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LETTER TO EDITOR

Identification of a novel therapeutic target underlying
atypical manifestation of Gaucher disease

Dear Editor,
In the present study, we delineate the molecular path-

ways underlying atypical progressions of Gaucher disease
(GD) that lead to unresponsiveness to enzyme replace-
ment therapy (ERT). Specifically, we observed the accumu-
lation of dense substrates (e.g., glucosylsphingosine [Lyso-
Gb1]), which was associated with alterations in comple-
ment activity, autophagy metabolism, macrophage polar-
ization and TGF-β signaling and subsequent endothelial-
to-mesenchymal transition (EndMT) and fibrosis. We also
describe the potential therapeutic role of ambroxol, a
chemical chaperone in GD, and highlight the need for a
multi-functional therapeutic approach in managing GD
cases with atypical progression.
GD is caused by the deficiency of glucocerebrosidase

(GCase) encoded by the glucocerebrosidase1 gene, which
leads to the accumulation of glucosylceramide and Lyso-
Gb1 in the lysosome. Specifically, Lyso-Gb1 plays impor-
tant pathogenic roles in GD such as inflammation, impair-
ment of cytoplasmic division, alteration of immune regula-
tion and neurotoxicity.1–3 GD can be categorized according
to the degree of neurologic involvement: non-neuropathic
(GD1), acute neuronopathic (GD2) and chronic neurono-
pathic (GD3). Since the advent of ERT, the clinical out-
comes of patients with GD have improved remarkably;
however, despite ERT,most GD2/3 patients aswell as some
GD1 patients show atypical manifestations such as lym-
phadenopathy, multiple myeloma, lymphoma, neurolog-
ical deterioration and increases in Lyso-Gb1 levels.4 The
molecular mechanism underlying atypical responses to
ERT is poorly understood.
We evaluated the histological features of lymph nodes

from three patients with GD, including submandibular
lymph node from Pt1 (GD1, G85E/F252I), stomach lymph
node from Pt2 (GD1, R87W/R296Q) and mesenteric
lymph node from Pt3 (GD3, L483P/L483P) (Table S1).
Despite 5 years of ERT, Pt3 died from progressive
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mesenteric lymphadenopathy with protein-losing
enteropathy,5 and the mesenteric lymph nodes of Pt3
had Gaucher-like cells with atypical histomorphol-
ogy (Figure 1A and S1, red box) including larger and
hyperchromatic nuclei with frequent multinucleations,
abundant fibrosis and thick fibrous capsules (Figure 1B).
The proinflammatory cytokine, MCP-1, was expressed
more intensely in atypical tissues (Pt3_GD3_AT) than in
typical tissues from the same patient (Pt3_GD3_T); while
the M1 and M2 marker CD68 was also strongly expressed
in both areas, MRC1 and mannose receptors, representing
M2 macrophages, were slightly over-expressed in atyp-
ical tissues (Figure 1C). Immunointensities of C5a, C5a
receptors, C1q and C4b were stronger in atypical tissues
(Figure 1D), indicating a more intense activation of the
classical complement pathway. Altered complement activ-
ity affects macrophage polarization by the intracellular
accumulation of immune complexes and the secretion of
proinflammatory cytokines from immune cells.6,7
GSK-3β, which inhibits mammalian Target of

Rapamycin (mTOR) signaling, was increased in atyp-
ical tissues (Figure 2A). Atypical tissues also showed
higher expressions of P62 (early endosome marker) and
LC3AB (all-stage endosome marker) (Figure 2B), indicat-
ing increased formations of autophagosomes. However,
subsequent autophagy flux did not show a similar degree
of increase as evidenced by the staining intensities of
LAMP2A (lysosome marker), RAB7 (autolysosome,
late-endosome marker) and HSC70 (chaperone-mediated
autophagy marker) (Figure 2C). The conformation change
from LC3 1/2 was not observed in the fibroblasts of Pt3
(Figure 2D). In addition, Pt3 fibroblasts showed a low
expression of LAMP2, which is related to the lysosomal
membrane, and a high expression of Beclin1, which
modulates autophagy (Figure 2D).
To assess the global proteomic profiles of the atyapi-

