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Abstract: Fabry disease, the second most common lysosomal storage disorder, is caused by
a deficiency of α-galactosidase A (α-Gal A), which leads to an accumulation of glycosph-
ingolipids (GSL), mainly globotriaosylceramide (also known as Gb3). This aberrant GSL
metabolism subsequently causes cellular dysfunction; however, the underlying cellular
and molecular mechanisms are still unknown. There is growing evidence that damage to
organelles, including lysosomes, mitochondria, and plasma membranes, is associated with
substrate accumulation. Current methods for the detection of Gb3 are based on anti-Gb3
antibodies, the specificity and sensitivity of which are problematic for glycan detection.
This study presents a robust method using lectins, specifically the B-subunit of Shiga toxin
(StxB) from Shigella dysenteriae and LecA from Pseudomonas aeruginosa, as alternatives for
Gb3 detection in Fabry fibroblasts by flow cytometry and confocal microscopy. StxB and
LecA showed superior sensitivity, specificity, and consistency in different cell types com-
pared to all anti-Gb3 antibodies used in this study. In addition, sphingolipid metabolism
was analyzed in primary Fabry fibroblasts and α-Gal A knockout podocytes using targeted
tandem liquid chromatography-mass spectrometry. Our findings establish lectins as a
robust tool for improved diagnostics and research of Fabry disease and provide evidence
of SL changes in cultured human cells, filling a knowledge gap.

Keywords: lysosomal storage disorder; Gb3; lyso-Gb3; glycosphingolipids; lectins;
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1. Introduction
Fabry disease (FD) is an X-linked lysosomal storage disorder caused by several mu-

tations that impair the activity of the lysosomal hydrolase α-galactosidase A (α-Gal A).
α-Gal A initiates the degradation of glycoconjugates, mainly the glycosphingolipid globo-
triaosylceramide (Galα1-4Galβ1-4Glc-ceramide, also known as Gb3) [1,2]. The deficiency
or dysfunction of α-Gal A leads to progressive accumulation of Gb3 and its derivatives,
such as globotriaosylsphingosine (lyso-Gb3, a water-soluble deacylated form of Gb3) in
lysosomes, ultimately resulting in cellular damage affecting various cell types and tis-
sues, including endothelial cells, podocytes, and cardiomyocytes [3]. This accumulation
disrupts normal cellular function, leading to a broad spectrum of clinical manifestations
ranging from angiokeratomas, hypohidrosis, and neuropathic pain to renal failure, cardiac
hypertrophy, and cerebrovascular complications [4,5]. To date, several cellular mecha-
nisms underlying Fabry pathogenesis have been proposed in the literature, including
ion-channel sensitization [6], structural and functional mitochondrial dysfunction [7,8], and
impaired protein synthesis [9], with the aim of elucidating determinants beyond substrate
accumulation. In a recent study, the accumulation of α-synuclein (SNCA) in lysosomes, in-
dependent of Gb3 accumulation, was identified as another factor contributing to lysosomal
dysfunction. Pharmacological inhibition of SNCA has been shown to restore lysosomal
structure-function dynamics, clearly indicating one of many factors leading to Fabry patho-
genesis [10]. There are currently two therapies for Fabry disease, enzyme replacement
therapy (ERT) and chaperone therapy [11]. ERT is the only treatment available for Fabry
patients, which is not restricted by the type of mutation. It helps to prevent the progression
of the disease and only offers a significant clinical benefit if it is initiated at an early stage of
disease development. On the other hand, chaperone therapy is limited to certain mutations
and is therefore only suitable for a subset of patients [12]. While further developments
in treatments are underway, such as substrate reduction, mRNA, and gene therapies, it
remains critical to gain a deeper understanding of the underlying cellular mechanisms by
which substrate accumulation leads to cell dysfunction [13,14].

Several studies have focused on monitoring the accumulation of Gb3 in body fluids
such as blood and urine, which are considered crucial for assessing the efficacy of thera-
peutic approaches [15,16]. In addition, another substrate, lyso-Gb3, was found to correlate
with disease severity, providing valuable insight into its potential role as a biomarker for
treatment response [3]. The latest results of a gene therapy study with lentiviruses further
support this research [17].

Antibodies are currently considered the gold standard for methods to identify glycol-
ipids such as Gb3 and related substrates in immunoassays or imaging techniques [18–20].
Although anti-Gb3 antibodies provide valuable insights into Gb3 detection in most cases,
their function is limited by several constraints. Firstly, the specificity and sensitivity of
anti-Gb3 antibodies can vary greatly, as glycolipids are generally not as strong antigens as
proteins. Several glycolipid antibodies cross-react and display poly-specificity during the
recognition process of pathogens by the immune system, leading to autoimmune diseases,
such as lipid A [21] or the recognition of self-glycans [22]. Secondly, glycolipids such as
Gb3 are embedded in the complex matrix of the plasma membrane, where the surrounding
lipid environment influences the presentation of the carbohydrate head group. This poses
a challenge for antibody binding, as the recognition of the epitope may depend on confor-
mations that are not consistently accessible [23–25]. The lack of robust detection methods
limits our ability to fully understand the dynamics of Gb3 accumulation and its role in
Fabry disease pathology. In this context, lectins could serve as an excellent tool for the de-
tection of Gb3 and other glycoconjugates. Lectins are non-catalytic, carbohydrate-binding
proteins, some of which have high specificity for glycan structures. They can be regarded
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as natural decoders of glycans. Since they usually assemble as oligomers, they can interact
with several binding partners simultaneously, which significantly increases their avidity
through hetero-multivalent binding, as in the case of the B-subunit of cholera toxin [26].
This inherent specificity makes them ideal candidates for studying glycoconjugates from
a different angle [27]. Furthermore, lectins can provide a more refined understanding of
glycosphingolipid compositions as they are able to distinguish between closely related
glycans based on subtle structural and environmental differences [28].

