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Abstract

Acid Ceramidase Deficiency (Farber Disease, FD) is an ultra-rare Lysosomal Storage Disorder 

that is poorly understood and often misdiagnosed as Juvenile Idiopathic Arthritis (JIA). Hallmarks 

of FD are accumulation of ceramides, widespread macrophage infiltration, splenomegaly, and 

lymphocytosis. The cytokines involved in this abnormal hematopoietic state are unknown. There 

are dozens of ceramide species and derivatives, but the specific ones that accumulate in FD have 

not been investigated. We used a multiplex assay to analyze cytokines and mass spectrometry to 

analyze ceramides in plasma from patients and mice with FD, controls, Farber patients treated by 

hematopoietic stem cell transplantation (HSCT), JIA patients, and patients with Gaucher disease. 

KC, MIP-1α, and MCP-1 were sequentially upregulated in plasma from FD mice. MCP-1, IL-10, 

IL-6, IL-12, and VEGF levels were elevated in plasma from Farber patients but not in control or 

JIA patients. C16-Ceramide (C16-Cer) and dhC16-Cer were upregulated in plasma from FD mice. 

a-OH-C18-Cer, dhC12-Cer, dhC24:1-Cer, and C22:1-Cer-1P accumulated in plasma from patients 

with FD. Most cytokines and only a-OH-C18-Cer returned to baseline levels in HSCT-treated 

Farber patients. Sphingosines were not altered. Chitotriosidase activity was also relatively low. A 

unique cytokine and ceramide profile was seen in the plasma of Farber patients that was not 

observed in plasma from HSCT-treated Farber patients, JIA patients, or Gaucher patients. The 

cytokine profile can potentially be used to prevent misdiagnosis of Farber as JIA and to monitor 

the response to treatment. Further understanding of why these signaling molecules and lipids are 

elevated can lead to better understanding of the etiology and pathophysiology of FD and inform 

development of future treatments.
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1. Introduction

Acid Ceramidase Deficiency (Farber Disease, FD; Farber Lipogranulomatosis, OMIM 

#228000) is an ultra-rare, autosomally recessive inherited Lysosomal Storage Disorder 

(LSD). It is caused by mutations in ASAH1, which encodes for the lipid-processing enzyme, 

acid ceramidase (ACDase, EC 3.5.1.23). This deficiency results in the accumulation of 

ceramides and many downstream effects, leading to a multisystem disorder that is often 

lethal in childhood. Hematopoietic stem cell transplantation (HSCT) is currently the only 

treatment available for FD, but it is not consistently successful and is associated with severe, 

even life-threatening, side effects. A better understanding of the biology of FD is needed to 
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develop more effective treatments. As well, ceramides are fundamental sphingolipids 

involved in many cellular processes. A better understanding of their biology will have a far-

reaching impact.1

One of the most pronounced results of FD is perturbation of the hematopoietic system. 

Patients and mice with FD have splenomegaly, lymphocytosis, and excess macrophage 

infiltration into many organs [1,2]. They also develop granuloma-like lesions, principally at 

cartilage sites, that are composed of immune cells including lipid-filled macrophages and 

neutrophils. We previously described the hematopoietic abnormalities in our mouse model 

of FD and found that by the end of life (9 weeks of age) the bone marrow, thymus, spleen, 

and lymph nodes of Farber mice were packed with foamy macrophages; B and T progenitor 

cells were almost completely absent; and hematopoietic stem and progenitor cells were 

significantly increased in the bone marrow [3]. In other LSDs that present with macrophage 

involvement, such as Gaucher disease and Niemann-Pick disease, chitotriosidase levels in 

plasma can be elevated [4, 5]. To our knowledge, however, chitotriosidase activity has not 

been evaluated in the plasma of patients with FD.