cal tissues of Pt3, proteomic analysis was performed
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F IGURE 1 Histology and immunohistochemistry of the lymph nodes from Gaucher disease (GD) patients. (A) Haematoxylin and eosin
staining of the lymph node from GD patients. Green, blue and red boxes show higher magnification views. Scale bars represent 500 μm
(upper left panel), 200 μm (upper right panel; green box) and 50 μm (lower panel; blue and red boxes). (B) Periodic acid–Schiff (PAS) staining
and Masson trichrome (MT) staining in Pt1_GD1_T, Pt3_GD3_T (blue box) and Pt3 _GD3_AT (red box). Blue and red boxes are higher
magnification views of Pt3. Scale bars represent 50 μm and 500 μm. (C) Immunohistochemistry of macrophage markers (MCP-1, CD68, MRC1
and Mannose receptor) in GD patients. Blue and red boxes are higher magnification views of Pt3. Scale bars represent 50 μm and 500 μm. (D)
Immunohistochemistry of complement components (C5a, C5a receptors, C1q, C4b and C3). Blue and red boxes are higher magnification
views. Scale bars represent 500 μm and 200 μm (blue and red boxes)

using three samples—Pt1 (GD1), Pt3_GD3_T (typi-
cal) and Pt3_GD3_AT (atypical) (Figure S2). Principal
component analysis revealed that the three samples had
notably different characteristics (Figure 3A). We also
found eight distinct clusters of proteins that showed
differential expression in Pt3_GD3_AT compared with Pt1
and Pt3_GD3_T, including cluster_1 (580 proteins) and
cluster_6 (156 proteins) (Figure 3B,C). In particular, the
expression of the proteins differed in biological treatment,
cellular component, molecular function and KEGG path-
way (Figure 3D). Among these, MMP19, TIMP3, THBS2
and EGFL, which are associated with extracellular matrix
(ECM) remodelling,8 were among the top 10 up-regulated
and top 10 down-regulated proteins in atypical tissues
(Table S2). Proteomics analysis showed that MMP, TIMP,
EndMT and EMT were increased in atypical tissues
(Figure S3). Importantly, Transforming Growth Factor-β1

(TGF-β1) and Thrombospondin-1 (THBS1) were also
highly over-expressed in atypical tissues (Figure 3E),
suggesting alterations in the EndMT process with ECM
remodelling in Pt3_GD3_AT. Histological analysis showed
that the expression levels of TGF-β1 and TGF-β recep-
tors 1 and 2 were slightly higher in the atypical tissues
(Figure 3F). Suppressor of Mothers Against Decapen-
taplegic 2 (SMAD2), p-SMAD2, SMAD3, p-SMAD3
and SMAD4 were strongly stained in atypical tissues
(Figure 3G), as well as those of fibrosis markers Collagen 1
and Collagen 3 (Figure 3H). Notably, when patient-derived
fibroblasts were cultured and treated with Lyso-Gb1, the
levels of TGF-β, ECM remodelling proteins (Collagens
1 and 3) and a fibrosis marker (SNAIL) were increased
in GD3_AT but not in GD1 or GD3_T (Figure 3I). These
findings suggest that an altered TGF-ß signaling pathway,
in association with altered complement9 and autophagy



LETTER TO EDITOR 3 of 7

F IGURE 2 Expression of autophagy-related proteins in Gaucher disease (GD) patients. (A) Immunohistochemistry of GSK-3β in the
lymph nodes of GD patients. Blue and red boxes are higher magnification views of Pt3. Scale bars represent 500 μm and 100 μm (blue and red
boxes). (B) Immunohistochemistry of P62 and LC3AB. Blue and red boxes are higher magnification views of Pt3. Scale bars represent 500 μm
and 100 μm. (C) Immunohistochemistry of RAB7, LAMP2 and HSC70. Blue and red boxes are higher magnification views of Pt3. Scale bars
represent 500 μm and 100 μm. (D) Western blot analysis of autophagy-related proteins in the fibroblasts of GD patients after treatment with
the indicated concentrations (μM) of Lyso-GB1. (GD1: D448H/L483P, GD3: P210fs*21/N227S, GD3_AT: p.L483P/L483P)

activities, plays an important role in the unresponsiveness
to ERT in GD.
Ambroxol acts as a chemical chaperone in certain glu-