In this article, we focus mainly on the evaluation of two lectins, namely the homo-
pentameric B-subunit of Shiga toxin (StxB) from Shigella dysenteriae and the homo-tetrameric
LecA from Pseudomonas aeruginosa, for their ability to detect Gb3 and related glycans that
accumulate in Fabry fibroblasts. Shiga toxins are characterized by the general AB5 structure.
StxB is the non-toxic, receptor-binding subunit of Shiga toxin. StxB enters cells by binding to
Gb3 with high affinity, utilizing clathrin-dependent and clathrin-independent endocytosis
pathways [29]. Upon ligand binding, StxB induces negative membrane curvature through
Gb3 clustering, leading to the formation of tubular plasma membrane invaginations [30–32].
StxB bears three binding sites per monomer, i.e., it could in principle bind up to 15 Gb3.
Mutational analysis revealed that binding sites 1 and 2 are crucial for the high affinity
binding for Gb3, while site 3 has a rather low affinity for Gb3. Overall, the multivalency
of the homo-pentameric structure, in which all binding sites point in the same direction
towards the membrane, could be responsible for the improved avidity of StxB to Gb3 [29].
In contrast, LecA is a virulence factor of P. aeruginosa that has a high affinity for terminal
Galα1,4-conjugates (mainly Gb3) and a lower affinity for glycans with terminal Galα-1,3
and Galα-1,6 conjugates [33]. Upon binding to Gb3, LecA triggers bacterial invasion of host
cells through Gb3 clustering, a mechanism we have termed “lipid zipper”, and induction
of downstream signaling pathways [34–36].

We demonstrate that the lectins StxB and LecA outperform conventional anti-Gb3
antibodies in terms of specificity, sensitivity, and consistency in different cell types. We
present a comprehensive comparison of StxB and LecA with an anti-Gb3 antibody to
evaluate their performance in Fabry fibroblasts by flow cytometry and confocal microscopy.
In addition, we present the impaired glycosphingolipid metabolism in Fabry disease from
primary human fibroblasts and human podocytes with knocked-out GLA using targeted
liquid chromatography-mass spectroscopy (LC-MS). Ultimately, we pursue to establish
lectins as a valuable, robust alternative or complementary tool to antibody-based methods,
paving the way for research methods and improved diagnostics in Fabry disease.

2. Results
2.1. The Commercially Available Anti-Gb3 Antibodies Tested Do Not Recognize Gb3 in the Plasma
Membrane of Fabry Fibroblasts

Until now, anti-Gb3 antibodies were the only tools available to study Gb3 in Fabry
disease research [37,38]. To evaluate the binding efficiency of anti-Gb3 antibodies, three
different commercially available anti-Gb3 antibodies (tagged with FITC) were tested across
three human cell types: Ramos B-cell lymphoma, H1299 lung epithelial carcinoma cells,
and primary Fabry fibroblast cells. Flow cytometry analysis was performed to assess
the binding of these antibodies to Gb3 on the plasma membrane of these cells. Ramos
and H1299 cells were selected as positive controls for this experiment since their Gb3
content has already been analyzed by mass spectrometry in former studies [35,39], and
Ramos cells have been recommended by the manufacturer for the validation of antibody
binding. All three cell types were treated with antibodies (1:33 dilution) for 30 min on
ice to ensure the specific binding of the antibodies to Gb3 on the plasma membrane (PM)
while preventing any endocytic activity. In addition, Annexin V (PE-labeled) was used to
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stain and distinguish apoptotic cells and cells with disrupted membrane integrity from
the healthy cell population. Figure 1A shows representative flow cytometry histograms of
Ramos cells, H1299 cells, and Fabry fibroblasts, respectively. All three anti-Gb3 antibodies
exhibited a noticeable increase in mean fluorescence intensity (from FITC tags) in Ramos
cells compared to the auto-fluorescence levels of untreated cells, confirming successful
binding to this cell line. On the contrary, only the binding of anti-Gb3 #1 was slightly
distinguishable from the untreated control in H1299 cells. In Fabry fibroblasts, no FITC
signal was detectable above the measured auto-fluorescence. The FITC signals were
calculated as the geometric mean fluorescence intensity (MFI) and plotted as a bar graph
(Figure 1B) showing significant differences in the MFI values recorded from each antibody
in Ramos cells compared to untreated control, whereas H1299 cells and Fabry fibroblasts
displayed no significant differences in any case. These results indicate that the antibodies
were able to bind to Gb3 on the plasma membrane of Ramos cells to varying degrees;
however, they were surprisingly unable to bind to either H1299 cells or Fabry fibroblasts.
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Figure 1. Binding of commercially available anti-Gb3 antibodies (FITC-labeled) was tested in various
cell types. (A) Representative flow cytometry histograms of Ramos B cells, H1299 lung epithelial cells,
and Fabry fibroblasts incubated with three different anti-Gb3 antibodies. (B) The mean fluorescence
intensity values were calculated from the flow cytometry histograms as the geometric mean of the
fluorescence intensity (MFI) of individually gated populations and normalized to the autofluorescence
of each line (untreated). An unpaired, one-way ANOVA test was applied to test the significance
of the data (n = 3). Error bars are means ± standard deviations (SD). Only significant values are
displayed. * p < 0.05, ** p < 0.01.

2.2. Plasma Membrane and Whole Cell Gb3 Levels of Fabry and Healthy Fibroblasts Analyzed by
Flow Cytometry Using Lectins

The two lectins used in this study, StxB and LecA, are excellent candidates for Gb3
detection, particularly in Fabry disease cells, as they both intrinsically and specifically bind
to Gb3. StxB selectively binds to Gb3, whereas LecA binds to Gb3 and potentially other
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glyco-conjugates containing terminal α-galactosyl residues. Flow cytometry experiments
were performed on Fabry cells using StxB and LecA, labeled with Alexa Fluor 488 dyes
(abbreviated from now on as AF488). According to the same experimental design as
the anti-Gb3 antibody assays, initially only the plasma membranes of Fabry and healthy
fibroblasts were targeted (Figure 2A,B). An important difference between the Fabry and
healthy fibroblasts was the formation of aggregates after detachment of the cells by EDTA
treatment. The healthy cells formed many aggregates in the cell suspension, which was
only the case to a very small extent in the Fabry cells. As a downstream effect of aggregate
formation, we counted fewer cells in the final population and observed more apoptotic
cells in healthy fibroblasts (see Supplementary Figure S1). In the case of both lectins, Fabry
cells show a remarkable increase in fluorescence signal intensity with increasing lectin
concentration, indicating increased binding of lectins (Figure 2A). It is important to note
that Fabry cells’ signal intensity saturated between 250 nM and 500 nM StxB treatment
(Figure 2A, left panel, and Figure 2B. However, no saturation of binding was observed with
the lectin LecA, even at a concentration of 2000 nM (Figure 2A, right panel, and Figure 2B).
Healthy fibroblasts did not show a drastic increase in fluorescence signal intensity with
increasing concentration of StxB, indicating that Gb3 occurs only marginally in these cells.
On the contrary, increasing the concentration of LecA led to an increase in fluorescence
signal intensity in healthy fibroblasts as well (Figure 2A,B). The StxB signal arising from
Fabry fibroblasts was significantly higher compared to healthy fibroblasts at given lectin
concentrations due to the early saturation of binding in healthy fibroblasts. The LecA
signal of Fabry fibroblasts was also significantly higher than that of healthy fibroblasts;
however, the differences in the LecA signal were less pronounced than for StxB (Figure 2B).
Nevertheless, these results clearly demonstrate that both lectins successfully bind to the
plasma membrane of Fabry and, to a lower extent, healthy fibroblasts, providing valuable
insights into both cell lines.