Hematopoiesis and immune cell control is complex, being regulated primarily by cis- and 

trans-acting cytokines. Sphingolipids also play a role in cell signaling. Normally, ACDase 

converts ceramide into sphingosine and a free fatty acid. In FD, this enzyme has minimal 

functionality, resulting in bulk ceramide accumulation in patients and mice [1,2]. There are 

dozens of ceramide molecular species that vary by their carbon chain length, degree of 

unsaturation and hydroxylation, and the presence or absence of phosphates. The specific 

ceramide species that accumulate in FD have not been investigated in detail. Identification of 

these ceramide species is critical to understand which lipids may be causing the detrimental 

effects of FD. Additionally, it may be expected that sphingosine levels are reduced in 

ACDase deficiency, but this has not been confirmed. Along these lines, we previously found 

that some cytokines were elevated in aged Farber mice [2]; here we supplement that study 

by adding younger mice to visualize the timeline of cytokine changes and extend such 

analyses to include samples obtained from FD patients as well. To examine whether this 

elevated cytokine pattern is unique to FD, we also compare the profile with that obtained 

from another macrophage-prominent LSD, Gaucher disease. In addition to analyzing 

cytokines and ceramides, we also measured the activity of chitotriosidase in plasma from 

patients with FD, which can be up to 1000-fold elevated in plasma from patients with 

Gaucher disease [6].

In addition to being poorly understood, FD is likely underdiagnosed or misdiagnosed. 

Definite diagnosis of FD patients can be established by measuring ACDase enzymatic 

1Abbreviations: AC, acid ceramidase; bFGF, basic fibroblast growth factor; Cer, ceramide; EDTA, ethylenediaminetetraacetic acid; 
EGF, epidermal growth factor ERK, extracellularly regulated kinases; FD, Farber Disease; G-CSF, granulocyte colony-stimulating 
factor; GM-CSF, granulocyte macrophage colony-stimulating factor; Het, heterozygous; HGF, hepatocyte growth factor; Hom, 
homozygous; HSCT, hematopoietic stem cell transplantation; IFNa, interferon alpha; IFNg, interferon gamma; IL, interleukin; IP-10, 
interferon gamma-induced protein 10; JIA, Juvenile Idiopathic Arthritis; KC, keratinocyte chemoattractant; LC-MS/MS, liquid 
chromatography-tandem mass spectrometry; LSD, Lysosomal Storage Disorder; MCP-1, monocyte chemotactic protein 1; MIG, 
monokine induced by gamma interferon; MIP-1a, macrophage inflammatory protein 1a; RANTES, regulated on activation, normal T 
cell expressed and secreted; PI3K, phosphatidylinositol 3-kinase; MEK, mitogenactivated protein kinase kinase; SMA-PME, spinal 
muscular atrophy with progressive myoclonic epilepsy; TNFa, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; 
WT, wild-type
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activity and/or sequencing the ASAH1 gene. ACDase activity is determined in leukocytes 

collected from peripheral blood or from skin fibroblasts obtained by a biopsy. Analysis of 

variations in the ASAH1 sequence is done by comparisons with known Farber mutations, 

which are limited by the small number of case reports, and by software that predict the 

detrimental impact of mutations. Should a patient have a unique mutation, the geneticist may 

not be able to differentiate between a disease-causing or non-disease-causing ASAH1 
polymorphism due to limited historical information.

Another obstacle is misdiagnosis. Joint abnormalities (e.g., contractures, pain) may also 

occur in Juvenile Idiopathic Arthritis (JIA), resulting in the misdiagnosis of Farber patients 

[7–9]. Several physicians submitting samples to this study (B.M., J.M., B.H., B.M.) have 

reported moderate responses of certain Farber symptoms (joint disease and inflammation) to 

treatment with biologic therapies used in treating JIA (TNF-α inhibitors, Interleukin-6 

receptor blockers), which indicates an additional facet that may perpetuate a misdiagnosis of 

JIA in the clinic. Indeed, 36% of case reports of patients with moderate FD were initially 

misdiagnosed as JIA [10]. Here, we identify the cytokines and ceramides that are changed in 

the plasma of patients with FD. These results can help investigators understand the 

pathobiology of FD and allow for better differentiation between FD and inflammatory 

arthropathies such as JIA.

2. Materials and Methods

2.1 Sample collection

Blood samples were collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes from 

5-, 7-, 9- and 11-week-old mice homozygous for the FD mutation Asah1P361R/P361R (Hom), 

heterozygous for the mutation (Het), or WT [2]. Three to four samples were collected for 

each genotype for 5-, 7-, and 9-week-old mice, and two samples per genotype for 11-week-

old mice. Samples were centrifuged at 1377×g for 5 minutes at room temperature, and 

plasma samples were stored at −80°C until use.