cocerebrosidase1 genotypes. As high-dose ambroxol has a
neuroprotective effect in GD3 and decreases Lyso-Gb1,10
we investigated whether ambroxol carries additional roles
in resolving the atypical progression in GD. High-dose
ambroxol treatment only slightly increased the GCase
activity of fibroblasts from Pt3 with p.L483P homozygotes
(Figure 4A) but reduced TGF-β secretion in Wild Type
(WT) fibroblasts treated with Lyso-Gb1 (Figure 4B). Like-
wise, compared with that in untreated GD2/3 patients,
the plasma level of TGF-β was lower in GD3 patients
who had been treated with high-dose ambroxol for 2
or more years10 (Figure 4C). Moreover, ambroxol treat-
ment down-regulated TGF-β receptor 1, Collagen 1 and
Collagen 3 in Pt3 fibroblasts and up-regulated LC3-II in
WT and GD3 fibroblasts (Figure 4D). Pt3 fibroblasts pro-
duced higher levels of p-SMAD3, which was reduced by
ambroxol treatment (Figure 4E). Ambroxol also reduced
collagen deposition in Pt3 fibroblasts (Figure 4F). These

findings collectively indicate that ambroxol exerts an anti-
inflammatory effect by stabilizing TGF-β signaling and
restoring autophagy metabolism in GD. However, a con-
siderable number of ambroxol tablets would need to be
consumed to achieve this high concentration, and the safe
daily dosage of ambroxol in GD patients is unknown. Fur-
ther research is required to develop a new agent with a
more potent activity or one thatmodulates other therapeu-
tic targets.
In conclusion, we found that the atypical and devastat-

ing progression of GD is associated with dense Lyso-Gb1
accumulation, aberrant autophagymetabolism, TGF-β sig-
naling and altered complement activity that collectively
lead toEndMTand fibrosis (Figure 4G). In addition toERT,
pharmaceutical agents that can modulate these molecu-
lar alterations may be beneficial in disease management.
Yet, as our histomorphological and proteomic studies were
based on one patient (Pt3), these findings could have been
drawn from his individual characteristics. Further studies
in other patients with a similar phenotype to Pt3 are nec-
essary.
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F IGURE 3 Proteomic analysis of Gaucher disease (GD) patients. (A) Principal components analysis of Pt1_GD1_T, Pt3_GD3_T and
Pt3_GD3_AT. (B) Eight distinct protein clusters with different expression profiles in Pt1_GD1_T, Pt3_GD3_T and Pt 3 GD3_AT. (C) Heatmap
and hierarchical clustering of the proteomic analysis data from Pt1_GD1_T, Pt3_GD3_T and Pt 3 GD3_AT. (D) Enrichment by gene ontology
terms using Cytoscape plug-in ClueGO between Pt3_GD3_T and Pt3_GD3_AT. (E) Increased expression of TGF-β1 and THBS-1 in Pt
3_GD3_AT compared with Pt1_GD1_T and Pt3_GD3_T. (F) Immunohistochemistry of TGF-β1, TGF-β receptor I, TGF-β receptor II and
THBS-1. Blue and red boxes are higher magnification views of Pt3. Scale bars represent 500 μm and 100 μm (blue and red boxes). (G)
Immunohistochemistry of SMAD signaling in Pt3_GD3. Blue and red boxes are higher magnification views. The scale bars represent 500 μm
and 200 μm (blue and red boxes). (H) Immunohistochemistry of extracellular matrix (ECM)-related proteins (Smooth Muscle Actin (SMA),
Collagen I, Collagen III and Collagen IV). Blue and red boxes are higher magnification views of Pt3. Scale bars represent 1 mm and 200 μm
(blue and red boxes). (I) Western blot analysis of fibroblasts from GD patients after treatment with the indicated concentrations (μM) of
Lyso-Gb1. (GD1: D448H/L483P, GD3: P210fs*21/N227S, GD3_AT: p.L483P/L483P)
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F IGURE 4 Effect of ambroxol (ABX) in the fibroblasts of Gaucher disease (GD) patients. (A) Gcase activity in GD fibroblasts treated
with the indicated concentrations of ABX for 5 days. (B) TGF-β1 secretion in WT fibroblasts treated with Lyso-Gb1 (8μM) and ABX (60μM).
Data are mean ± Standard Error of the Mean (SEM) (n = 2). (C) Plasma TGF-β1 levels in GD patients. (D) Western blot analysis of GD
fibroblasts after treatment with Lyso-Gb1 and ABX. (GD3_T: P210fs*21/N227S, GD3_AT: p.L483P/L483P). (E) SMAD3 signaling in GD
fibroblasts after treatment with Lyso-Gb1 and ABX. Data are mean ± SEM (n = 3). *p < .05. (F) Collagen deposition in GD fibroblasts after
treatment with Lyso-Gb1 and ABX. Data are mean ± SEM (n = 3). *p < .05; **p < .01; ***p < .001; ****p < .0001. (G) Schematic model for
lymphadenopathy in GD with atypical Gaucher tissue
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