In a complementary experiment, we have used both lectins, StxB and LecA, to stain the
respective receptors in both cell types (healthy and Fabry fibroblasts) on a whole cell level
(Figure 2C,D), not only at the plasma membrane. In this experiment, cells were detached
with trypsin-EDTA and collected, fixed with a 4% PFA solution, and permeabilized with a
0.2% saponin solution prior to the lectin treatment. Cells were treated with both lectins at
room temperature at given concentrations for one hour and then were subjected to flow
cytometry. The healthy fibroblasts followed a similar trend to the results for the evaluation
of the plasma membrane in these cells. StxB and LecA signals quickly reached saturation in
healthy fibroblasts at concentrations of 250 nM to 1000 nM, respectively (Figure 2C). Overall,
the use of both lectins reveals a significant difference in fluorescence signal intensity in
Fabry fibroblasts, with StxB showing a detectable signal up to 1000 nM (Figure 2C, left
panel) and LecA up to 2000 nM (Figure 2C, right panel) with a slow approach to saturation.
This suggests that at least double the concentration of both lectins is required to effectively
target the increased Gb3 content when analyzing whole cells compared to the plasma
membrane of fibroblasts. In whole cell analysis, StxB showed a signal six times higher than
at the plasma membrane only, while it was five times higher for LecA (Figure 2D).

In summary, the use of lectins as a tool to study Fabry cells provides an excellent
perspective on the accumulating substrates in Fabry cells. While commercially available
anti-Gb3 antibodies failed to show a reasonable signal when analyzing the plasma mem-
brane of Fabry fibroblasts, StxB and LecA were able to bind to Fabry and healthy fibroblasts,
allowing detailed analysis of these cell lines.
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to the auto-fluorescence of each cell type (untreated). (C) Representative histograms display the
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** p < 0.01, *** p < 0.001.
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2.3. Lectins Exhibit Advanced Binding Kinetics in Fabry Fibroblasts Compared to an Anti-Gb3
Antibody in Immunofluorescence Assays

Due to the inconsistencies observed in anti-Gb3 staining during flow cytometry ex-
periments (poor cell type-specific binding), we decided to perform a comparative analysis
of lectins and anti-Gb3 antibodies by investigating their binding kinetics using an im-
munofluorescence assay. Hence, we used the primary anti-Gb3 antibody #2 (which was
subsequently incubated with a secondary AF488-labeled antibody), StxB-AF555, and LecA-
AF647 in a comparative manner to stain Gb3 in fibroblasts. We called this method of
simultaneously applied tools “triple stain”. All Gb3 binding molecules were added to fixed
cells according to the standard immunofluorescence staining protocol (see Section 4.5).
Stained cells were imaged at a confocal fluorescence microscope. Initial results clearly
demonstrated that the anti-Gb3 antibody showed a very weak signal in the presence of the
other lectins (Figure 3A1,A2), without anti-Gb3 pre-incubation). Using 5 times the molar
concentration of the antibody to the nearest lectin (StxB) concentration also did not lead
to an increase in antibody binding. On the other hand, the anti-Gb3 antibody showed
an appropriate, specific signal when incubated without lectins in control experiments
(Supplementary Figure S2). This indicates that the binding of anti-Gb3 was hindered by
the presence of lectins.

These findings prompted us to further investigate the Gb3-binding molecules in a
“double stain” approach so that the two-color images could be further analyzed using
an established pixel-based colocalization method to gain a deeper understanding of the
binding kinetics of these molecules. Surprisingly, the anti-Gb3 antibody did not produce a
detectable signal when incubated simultaneously with StxB, whereas co-incubation with
LecA resulted in a different staining pattern (Supplementary Figure S3). This suggests that
StxB is the primary factor, which inhibits the anti-Gb3 antibody from binding to Gb3 in
Fabry fibroblasts. To investigate this further, we pre-incubated the anti-Gb3 antibody for
one hour before introducing the lectins StxB and LecA along with the secondary antibody
against anti-Gb3 (Figure 3B1,B2). This pre-incubation step allowed the anti-Gb3 antibody
to bind to Gb3 without competition from lectins. While the anti-Gb3 signal improved after
pre-incubation, it remained weak and inconsistent, identifying fewer structures compared
to the lectins (Supplementary Figure S4). Thus, we decided to use the double-stain method
(with pre-incubation) for a detailed analysis of binding kinetics for different combinations,
namely StxB-AF488 vs. anti-Gb3 (AF647), LecA-AF488 vs. anti-Gb3 (AF647), and StxB-
AF488 vs. LecA-AF647, using a pixel-based quantification of overlapping signals in Fabry
fibroblasts. The colocalization of overlapping signals was quantitatively assessed using
the Manders Colocalization Coefficient (MCC): M1 and M2 are providing insights into the
complementary binding dynamics of these probes.