Human samples were collected from 15 patients with FD, 5 patients with FD who underwent 

HSCT, 5 patients with JIA, and 11 patients with Gaucher disease. The unaffected parents 

and siblings of these patients were used as controls; for a total of 39 samples. Blood was 

collected in EDTA-coated tubes, plasma was separated from cells by centrifugation as 

above, and white blood cells were isolated. Treating physicians also filled in a questionnaire 

about the patient’s history with FD. Samples and patient information were collected in 

accordance with a protocol approved by the University Health Network Research Ethics 

Board. The data were kept anonymous.

2.2 Determination of ACDase activity

The in vitro activity of ACDase was measured from patient leukocytes using a modification 

of the method previously published [11]. Briefly, for each assay 3 µl of substrate buffer (0.2 

M citrate-phosphate, pH 5 containing 0.2% Igepal CA-630, 0.3 M NaCl, and 200 µM C12-

NBD ceramide (Cayman Chemical)) was mixed with 3 µl of leukocyte cell lysate, vortexed 

and then incubated at 37°C for 1 hour. The reaction was stopped by adding 100% ethanol 
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followed by centrifugation at 13 000×g for 5 min. 35 µl of supernatant was removed and 

applied onto a UPLC system (Waters Acquity H-Class) with fluorescent detector for 

analysis.

2.3 Determinatino of chitotriosidase activity

Chitotriosidase activity was measured in the plasma of Farber patients and parental/sibling 

controls. Gaucher patient plasma was used as a reference. The chitotriosidase activity of the 

Gaucher patient plasma was independently determined by Dr. Levade, and the samples were 

classified as ‘Gaucher High’ and ‘Gaucher Low.’ Chitotriosidase activity was determined by 

incubation of 5 µl of plasma with 4-methylumbelliferyl β-D-N,N′,N″-triacetylchitotrioside 

(Sigma) for 1 hour. The reaction was stopped by adding 0.5 M glycine-NaOH at pH 10.5. 

Fluorescence intensity was measured at 358/448 nm.

2.4 Quantitation of lipids by mass spectrometry

Sphingolipid analysis was performed by liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) by the Lipidomics Shared Resource at the Medical University of South 

Carolina as described previously [12]. The specific sphingolipids measured were ceramides 

(Cer), dihydroceramides (dhCer), alpha-hydroxylated ceramides (a-OH-Cer), and 

phosphorylated ceramides (Cer-1P) of chain lengths C14 to C26. Sphingosine (Sph), 

phosphorylated sphingosine (Sph-1P), dihydrosphingosine (sphinganine, dhSph), and 

phosphorylated dihydrosphingosine (dhSph-1P) were also measured.

2.5 Cytokine analysis

Cytokine levels were analyzed from mouse plasma using the Bio-Plex Pro Mouse Cytokine 

23-plex Assay (Bio-Rad) as per the manufacturer’s instructions. Human plasma was 

analyzed for cytokine levels using the Cytokine Human Magnetic 30-Plex Panel (Novex). 

Luminescence was quantified on the Luminex 100 instrument (Luminex). Data where low 

bead count was observed (<45 beads) was omitted. Where individual data points were below 

the detection limit of the kit, values were set to half of the detection limit. Where individual 

data points were above the detection limit, values were set to the top of the detection level. 

Heatmaps were generated in the statistical software program R using the gplots package 

[13].

2.6 Statistics

Comparisons of cytokine and ceramide levels between Farber mice of different ages and 

humans with different disease status was performed using Prism 5.0c. Each cytokine was 

analyzed by a one-way-ANOVA followed by Bonferroni’s Multiple Comparison Test. If 

Bartlett’s test for equal variances indicated that the variance was significantly different, then 

the Kruskal-Wallis test was performed followed by Dunn’s Multiple Comparison test. The 

significance between cytokines and gender of the patient was assessed using a two-tailed t-

test in Microsoft Excel. The R2 value when correlating cytokines with the age at sample 

collection or ACDase activity, or when correlating one cytokine with another, was calculated 

using Microsoft Excel.
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3. Results

3.1 Circulating cytokine levels

Plasma was isolated from wild-type (WT), heterozygous (Het), and homozygous (Hom) 

