequently. It is also of interest that
following rhAC administration we observed expression of AC activity in
the liver for up to 48 h (Fig. 3), which could provide a sustained pool of
enzyme for delivery to other tissues.

We next evaluated repeat administration of the enzyme in the
Farber disease mice. Treatment was started at ~3 weeks (immediately
after weaning) since even at this young age affected mice exhibit pa-
thology. We considered this design clinically relevant since Farber dis-
ease patients commonly go through a period of delayed diagnosis, and
are therefore likely to exhibit established disease before treatment is
initiated. Due to their very small size and difficulty injecting the tail
vein, we chose to use i.p. injections for more consistent dosing. Howev-
er, in the clinic it is likely that rhAC will be administered by i.v. infusion.
Work in other LSD animal models has shown that following i.p. injec-
tions in mice, recombinant enzymes exhibit a delayed but sustained re-
lease into the blood, after which they follow a similar pharmacology to
tail vein injections [30].

The liver is the major site of enzyme uptake for both i.v. and i.p. in-
jections. Correspondingly, in our studies liver exhibited themost consis-
tent response to rhAC administration. Liver ceramides, which are
massively elevated in the Farber disease mice, were reduced to normal



Fig. 9. Ceramide levels in tissues of Farber diseasemice receiving repeat injections of rhAC starting at two different ages. Farber diseasemice received onceweekly i.p. injections of purified
rhAC (10mg/kg) starting at 3 days (early) or 3weeks (late) of age (n=7–11/age).Micewere euthanizedwhen they lost N10% bodyweightwithin a oneweek period. Total ceramide (Cer)
levels were determined in tissue extracts as described in the Materials and Methods. *indicates p value b 0.05 comparing mice treated early to late. **indicates p value b 0.01.
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(Fig. 6). The lowest dose evaluated (1 mg/kg) exhibited a N 80% reduc-
tion in liver ceramides. Spleen, heart, kidney and lung each exhibited
significant ceramide reductions as well. Surprisingly, even brain exhib-
ited some ceramide reduction at the 1 mg/kg and 3 mg/kg doses.

It is also notable that three tissues in the Farber disease mice (brain,
liver and kidney) exhibited significant sphingosine storage, and that
rhAC treatment resulted in depletion from each of these tissues. The or-
igin of sphingosine storage in Farber disease remains unknown, but
Fig. 10. Effect of rhAC on chondrocytes from Farber diseasemice. Primary chondrocytes were ob
pooled to establish cultures, and grown in standardmedia (−) or media containing purified rhA
was then used to assess the expression of three chondrogenicmarker genes: collagen 2, aggreca
from healthy mice in standard media. The results of two separate experiments (Exp 1 and 2) a
could be due to progressive degradation of accumulating ceramides
that distribute from lysosomes to other cellular compartments where
they are exposed to other ceramidases.

It is important to recognize that the primary endpoint in these re-
peat administration experiments was survival, and that we therefore
treated the Farber disease mice until they exhibited a weight loss that
required euthanasia according to our IACUC protocol. Thus, not all ani-
mals received the same number of injections, even if they received the
tained from the humeri of 4-6 week-old Farber diseasemice. Cells from 5 to 10mice were
C (12.5 μg/ml) for 7 days or 14 days. rhACwas added once at the time of cell plating. qPCR
n and Sox-9. The dotted lines indicate the expression of these genes in chondrocytes grown
re shown.
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samedose. This could contribute to variability of the datawithin andbe-
tween dose groups. Overall, we did observe amodest survival benefit to
rhAC administration (on average ~10-days), although there was no
clear dose response (Fig. 4).

Of interest, when we started rhAC administration (10 mg/kg) at an
earlier age (~3 days vs. 3 weeks), the survival benefit was significantly
extended (supplemental Fig. 4). Studies in other LSD mouse models
have shown that such early enzyme administrationmay facilitate deliv-
ery to the brain due to the delayed closing of the blood-brain barrier
[28], and we hypothesize that this might be the case here. Although
the cause of death has not been established in the Farber disease mice,
there is substantial brain pathology in this model that could be contrib-
uting to the early death [31]. However, ceramide was not substantially
reduced in the brain by early treatment, and in fact was even elevated
(as in the kidney). The mechanism underlying this finding remains un-
known, but it did not seem to reduce the survival benefit resulting from
early rhAC therapy.

In the future these dose-responsive lipid changes should be further
evaluated. For example, the question ofwhy some tissues demonstrated
higher ceramide levels at the higher doses or when enzyme administra-
tionwas started at a very early age requires further attention, as does its
relationship to the enhanced survival. That said, the data presented here
clearly showelevation of tissue ceramides and sphingosine in the Farber
disease mice, and that repeat administration of rhAC led to significant
reductions of these lipids in most tissues.

We also followed spleenweight in the treatedmice, and noted a very
significant reduction in response to rhAC administration. Even at the
1 mg/kg dose the spleen size was reduced to near normal. We similarly
determined the levels of MCP-1 in the plasma of the treatedmice. MCP-
1 is a macrophage chemokine that is significantly elevated in the blood
of Farber disease mice and patients [17,27], and we observed a signifi-
cant reduction in themice receiving rhAC administration. In animals re-
ceiving 1mg/kg rhAC,MCP-1was reduced ~50%, although no clear dose
response was observed in the 3 and 10 mg/kg groups and the levels
never reached those of normal animals. Consistent with the reduction
inMCP-1, we also observed reducedmacrophage infiltration into Farber
disease mouse liver and spleen following rhAC administration.

Thus, from the repeat administration studies we conclude that rhAC
a) can be safely administered to Farber disease mice, b) is bioactive and
results in significant ceramide and sphingosine changes in tissues, c) re-
sults in a small survival advantage in a model of severe Farber disease
that can be improved by early administration, d) normalizes spleen
size, e) significantly reduces plasmaMCP-1, and f) reduces macrophage
infiltration into tissues.

Lastly, although this Farber disease mouse model does not develop
visible nodules at cartilage sites, we did isolate primary chondrocytes
and show for thefirst time that therewas very low expression of several
genes essential for chondrodifferentiation (aggrecan, collagen 2, sox-9).
Addition of rhAC to the culturemedia could correct this phenotype, fur-
ther indicating the bioactivity of the enzyme and the fact that it can be
taken up by this important cell type. We and others have shown that
there is an important and unique relationship between sphingolipids
and cartilage integrity [32,33], and in the future it will be interesting
to examine this further in the context of Farber disease.

Overall, we conclude that these proof-of-concept studies support the
further development of ERT for this disorder. rhAC administration re-
sulted in significant correction of the tissue lipid profiles and also signif-
icantly reduced at least one important inflammatory cytokine (MCP-1),
as well as the infiltration of inflammatory cells into tissues. Spleen
weight also was normalized and there was a modest effect on lifespan.
Additional studies are required to further delineate the dose responsive
changes in this model, particularly the changes in individual ceramides
and changes in additional plasmabiomarkers. Although thepotential ef-
fect of ERT on the lipogranulomatous nodules in skin and cartilage of
Farber disease patients could not be evaluated in this model, given the
clear effect of the enzyme on reducing the inflammatory profile and
macrophage infiltration in other tissues it is expected that they will be
reduced significantly in patients receiving ERT since they are primarily
composed of such macrophages. This supposition is further supported
by the resolution of the macrophage-filled subcutaneous and laryngeal
nodules in Farber disease patients after HSCT [21].
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