In double stains, StxB and LecA exhibited a broader signal distribution compared to
anti-Gb3, even though anti-Gb3 was pre-incubated in double stains in all cases (Figure 4A,B).
Additionally, the scatter plots of these conditions (StxB vs. anti-Gb3 and LecA vs. anti-Gb3)
indicate poor signal overlap due to the imbalances in signal levels. Points (indicative of each
overlapping pixel) are spread across the plot with no clear diagonal pattern, representing
that the two channels do not display comparable signal intensities (Figure 4A,B). Conversely,
the combination of StxB and LecA shows a high degree of overlap and comparable signal
intensities. This is indeed visible in grayscale images of the zoomed in region and in the
scatter plot as the pixels form a diagonal line, representative of a strong correlation between
pixels with similar intensities (Figure 4C). The MCC analyses depicted in Figure 4D expose
that both StxB and LecA (green channel) expose broader signal distribution in double
staining compared to the anti-Gb3 antibody stated evidently by the fact that M2 values
are higher than M1 values. In the case of StxB vs. anti-Gb3, the M1 and M2 values
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were 0.48 and 0.70, respectively. For the combination of LecA vs. anti-Gb3, the M1 and
M2 values were calculated as 0.33 and 0.84, respectively. Interestingly, for the StxB and
LecA combination, M1 was found to be 0.92, indicating a high degree of overlap of StxB
with LecA. However, the lower M2 value (0.61) suggests that LecA binds to additional
structures that StxB does not. To draw reasonable conclusions with MCC values, we have
mimicked the “complete” and “no” overlap scenarios using anti-mouse AF488 and AF647
against anti-Lamp1 antibody on Fabry fibroblasts (Supplementary Figure S5). The BIOP-
JACoP plugin was used to calculate M1 and M2 values. Complete overlap was calculated
from the Lamp1 signal derived from the Lamp1 signal originating from both AF488 and
AF647 (Supplementary Figure S5A); M1 and M2 values were calculated as 0.90 and 0.91,
respectively. For the no-overlap case, calculated between the nuclear signal (DAPI) and the
signal from AF647 (Supplementary Figure S5B), M1 and M2 values were found to be 0.013
and 0.2, respectively.
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Figure 3. Triple stain of Fabry fibroblasts using an anti-Gb3 antibody, StxB, and LecA. Representative
confocal images of Fabry fibroblasts are depicted, which were stained with the anti-Gb3 antibody #
2 (1:20), without (A1,A2) or with pre-incubation (B1,B2), then stained with a secondary antibody-
AF488 (1:200) against anti-Gb3, and StxB-AF555 (1:100), and LecA-AF647 (1:200). (A1,B1) display
the full view of the merged image (2048 × 2048 pixels) and grayscale images of individual channels.
Zoomed in areas of the merge from (A1,B1) (indicated by a yellow square) and the grayscale images
are presented in (A2,B2). (A1,A2) In the absence of pre-incubation of the anti-Gb3 antibody, i.e.,
simultaneous administration of all three tools, the anti-Gb3 antibody exhibited a very weak signal.
(B1,B2) The anti-Gb3 antibody demonstrated a detectable signal when it was pre-incubated ahead of
the lectins, followed by a co-incubation of the lectins with the secondary antibody against anti-Gb3.
All scale bars represent 20 µm.
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StxB-AF488 and LecA-AF647 in (C), where anti-Gb3 was pre-incubated in all cases for one hour. 
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field of view (2048 × 2048 pixels), along with grayscale images from individual channels. Scatter 
plots of the pixel intensity of individual channels are shown for cells from zoomed in areas (far 
right). White horizontal and vertical lines indicate the automated threshold values determined by 
ImageJ (2.1.0) using Otsu’s method to segment the region of interest for all images in Fabry fibro-
blasts. (D) The signals for the indicated labels were recorded as Z-stacks for each cell for 3D colocal-
ization analysis using the BIOP-JACoP plugin in ImageJ (n ≥ 60 cells). The Manders Colocalization 
Coefficient (MCC) was used to evaluate the proportion of the fluorescence intensity of one signal 
that overlaps with the other. M1 represents the proportion of overlapping pixels of the green chan-
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Together, these results state that StxB exhibits faster binding kinetics compared to 
anti-Gb3, and both lectins show more selective binding provided by high avidity. Consid-

Figure 4. Double stain of Fabry fibroblasts using an anti-Gb3 antibody, StxB, and LecA. Confocal
images of Fabry fibroblasts (all panels) depict different staining in the following combinations: StxB-
AF488 and anti-Gb3 (anti-rat-AF647) in (A), LecA-AF488 and anti-Gb3 (anti-rat-AF647) in (B), and
StxB-AF488 and LecA-AF647 in (C), where anti-Gb3 was pre-incubated in all cases for one hour. Each
panel displays a zoomed in area indicated by a white square (1000 × 1000 pixels) of the full field of
view (2048 × 2048 pixels), along with grayscale images from individual channels. Scatter plots of
the pixel intensity of individual channels are shown for cells from zoomed in areas (far right). White
horizontal and vertical lines indicate the automated threshold values determined by ImageJ (2.1.0)
using Otsu’s method to segment the region of interest for all images in Fabry fibroblasts. (D) The
signals for the indicated labels were recorded as Z-stacks for each cell for 3D colocalization analysis
using the BIOP-JACoP plugin in ImageJ (n ≥ 60 cells). The Manders Colocalization Coefficient
(MCC) was used to evaluate the proportion of the fluorescence intensity of one signal that overlaps
with the other. M1 represents the proportion of overlapping pixels of the green channel in the red
channel, while M2 represents the opposite. MCC values range from 0 to 1.0, where 1.0 stands for
perfect colocalization. MCC values are represented using a violin plot, which illustrates the median,
interquartile range, outliers, and the probability density of the data. Wider sections of the plot indicate
areas with higher data density, while narrower sections represent lower density regions. All scale
bars represent 20 µm.

Together, these results state that StxB exhibits faster binding kinetics compared to anti-
Gb3, and both lectins show more selective binding provided by high avidity. Considered
together, their ability to detect not only Gb3 levels but, in some cases, other accumulating
substrates associated with Fabry disease underlines their superior utility in this context.
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In a next step, we used these three molecules to investigate the lysosomal accumulation
of Gb3 in Fabry fibroblasts. StxB, LecA, and an anti-Gb3 antibody were used individually
to label the accumulating Fabry substrates along with an anti-Lamp1 antibody to detect
lysosomes. Fabry fibroblasts exhibited a pronounced lysosomal content, both in terms of
abundance and overall morphology, compared to their healthy counterparts (Supplemen-
tary Figure S6). The LecA signal shows greater signal overlay with anti-Lamp1 (Figure 5B)
compared to StxB (Figure 5A) and anti-Gb3 (Figure 5C), which is evident in the grayscale
images and the scatter plots in Figure 5. M1 was calculated to be 0.83 for both LecA and
StxB. On the other hand, anti-Gb3 revealed a slightly higher M1 value of 0.84. In contrast,
M2 values showed a remarkable decrease with values of 0.53, 0.43, and 0.26 for LecA,
StxB, and anti-Gb3, respectively. The same trend was also observed in healthy fibroblasts
(Supplementary Figure S7). These results reaffirm that the signal from all probes correlates
with lysosomes presented by M1 values. Hence, M2 values clearly show that the proportion
of the anti-Gb3 signal is lower in lysosomes compared to StxB or LecA. Notably, LecA
emerges as the most effective lectin for providing insights into the lysosomal accumulation
of Fabry substrates. Additionally, StxB, as a highly specific marker for Gb3, demonstrates
superior representation of lysosomal accumulation compared to its closest alternative, the
anti-Gb3 antibody.
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Figure 5. Lysosomal accumulation of Fabry substrates assessed by LecA, StxB, and anti-Gb3. Confocal
images of Fabry fibroblasts (all panels), which were stained with an anti-Lamp1 antibody (and a
secondary AF647-labeled antibody), are shown. The cells were counterstained with either LecA-AF488 (A),
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StxB-AF488 (B), or anti-Gb3 (labeled with anti-rat-AF488 (C)). Each panel displays a zoomed in area
indicated by a white square (1000 × 1000 pixels) of the full field of view (2048 × 2048 pixels), along
with grayscale images from individual channels. Scatter plots of the pixel intensity of individual
channels are shown for cells from zoomed in areas (far right). White horizontal and vertical lines
indicate the automated threshold values determined by ImageJ using Otsu’s method to segment
the region of interest for all images in Fabry fibroblasts. (D) The signals for the indicated labels
were recorded as Z-stacks for each cell for 3D colocalization analysis using the BIOP-JACoP plugin
in ImageJ (n ≥ 60 cells). The Manders Colocalization Coefficient (MCC) was used to evaluate the
proportion of the fluorescence intensity of one signal that overlaps with the other. M1 represents the
proportion of pixels of the green channel that overlap with the red channel, while M2 represents the
opposite. MCC values range from 0 to 1.0, where 1.0 stands for perfect colocalization. MCC values
are represented using a violin plot, which illustrates the median, interquartile range, outliers, and
the probability density of the data. Wider sections of the plot indicate areas with higher data density,
while narrower sections represent lower density regions. All scale bars represent 20 µm.