Asah1P361R mice aged 5, 7, and 9 weeks, and WT and Hom mice aged 11 weeks, and 

cytokines were analyzed by a multiplex assay. The selected data points span the start of the 

observable disease in this mouse model, as the immune system is compromised between 5 

and 7 weeks [3], and the end of their life (9–11 weeks). Circulating levels of monocyte 

chemotactic protein 1 (MCP-1, CCL2), macrophage inflammatory protein1a (MIP-1a, 

CCL3), and keratinocyte chemoattractant (KC, CXCL1) were elevated in Hom mice 

compared to WT and Het mice during this time-course (Fig. 1). These cytokines were 

elevated early, but each peaked at a different age: KC at 7 weeks, MIP-1a at 9 weeks, and 

MCP-1 was highest at the end of life. Cytokine levels that were not significantly different 

(though some show trends towards elevation) were interleukin (IL)-1a, IL-1b, IL-2, IL-4, 

IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, basic fibroblast growth factor (bFGF), granulocyte 

macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFNg), interferon 

gamma-induced protein 10 (IP-10), monokine induced by gamma interferon (MIG), tumor 

necrosis factor alpha (TNFa), and vascular endothelial growth factor (VEGF) (Fig. S1).

Plasma was also obtained from the following human patient populations: patients with 

confirmed FD, patients with FD treated by HSCT, and patients with JIA confirmed not to 

have FD. Cytokine levels in these human samples were analyzed by multiplex assay and 

compared to parental and sibling controls (when available). MCP-1, IP-10, and IL-6 were all 

dramatically elevated in samples from Farber patients compared to those obtained from 

control and JIA patients. Strikingly, levels of these cytokines were normalized in Farber 

patients that had received HSCT (Fig. 2A–C). IL-12 was also elevated significantly in Farber 

patients compared to controls, and VEGF was significantly elevated in Farber patients 

compared to controls and those patients with JIA (Fig. 2D–E). As observed in mice, the 

levels of several cytokines were not significantly different between FD and controls. These 

were IL-1b, IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-7, IL-8, IL-10, IL-13, IL-15, IL-17, bFGF, 

epidermal growth factor (EGF), eoxtaxin, granulocyte colony-stimulating factor (G-CSF), 

GM-CSF, hepatocyte growth factor (HGF), interferon alpha (IFNa), IFNg, MIG, MIP-1a, 

MIP-1b, regulated on activation, normal T cell expressed and secreted (RANTES), and 

TNFa (Fig. S2).

To examine whether the elevated cytokine profile we saw in plasma from patients with FD 

was specific to this disorder and not a general pattern seen in LSDs with inflammatory 

manifestations, we compared our results to those samples obtained from patients with 

Gaucher disease. Gaucher disease also has macrophage involvement, and has been reported 

to manifest with elevated inflammatory markers [14, 15]. The cytokine elevation was much 

more pronounced in FD than in Gaucher disease for MCP-1, IP-10, and IL-6. IL-12 was 

much more elevated in Gaucher disease than in FD (Figure S3).

The significantly altered cytokines in FD were informative in classifying the samples. When 

unbiased hierarchical clustering was performed utilizing the top five cytokines in terms of 

expression increases, 10 of 13 Farber patients clustered together, away from controls, HSCT, 
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and JIA samples (Fig. 2F). Two of the three patients who did not cluster with the Farber 

patients had an attenuated Farber phenotype: relatively mild symptoms and little impairment 

of daily functioning at over 20 years old, a rare age for patients with FD to reach based on 

reports published in the literature so far. Importantly, MCP-1 levels generated the same 

clustering pattern alone (Fig. 2G). Using all of the cytokines together did not result in better 

clustering, nor did using any of the other top five cytokines individually (Fig. S4). 

Interestingly, plasma from the single Erdheim-Chester disease patient analyzed, a disease 

with a different clinical phenotype but similar histopathologic changes, clustered near the 

Farber patients [16].

To better understand how these cytokines could play a role in FD, we identified patterns 

through correlation analysis. Only IL-12 and VEGF positively correlated with each other 

(Fig. S5H). Other cytokine pairs did not correlate (Fig. S5). We also investigated the 

relationship between the ACDase activity measured in Farber patient leukocytes or the age 

of patients at sample collection with these cytokines. Only MCP-1 levels correlated in a 

strongly negative fashion with leukocyte ACDase activity (Fig. S6F). No cytokine levels 

correlated with the age at sample collection or the sex of the patient, nor did any additional 

cytokines correlate with ACDase activity (Fig. S6, Table S1).