2.4. The Sphingolipid Metabolism Is Disturbed in Fabry Cells as Revealed by Mass Spectrometry

Due to the impaired activity of α-Gal A, Fabry cells display abnormalities in Gb3
metabolism that may extend beyond the accumulation of Gb3 and lyso-Gb3. While these
metabolites have been the primary focus of many studies utilizing animal models and
analyzing plasma and urine samples from Fabry patients, possible broader metabolic
implications designate a need for further investigation [3,40,41]. One factor that impacts
the Gb3 accumulation is the sphingolipid (SL) metabolism of the cell [42]. In this study,
we have aimed to address the impaired SL profile in mammalian cultured cells. A com-
prehensive comparison of fibroblasts from two healthy individuals with age differences
and three Fabry patients was performed to clarify the aberrant SL metabolism in three
different GLA mutations and to gain a first insight into the correlation between genotype
and phenotype. Furthermore, conditionally immortalized human podocytes from both
GLA-knockout (KO) and wild-type (WT) models were analyzed under the same conditions.
Our primary objective was to identify sphingolipid species, focusing on fatty acyl chain
length, degree of saturation, and hydroxylation. Briefly, cell lysates were prepared by
homogenizing cells in a 1:1 methanol-to-water mixture, followed by chloroform-based
lipid extraction [43]. The resulting lipids were subjected to liquid chromatography and
targeted mass spectrometry for detailed analysis. Normalized intensity values were used to
quantify the total abundance of Gb3 isoforms. From now on, the Fabry fibroblast cell lines
will be referred to as FF1, FF2, and FF3, while the healthy fibroblast lines will be referred
to as HF1 and HF2. It is important to note that HF1 and FF1 were the cell types used
previously in flow cytometry and immunofluorescence experiments. Figure 6A illustrates
the relative abundance of various sphingolipid species in Fabry and healthy fibroblasts.
In Fabry fibroblasts (FF1, FF2, and FF3), certain Gb3 isoforms exhibited relatively high
abundance compared to total abundance of all targeted Gb3-isoforms, including C16:0
(23%, 26%, and 26%), C22:0 (15%, 12%, and 12%), C24:0 (26%, 25%, and 30%), and C24:1
(33%, 33%, and 27%). In contrast, other Gb3 isoforms were present at significantly lower
levels, such as C16:0-OH (0.79%, 1%, and 1.4%), C18:0 (1.3%, 0.93%, and 0.94%), C18:1
(0.5%, 0.6%, and 0.6%), and C20:0 (0.7%, 0.5%, and 0.47%). A similar trend was observed in
healthy fibroblast HF1, where Gb3 isoforms such as C16:0 (27%), C22:0 (11%), C24:0 (22%),
and C24:1 (35%) exhibited relatively high abundance, while other isoforms were detected
at markedly lower levels.
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Figure 6. Patient-derived Fabry fibroblasts display an enrichment of Gb3. Three Fabry fibroblast cell
types (which bear different mutations and display the classical phenotype) and two healthy fibroblast
cell types (from different donors who were 3 (HF2) and 38 years (HF1) old) were used. (A) Intensity
peaks indicating the amount of Gb3 isoforms in Fabry and healthy fibroblasts were measured by targeted
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LC/MS analysis. Data are means; error bars are standard deviation (SD). The significance of the
differences tested by one-way ANOVA was followed by Dunnett’s multiple comparisons test (n = 3).
Error bars are means ± (SD). Only significant values are displayed. * p < 0.05, ** p < 0.01, **** p < 0.0001.
(B–E) Volcano plots are showing log2 fold changes (FC) on the x-axis and negative decadic logarithm
of p-values after false discovery rate-based multiple testing correction on the ordinates (dashed lines
represent cut-offs of 0.5 and 2 for fold change and q < 0.05). Increased values are depicted as red,
reduced values as blue. Only lipids matching both cut-offs were labeled. (B) HF2 vs. HF1, (C) FF1
vs. HF1, (D) FF2 vs. HF1, (E) FF3 vs. HF1. (F) Heat map analysis of significantly changed lipids
according to one-way ANOVA and false discovery rate-based multiple testing correction (q < 0.05).
Range-scaled z-scores are displayed. The results are presented in technical triplicates and have been
reproduced in biological replicates.