3.2 Plasma ceramide levels

ACDase degrades ceramides into sphingosine and a free fatty acid. In FD, bulk ceramides 

accumulate due to deficient ACDase activity. To identify which of the dozens of ceramide 

species are altered in plasma from FD patients and mice, mass spectrometry was used. 

Ceramides were analyzed in the plasma of 5- and 9-week-old WT, Het, and Hom Farber 

mice, and human Farber and JIA patients, controls, and Farber patients treated with HSCT. 

Only C16-Ceramide (C16-Cer) and dhC16-Cer were significantly elevated in Hom Farber 

mouse plasma (Fig. 3), and in Farber patient plasmas only alpha-hydroxy-C18-Cer, dhC12-

Cer, dhC24:1-Cer, and C22:1-Cer-1-phosphate (C22:1-Cer-1P) were significantly elevated 

compared to controls (Fig. 4A–D). Of those ceramides elevated in Farber patient plasma, 

only alpha-hydroxy-C18-Cer was normalized following HSCT. In samples from Farber 

patients that had received HSCT, C20:1-Cer was slightly elevated compared to samples from 

untreated Farber patients (Fig. 4E), and dhC18-Cer was higher than seen in control samples 

or those from JIA patients (Fig. 4F). None of these ceramides could be used to group Farber 

patients using unbiased hierarchical clustering (Fig. 4G, S12). Most were not significantly 

different (Fig. S7, S9, S10). Quite surprisingly, the levels of sphingosine and its derivatives 

were also unchanged (Fig. S8, S11).

There were strong correlations between some of the altered ceramide species: C20:1-Cer 

and dhC18-Cer had a very strong negative correlation, meaning that one may be 

metabolically related to the other. dhC12-Cer had a strong and very strong positive 

correlation, respectively, with dhC24:1-Cer and aOH-C18-Cer (Fig. 4H–J). Other 

correlations were not found (Fig. S13). There was also negative correlation of ceramide 

species with the age at sample collection: dhC24:1-Cer, and aOH-C18-Cer correlated very 

strongly with the age at sample collection (Fig. 4K–L). Other ceramides did not correlate 
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with the age at sample collection, and none correlated with leukocyte ACDase activity (Fig. 

S14).

3.3 Cytokines and ceramides

Inter-relationships between cytokine and ceramide levels were also probed. MCP-1, IP-10, 

and VEGF correlated positively with dhC22:1-Cer-1P, C20:1-Cer, and dhC12-Cer, 

respectively (Fig. 5). dhC24:1 and aOH-C18-Cer correlated positively with IL-12 and VEGF 

levels. dhC18-Cer correlated negatively with levels of IP-10 but positively with that of IL-6. 

There was no correlation between other cytokines and ceramides (Fig. S15, S16, S17).

3.4 Chitotriosidase activity

Given the dominant role of macrophages in FD, we investigated the activity of 

chitotriosidase in plasma. Chitotriosidase is a chitinase that is secreted by activated 

macrophages [4]. Plasma chitotriosidase activity is high in patients with macrophage-

involved disorders, such as Gaucher disease and Niemann-Pick disease [5]. To determine if 

this biomarker was altered in FD, we evaluated its activity in plasma.

Chitotriosidase activity in plasma from patients with FD was higher than parental/sibling 

controls but lower than Gaucher patients with characteristically 'high' activity (Figure 6). 

The activity in FD was in the same range as Gaucher patients with characteristically 'low' 

activity.

4. Discussion

We identified patterns in plasma cytokines and ceramides due to ACDase deficiency that are 

unique to mice and humans with FD and not present in controls of either species, Farber 

patients treated with HSCT, or JIA patients. These changes are critical to understanding of 

the pathophysiology of FD. The cytokines identified can also be useful for the differential 

diagnosis of FD and JIA.

4.1 Understanding the biology of Farber disease

4.1.1 The role of cytokines in the initiation and progression of Farber disease
—In general, neutrophils are the first to arrive to a region of inflammation, followed by 

monocytes/macrophages. We observed the same sequence in the organs of Farber mice. The 

timing of the elevated cytokines in Farber mice (Fig. 1) matches this process. KC, an 

inflammatory cytokine that recruits neutrophils, peaks first at 7 weeks. Next, MIP-1a and 

MCP-1, inflammatory cytokines that recruit monocytes/macrophages, peak at 9 and 11 

weeks, respectively. These cytokines are elevated in plasma and may be recruiting 

neutrophils and monocytes out of the bone marrow and into the circulation where they can 

travel to and infiltrate organs. MCP-1 levels were elevated in the plasma of 11 week old 