To summarize, all Gb3 isoforms were significantly increased in Fabry fibroblasts (FF1,
FF2, FF3) compared to healthy fibroblasts HF1 (p < 0.0001), except for C16:0-OH, which
showed no significant difference in FF2. No significant differences regarding Gb3 isoforms
were observed between the two healthy fibroblast lines (HF1 and HF2). The volcano
plots in Figure 6B–E illustrate the upregulated and downregulated glycosphingolipids
in various comparisons. In particular, these plots compare HF1 with HF2 (Figure 6B),
FF1 (Figure 6C), FF2 (Figure 6D), and FF3 (Figure 6E). The intensity peaks and statistical
significance values of other targeted Gb3 precursors, including ceramides (Cer), hexosyl-
(HexCer), and lactosylceramides (LacCer), are provided in the Supplementary Information
(Supplementary Figure S8). Both Hex- and LacCers displayed an increasing tendency in the
comparison between HF1 and HF2 (Figure 6B), which reflects differences between the older
donor (HF1) and the younger donor (HF2). Interestingly, ceramides showed a significant
increase in all isoforms in HF1 compared to HF2, as well as compared to all other Fabry
fibroblasts. The heat map in Figure 6F further confirms this upregulation. All ceramides
showed a significant increase in HF1 when compared with Fabry fibroblasts (FF1, FF2, FF3),
with the exception of Cer(d18:1/18:0) in FF1. However, hexosyl- and lactosylceramides
did not follow a consistent trend and showed no significant differences between the Fabry
fibroblasts, as can be clearly seen in both the volcano plots and the heat map (Figure 6).
These results emphasize the different Gb3 profiles between Fabry fibroblasts (FF1, FF2,
FF3) and healthy fibroblasts (HF1, HF2) and highlight the significant differences in the
distribution of Gb3 isoforms in the different cell types.

Additionally, we performed the same experimental approach with GLA-knockout (KO)
and WT podocytes. The results closely resembled those observed in primary fibroblasts,
with all Gb3 isoforms upregulated in GLA-KO podocytes compared to WT podocytes
(Figure 7). In GLA-KO podocytes, certain Gb3 isoforms exhibited relatively high abundance,
including C16:0 (55%), C22:0 (5.8%), C24:0 (10%), and C24:1 (22%). In contrast, other Gb3
isoforms were present at significantly lower levels, such as C16:0-OH (1.8%), C18:0 (3.0%),
C18:1 (0.8%), C20:0 (0.4%), and C22:1 (0.3%). A similar tendency was observed in WT
podocytes, where Gb3 isoforms such as C16:0 (52%), C22:0 (7.7%), C24:0 (21%), and C24:1
(13%) exhibited relatively high abundance, while other isoforms were detected at markedly
lower levels, including C16:0-OH (1.5%), C18:0 (2.4%), C18:1 (1.2%), C20:0 (0.6%), and C22:1
(0.3%). All Gb3 isoforms showed significantly increased abundances in GLA-KO podocytes
compared to WT podocytes, except for the C24:0 isoform. In particular, Gb3-C24:0 was
the only isoform not statistically significant, while the remaining Gb3 isoforms exhibited
differences statistically significant.
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false discovery rate-based multiple testing correction on the ordinate (dashed lines represent cut-
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tection assays, as recent developments show. Lectin-based glycan arrays are increasingly 
recognized in glycan research for their high specificity and lower susceptibility to cross-
reactivity often seen with commercial antibodies [19,21,22,33]. Notably, commercially 
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Figure 7. GLA-KO Fabry podocytes display upregulated Gb3 metabolism. (A) Intensity peaks
displaying the quantity of Gb3 isoforms in GLA-KO and WT podocytes were determined by targeted
LC/MS analysis. Error bars are means ± (SD). Significance of the differences tested by unpaired
two-tailed t-test. Only significant values are displayed. * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Volcano
plot shows log2 fold changes (FC) on the x-axis and negative decadic logarithm of p-values after false
discovery rate-based multiple testing correction on the ordinate (dashed lines represent cut-offs of
0.5 and 2 for fold change and q < 0.05). Increased values are depicted as red, reduced values as blue.
Only lipids matching both cut-offs were labeled. (C) Heat map analysis of significantly changed
lipids according to t-test analysis and false discovery rate-based multiple testing correction (q < 0.05).
Range-scaled z-scores are displayed. The results are presented in technical triplicates and have been
reproduced in biological replicates.

3. Discussion
Lectins have emerged as excellent tools for the detection of the glycosphingolipid

Gb3 and have proven their superiority over anti-Gb3 antibodies as markers in glycan
detection assays, as recent developments show. Lectin-based glycan arrays are increas-
ingly recognized in glycan research for their high specificity and lower susceptibility to
cross-reactivity often seen with commercial antibodies [19,21,22,33]. Notably, commercially
available antibodies have been criticized in protein research because their efficiency in
detecting glycolipids has been questioned in comparison to the natural glycan recognition
capabilities of lectins [44]. In this study, the two Gb3-binding lectins, StxB and LecA, were
used as tools for the detection of glycans. Schubert et al. applied these lectins simultane-
ously to stain the plasma membrane of Gb3-positive MDCK cells. Confocal microscopy
revealed intriguing findings, namely that StxB and LecA were segregated into distinct
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domains at the plasma membrane of cells, leading to further analysis of the binding prefer-
ences of these lectins, using giant unilamellar vesicles (GUVs) as a membrane model system.
They discovered that both lectins bind to Gb3 in an isoform-specific manner influenced
by the Gb3 fatty acyl chain structure and the local membrane environment, specifically
liquid-ordered and liquid-disordered domains. The results demonstrated that StxB prefer-
entially binds to the C18:1 and C24:0 isoforms of Gb3 in liquid-ordered domains, whereas
LecA exhibits a distinct binding pattern by binding Gb3 species with shorter fatty acid
chains and showing a higher affinity for liquid-disordered membrane domains. Moreover,
StxB recognized Gb3 at the primary cilium and the periciliary membrane, whereas LecA
only bound periciliary Gb3 in polarized MDCK cells [28]. Other studies have engineered
and utilized bispecific lectin chimeras termed “lectibodies” in innovative therapeutic ap-
proaches. StxB was genetically fused to an anti-CD3 single-chain antibody fragment to
target and kill Gb3-positive cancer cells by activating cytotoxic T cells. This approach
represents a promising strategy for improving glycan target specificity against cancer
cells [45]. Furthermore, lectin-based CAR-T cells (also called lectin-CAR T cells) have been
developed by conjugating the sequences of a second-generation CAR and a Gb3-binding
lectin (StxB, LecA, and Mitsuba) as antigen-binding domains, which target and kill various
cancer cells [39]. These advancements highlight the growing versatility of lectins in glycan
recognition and therapeutic applications.