Farber mice compared to WT mice of the same age (Fig. 1). In addition, higher levels of 

MCP-1 were observed in organs compared to plasma, suggesting that circulating monocytes 

are the source cells that infiltrate organs in this disorder [2].
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We previously demonstrated that the macrophage infiltration is so severe in the Farber 

mouse bone marrow, thymus, spleen, and lymph nodes that the endogenous architecture is 

disrupted [3]. Subcutaneous nodules, common to all reported FD patients, are composed of 

lipid-filled macrophages [1]. Activated macrophages are present, as seen by elevations in 

chitotriosidase plasma activity, but not to the levels of 'high' Gaucher disease.

Based on our results, future treatment studies in Farber disease may investigate the 

correlation between therapeutic efficacy and decrease in MCP-1 and MIP-1a as markers of 

lower levels of macrophage infiltration and tissue damage. The anecdotal evidence of the 

moderate effect of powerful anti-inflammatory medications targeting the innate immune 

system (Interleukin-6 receptor blockers) as symptomatic treatments in Farber disease, first 

related by BM and confirmed by other co-authors, also can be seen to support this 

proposition. As does the fact that even interruption of MCP-1 signaling has been suggested 

as a therapeutic intervention for rheumatoid arthritis and atherosclerosis [17, 18]. 

Modulation of these specific cytokines is critical, based on our findings (Fig. S1, S2). 

Highlighting the importance of MCP-1 in the etiology of FD, the absolute levels of the 

cytokine in plasma were 10-fold higher in patients with FD than in controls (Fig. S3). In 

another lysosomal storage disorder where macrophages are a key feature, Gaucher disease, 

this elevation was less than 2-fold [19].

As shown above, MCP-1 and MIP-1a are uniquely elevated in mice and humans with FD. 

Together they may be recruiting monocytes into organs. Furthermore, this may be a feed 

forward mechanism, as IP-10, IL-6, and IL-12 are themselves secreted by macrophages 

[20,21]. Increasing ceramide levels by stimulating its de novo formation resulted in MCP-1 

and IL-6 expression in a macrophage cell line [22]. MIP-1a, IP-10, IL-6, and IL-12 are 

implicated in arthritis, where they may exacerbate inflammation [23–25]. C22:1-Cer-1P was 

also elevated in Farber patient plasma (Fig. 4D). Cer-1P has been shown in a macrophage 

cell line to stimulate MCP-1 release and cell migration through the phosphatidylinositol 3-

kinase (PI3K)/Akt, mitogen-activated protein kinase kinase (MEK)/extracellularly regulated 

kinases (ERK), and p38 pathways [26]. Other specific cytokines were also elevated in 

human Farber patients. IP-10, IL-6, and IL-12 were all increased in Farber patients 

compared to controls (Fig. 2A–D).

It is important to note that three out of four of the elevated cytokines returned to baseline 

levels following HSCT. This may be a sign of the positive effects of HSCT on FD, or HSCT 

may reduce inflammatory cytokine secretion. Plasma cytokines can be added to the toolbox 

of read-outs when assessing the efficacy of experimental therapeutics for FD, such as 

enzyme replacement therapy and gene therapy [1,27,28].

4.1.2 Ceramides in Farber disease—The ceramide trends in non-Farber controls in this 

report corroborate previous mass spectrometry analyses of plasma ceramides in healthy 

humans [29–31]. C24-Cer was the main product, and C18-Cer was a relatively minor 

product in plasma samples from both controls and Farber patients. This study analyzed more 

ceramides than the others, and we found several additional ceramide species in non-Farber 

human controls at lower levels than C18-Cer, including C18:1-Cer, C20:1-Cer, C20:4-Cer, 
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C22:1-Cer, C26-Cer, and most of the Cer-1P. In our analysis, C22:1-Cer-1P was a minor 

product in controls.

Interestingly, not all ceramide species were elevated in the plasma of Farber patients. This is 

not surprising as there are other ceramidases (one neutral ceramidase and three alkaline 

ceramidases) that also degrade ceramides. The only ceramides significantly elevated in the 

plasma from FD mice were C16-Cer and dhC16-cer (Fig. 3); 24 other ceramides analyzed 

were not changed (Fig. S7). This suggests that there is special significance of ceramides with 

a fatty acid chain length of 16 carbons. We did not find a unique pattern of ceramide 

accumulation in the Farber patients in this cohort, and were not able to demonstrate 

clustering by the unique ceramides identified in the Farber mouse model (Fig. 4G). 

However, a few ceramide species correlated with each other (Fig. 4H–J), suggesting a 

possible common defect. Specifically, dhC12-Cer, dhC24:1-Cer, and aOH-C18-Cer are 

positively correlated with each other, and negatively correlated with age at sample 

collection.

The product of ceramide degradation is sphingosine and a free fatty acid. The assumption is 

that reduced degradation of ceramide would lead to lower levels of sphingosine. This was 

not the case for plasma: sphingosine and its derivatives were unchanged (Fig. S8). The levels 

of sphingosine are critical to a cell: in the treatment of another Lysosomal Storage Disorder, 

Niemann-Pick Type C, too much sphingosine resulted in neurodegeneration [32]. These data 

suggest that either there is an alternate pathway through which sphingosine is formed (such 

as by other ceramidases), or that its degradation is reduced so that the small amount of 

sphingosine produced by ACDase is maintained at sufficient levels for its function.

4.2 Improving diagnosis of Farber disease: a new method of verification that distinguishes 
between Farber and JIA patients

We identified an alternate method of verification of FD: by analysis of plasma cytokines. We 

identified that MCP-1, IP-10, IL-6, and VEGF are elevated in Farber patients (Fig. 1A–E). 

These four markers may be useful for physicians to differentiate between FD and JIA. 

Expression of MCP-1, IP-10, IL-6, IL-12 and VEGF results in discrimination of 10 of 13 

Farber patients from JIA patients, in cluster analysis (Fig. 2F). An identical success rate was 

achieved when clustering the patients based on MCP-1 expression (Fig. 2G). This result, 

coupled with the observation that MCP-1 was the only cytokine elevated in both mouse and 

human Farber plasma, suggests that MCP-1 is a key player or biomarker in the etiology of 

FD. It is not the only cytokine that attracts monocytes that was elevated, raising the 

possibility that the role of MCP-1 could be shared/replaced by other cytokines. A further 

benefit of MCP-1 as a differential marker between Farber and JIA patients is the possibility 

of large-scale screening for FD in JIA populations of unknown etiology to identify 

misdiagnosed patients.

Using MCP-1 and other cytokines may also be helpful in identifying misdiagnosed Farber 

patients in other populations. Spinal muscular atrophy with progressive myoclonic epilepsy 

(SMA-PME) is caused by ACDase deficiency but does not present the same way as FD [33–

36]. Comparison of plasma from SMA patients with SMN1 or SMN2 mutations compared 

to SMA-PME patients with ASAH1 mutations may reveal cytokine differences that can be 
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used to screen larger SMA populations. Samples from SMA-PME patients were not 

available at the time of analysis.

Collectively, our data support that ACDase deficiency results in changes in the cytokine and 

ceramide profiles found in the plasma of mice and patients. These changes are unique to 

untreated FD and are not seen in controls, HSCT treated FD patients, or JIA patients. These 

changes can be used to better understand the biology of FD and to develop novel treatments. 

MCP-1 plasma levels may also be useful as a tool to differentiate between a diagnosis of FD 

and JIA.
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Highlights

- Specific cytokines are elevated in the plasma of Farber mice and Farber 

patients.

- This set distinguishes Farber Disease from Juvenile Idiopathic Arthritis.

- Treatment by bone marrow transplantation normalizes most of these 

cytokines.

- While macrophages are involved in FD, plasma chitotriosidase levels are low.
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Figure 1. 
Cytokines elevated in the plasma of Farber mice. Cytokines were measured in plasma 

samples from WT, Het, and Hom Farber mice aged 5, 7, 9, and 11 weeks using a multiplex 

assay. MCP-1 (CCL2) (A), MIP-1a (CCL3) (B) and KC (CXCL1) (C) levels are illustrated. 

n=2–4 for each genotype at each time point. *p<0.05. MCP-1, monocyte chemotactic 

protein 1, MIP-1a, macrophage inflammatory 1a; KC, keratinocyte chemoattractant.
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Figure 2. 
Farber patients have a unique plasma cytokine profile that is normalized following HSCT 

and different from JIA. Cytokines were measured in plasma from controls (n=39), untreated 

Farber patients (n=13), HSCT-treated Farber patients (n=5), and JIA patients (n=5) using a 

multiplex assay. MCP-1 (A), IP-10 (B), IL-6 (C), IL-12 (D) and VEGF (E) levels are shown. 