In Fabry disease, the combination of StxB and LecA offers significant advantages,
not only in the detection of Gb3 accumulation but also in the identification of other α-
D glycol-conjugates, which are the primary molecular structures that accumulate in the
disease [2]. Although Gb3 is the main substrate accumulating in Fabry disease, other
α1,3- and α1,4-linked galactosyl residues, such as globotriaosylsphingosine (lyso-Gb3, the
deacylated form of Gb3), digalactosylceramide (Gal2Cer), B antigen, and P1 antigen, also
accumulate to a lesser extent in lysosomes [4]. Previously, StxB and Isolectin B4 (from
Griffonia simplicifolia) have been used individually in Fabry research, including immunoflu-
orescence and immunohistochemistry, to target Gb3 and α-D glycol-conjugates [46–48].
However, we strongly doubt that these tools used individually can adequately capture
all Gb3 isoforms and analogs that accumulate in Fabry cells, such as lyso-Gb3, as there
are structural differences that could alter the presentation of the Gb3 head group. StxB
can successfully target certain Gb3 species but may not comprehensively recognize all
Fabry substrates. Therefore, the inclusion of LecA as an additional Gb3-binding lectin
is critical for a complete assessment of substrate accumulation in Fabry cells [28]. One
other importance of LecA in FD is a study published in 2018 clearly demonstrating that
LecA reveals hetero-multivalent interaction by simultaneously binding Gb3 and LacCer,
efficiently increasing its binding to Gb3 in model membranes [49]. It is important to note
that LacCer is not a direct substrate accumulating in FD, but due to the disturbed Gb3
degradation, it can be assumed that it also accumulates due to the far-reaching distur-
bances in the processing of glycosphingolipids. However, our mass spectrometry results
demonstrate that there is no particular trend in LacCer species in either Fabry fibroblasts
or podocytes. Nonetheless, this potential impairment of LacCer abundance could have a
positive impact on the avidity of LecA for Gb3, further emphasizing its utility in detecting
glycosphingolipid imbalances in Fabry disease.

The colocalization analysis performed in this study using Manders Colocalization Co-
efficients supports the complementary use of these two lectins. A high overlap (M1 = 0.92)
between StxB and LecA signals, combined with a lower M2 value (0.62) for LecA, suggests
that LecA can provide unique and additional information about Fabry fibroblasts. In
comparison, colocalization of anti-Gb3 and StxB resulted in a low M1 value (0.48), sup-
porting the hypothesis that anti-Gb3 antibodies are less effective at accurately binding
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Gb3 compared to StxB. However, the calculated M2 value (0.70), which is closer to our
control M2 value (0.90), still indicates that not all anti-Gb3 signals overlap with StxB. For
LecA and anti-Gb3, the M1 and M2 values were calculated to be 0.33 and 0.84, respectively,
clearly indicating that when comparing both lectins against anti-Gb3, LecA provides more
comprehensive coverage than StxB (Figure 4). These findings strongly suggest that both
sequential and simultaneous use of StxB and LecA improves the detection of substrate
localization in Fabry cells and highlights the advantages of lectins in glycan detection
during immunofluorescence staining [47].

Furthermore, a comparison of all Gb3-binding molecules in the lysosomal accumu-
lation revealed that LecA provides the most comprehensive information about substrate
accumulation in lysosomes in Fabry fibroblasts. Notably, LecA exhibited the highest M2
value (0.53), indicating that it achieves the highest overlap with the Lamp1 and is very
effective in identifying Gb3 accumulation within lysosomes. This highlights the superior
ability of LecA to recognize and map glycosphingolipid perturbations in Fabry cells, while
StxB (0.43) accurately maps the Gb3 population, performing much better than the anti-Gb3
antibody (0.26).

The relatively low M2 values calculated for Gb3-binding molecules against Lamp1
staining (the experimental perfect colocalization M2 value of 0.90, Supplementary Figure S5)
may be attributed to the presence of lysosomal structures that are not fully occupied by
glycoconjugates and not to unbalanced signal intensities between Lamp1 and Gb3-binding
molecules. This issue was addressed by Manders et al., who advocated the use of MCC as
a more robust measure to resolve these discrepancies as opposed to Pearson correlation
coefficient [47,48].

Also in flow cytometry experiments, commercially available anti-Gb3 antibodies
demonstrated a disappointing performance (Figure 1). To our surprise, these antibodies
failed to bind Gb3 in flow cytometry of H1299 cells, Fabry, and healthy fibroblasts. This
failure can only be explained by the fact that antibodies are cell-type specific. One can argue
about the possibility that an anti-Gb3 antibody cannot recognize Gb3 due to steric hindrance
by other membrane components in the plasma membrane [23,24]. Indeed, Fabry fibroblasts
and H1299 cells were also subjected to whole-cell flow cytometry analysis, in which they
were fixed and permeabilized prior to antibody incubation. This approach effectively
rules out the hypothesis of a steric hindrance for fibroblasts, as no significant increase in
fluorescence intensity was observed compared to untreated cells. Interestingly, H1299 cells
showed a slight increase in fluorescence intensity, which could be due to alterations in
the plasma membrane caused by PFA fixation or improved accessibility to intracellular
Gb3 deposits due to permeabilization. Nonetheless, these results once again highlight the
inconsistency of antibody performance across cell types and preparation methods. We
are confident that the inconsistency of the anti-Gb3 antibody is not related to Gb3 levels
or isoform abundance, as both Ramos and H1229 carcinoma cell lines showed similar
upregulated Gb3 metabolism, which was assessed by whole-cell MS analysis, revealing
a similar trend for Gb3 isoforms [35,39]. In contrast, lectins have proven their superiority
by providing important insights from plasma membrane and whole-cell analyses in flow
cytometry experiments, emphasizing their versatility and broader applicability in detecting
Gb3 in different cell types (Figure 2).