Unbiased hierarchical clustering was performed on all patients using these five cytokines (F) 

or MCP-1 (G). A cluster dendrogram is seen at the top (branches), followed by the patient 

color key (single row of colored rectangles) and a heatmap of the relative cytokine levels 

(green, black, and red rectangles). The relative amount of each cytokine is seen horizontally 

corresponding to its row, where green represents relatively low expression, black medium 

expression, and red relatively high expression. *p<0.05. HSCT, hematopoietic stem cell 

transplanted Farber patients; JIA, Juvenile Idiopathic Arthritis; ECD, Erdheim-Chester 
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disease; MCP-1, monocyte chemotactic protein 1; IP-10, interferon gamma-induced protein 

10; IL-6, interleukin 6; IL-12, interleukin 12; VEGF, vascular endothelial growth factor; 

ACDase, acid ceramidase.

Dworski et al. Page 17

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Ceramides with a chain length of 16 carbons are elevated in the plasma of Farber mice. 

Plasma was collected from 5- and 9-week-old WT, Het, and Hom Farber mice. Ceramides 

were analyzed by mass spectrometry. C16-Cer (A) and dhC16-Cer (B) levels are shown. 

*p<0.05. n=3–4 for each genotype at each time point. Cer, ceramide.
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Figure 4. 
Ceramide levels vary in plasma from patients with different diseases. Plasma was collected 

from controls (n=6–27), untreated Farber patients (n=4–8), and HSCT-treated Farber 

patients (n=1–5), and JIA patients (n=5). Ceramides were analyzed by mass spectrometry. a-

OH-C18-Cer (A), dhC12-Cer (B), dhC24:1-Cer (C), C22:1-Cer-1P (D), C20:1-Cer (E) and 

dhC18-Cer (F) levels are illustrated. *p<0.05. Unbiased hierarchical clustering was 

performed using four significantly altered ceramides (G). A cluster dendrogram is seen at 

the top (branches), followed by the patient color key (single row of colored rectangles) and a 
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heatmap of the relative ceramide levels (green, black, and red rectangles). The relative 

amount of each ceramide is seen horizontally corresponding to its row, where green 

represents relatively low expression, black medium expression, and red relatively high 

expression. There was a very strong negative correlation between the expression level of 

C20:1-Cer and dhC18-Cer (H). dhC12-Cer had a strong and very strong positive correlation, 

respectively, with dhC24:1-Cer (I) and aOH-C18-Cer (J). The age at sample collection 

correlated very strongly negatively with dhC24:1-Cer (K) and aOH-C18-Cer (L). Cer, 

ceramide; HSCT, hematopoietic stem cell transplanted Farber patients; JIA, Juvenile 

Idiopathic Arthritis.
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Figure 5. 
Cytokine changes correlate with ceramide changes in plasma. The change in significantly 

different cytokines was compared with the change in significantly different ceramides. There 

was a strong positive correlation between MCP-1 and dhC22:1-Cer-1P (A). IP-10 correlated 

very strongly positively with C20:1-Cer (B), and strongly negatively with dhC18-Cer (C). 

IL-6 correlated very strongly positively with dhC18-Cer (D). IL-12 correlated moderately 

with dhC24:1-Cer (E) and strongly with aOH-C18-Cer (F). VEGF correlated strongly 

positively with dhC12-Cer (G), and very strongly positively with dhC24:1-Cer (H), and 
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aOH-C18-Cer (I). MCP-1, monocyte chemotactic protein 1; IP-10, interferon gamma-

induced protein 10; IL, interleukin ; VEGF, vascular endothelial growth factor; Cer, 

ceramide.
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Figure 6. 
Chitotriosidase activity in Farber patient plasma. Plasma was collected from controls (n=18), 

Gaucher patients with independently identified 'high' chitotriosidase activity (n=8), Gaucher 

patients with independently identified 'low' chitotriosidase activity (n=3), untreated Farber 

patients (n=11), HSCT-treated Farber patients (n=2), and an ECD patient (n=1). 

Chitotriosidase activity was measured in vitro using a fluorescent substrate. *p<0.0001.
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