The accumulation of substrates resulting from impaired SL metabolism varies con-
siderably between cell types affected by FD, depending on their specific sphingolipid
metabolic pathways [42]. The results of gene therapy with lentiviruses in Fabry patients
may indirectly confirm these discrepancies in GSL metabolism between individuals [50].
This variability could also be an explanation for the discrepancies observed in Fabry mouse
models [40,50,51]. On the other hand, human studies have mainly focused on analyzing
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body fluids from Fabry patients using mass spectroscopy. Hence, it was very important
to use cultured human cells, including primary and knockout (KO) models, to fill this
knowledge gap, investigate substrate accumulation from different angles, and improve our
understanding of GSL accumulation in Fabry disease. We used primary fibroblasts from
three different donors that showed the classical phenotype with a residual α-Gal A activity
of up to 27% [52]. In addition, we also used human GLA-KO podocytes, as this is the most
affected cell type in the human glomerulus in Fabry disease [53]. Although cultured human
cells have not been the focus of MS studies for substrate accumulation profiling, one notable
study used cultured patient-derived fibroblasts to assess the reduction of Gb3, lyso-Gb3
isoforms, and other SLs following GSL inhibition by lucerastat [54–56]. We additionally
used two healthy fibroblast cells from 38- and 3-year-old donors to investigate a possible
age-related change in SL levels. Our results showed that the measured Gb3 isoforms were
upregulated in Fabry fibroblasts, with the exception of C16-OH in FF2. An increasing trend
is also observed in ceramide analogs (d18:0) and isoforms (d18:1) in HF1 compared to
HF2, but no significant differences are observed among Gb3 isoforms (Figure 6A,B,F). This
suggests that age might influence SL metabolism but is not necessarily a factor influenc-
ing Gb3 levels. All Gb3 isoforms were significantly increased in all Fabry cells (with the
exception of C16-OH in FF2, Figure 6A,C,D,F). In podocytes, C24 was the only isoform
that did not increase significantly, although KO mice had longer fatty acyl chain isoforms
in kidney tissues [40]. The abundances of Gb3 isoforms in podocytes correlated with the
study performed on the same cell line [57] (Figure 7). Other GSLs, including the Hex- and
LacCer isoforms, showed relatively increased levels in Fabry fibroblasts, although there
was no particular trend between the different isoforms (Supplementary Figure S8). Hex-
and LacCer isoforms also did not show a trend consistent with donor-derived cells and
the KO Fabry model (Supplementary Figure S9). In summary, all Gb3 isoforms were in-
creased in both cell lines, with the Gb3 precursor GSLs following an upward or downward
trend that varied between the different donors, and the same trend was also present in the
GLA-KO model, which could be a first explanation for the discrepancies in SL studies in
Fabry research.

To conclude, lectins have great potential as reliable detection tools for glycolipids,
such as Gb3. Their fast binding kinetics are particularly advantageous, as evidenced by the
absence of anti-Gb3 signals in the presence of StxB. Moreover, the combined use of StxB
and LecA enables a more comprehensive understanding of the accumulating substrates
in Fabry disease and thus better detection and characterization. In particular, given the
aberrant GSL metabolism and the diversity of accumulating substrates in Fabry cells, it
is important to address glycan accumulation with alternative lectins. Since we were able
to detect different Gb3 concentrations using lectins, ranging from low (in healthy cells)
to high (in several Fabry fibroblast cells with differences in the residual α-Gal activity),
we are convinced that it is also possible to quantify Gb3 concentrations after therapeutic
interventions. Finally, yet importantly, the ability to produce these lectins in the laboratory
ensures a scalable and accessible approach for future research and diagnostic applications.

4. Materials and Methods
4.1. Antibodies and Chemicals

The following anti-Gb3 antibodies were used in flow cytometry experiments: anti-
CD77-FITC (anti-Gb3 # 1) derived from rat (Antibodies.com, St. Louis, MO, USA, Cat. No.
A285834), anti-CD77-FITC (anti-Gb3 # 2) derived from mouse (BD PharmingenTM, Franklin
Lakes, NJ, USA, Cat. No. 551353), and anti-CD77-FITC (anti-Gb3 # 3) derived from mouse
(BioLegend, San Diego, CA, USA, Cat. No. 357103). The following primary antibodies were
used in immunofluorescence experiments: anti-CD77 derived from rat (Antibodies.com,
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St. Louis, MO, USA, Cat. No. A254401) and anti-CD107a (Lamp1) derived from mouse
(BD PharmingenTM, Franklin Lakes, NJ, USA, Cat. No. 611042I). The following secondary
antibodies were used: anti-rat IgG-Alexa Fluor 488-conjugated (Thermo Fisher Scientific,
Waltham, MA, USA, Cat. No. A21208), anti-rat IgG-Alexa Fluor 647-conjugated (Thermo
Fisher Scientific, Waltham, MA, USA, Cat. No. A-31573), and anti-mouse IgG-Alexa Fluor
647-conjugated (Thermo Fisher Scientific, Waltham, MA, USA, Cat. No. A21236).

The following chemicals and solutions were used for the cell culture and experiments:
DPBS 1X, without CaCl2 and MgCl2 (Cat. No. AC-BS-0002), Penicillin-Streptomycin
Solution 100X (Cat. No. AC-AB-0024), RPMI 1640 1X (Cat. No. AC-LM-0060), and
Trypsin-EDTA 1X (Cat. No. AC-EZ-0004) were purchased from Anprotec, Bruckberg,
Germany. L-Glutamine 200 mM (Cat. No. 7-GLN-B) was ordered from 7Bioscience GmbH,
Neuenburg am Rhein, Germany. DMEM 1X (Cat. No. 21969-035) and fetal calf serum (FCS,
Cat. No. 10270106) were purchased from Gibco by Thermo Fisher Scientific, Waltham,
MA, USA. PE Annexin V (Cat. No. 556454) was obtained from Becton, Dickinson, and Co
(BD Biosciences), San Jose, CA, USA, NH4Cl (Cat. No. K298.1), EDTA (Cat. No. 8043.1),
paraformaldehyde (PFA, Cat. No. 335.1), DMSO (Cat. No. A994.2), and DAPI (Cat.
No. 4855.2) were purchased from Carl Roth GmbH and Co. KG., Karlsruhe, Germany,
Alexa Fluorophore 488 NHS Ester (Cat. No. Thermo Fisher Scientific obtained A20000)
from Invitrogen, Carlsbad, CA, USA. DABCO solution (Cat. No. D27802), StxB (Cat. No.
SML0562-0.5MG), Mowiol (Cat. No. 81381-250G), saponin (Cat. No. 84510-100G), and
insulin-transferrin-sodium selenite media supplement (ITS, Cat. No. 11074547001) were
ordered from Sigma-Aldrich Inc., Darmstadt, Germany.

4.2. Cell Lines

Primary cultures of fibroblasts derived from Fabry disease patients with mutations in
their GLA gene were used alongside fibroblasts from healthy individuals. Fabry fibroblast
# 1 carries the c.639+5G>T mutation, while Fabry fibroblast # 2 carries the c.680G>A
mutation with a very low remaining α-Gal activity of approximately 5 nmol/h/mL [58].
Fabry fibroblast # 3 carries the c.485G>A mutation reported in two different studies with
an α-Gal activity ranging from 10–15% and 27%, respectively, of a normal enzymatic
activity [52]. FF1, FF2, and FF3 were 41-year-old, 38-year-old, and 10-year-old male patients
at sampling, respectively. Healthy fibroblast #1 and healthy fibroblast #2 were derived from
38-year-old and 3-year-old male individuals, respectively [59].

Conditionally immortalized podocytes were developed to enable proliferation at
permissive temperatures (33 ◦C) and differentiation at non-permissive temperatures (37 ◦C)
by transfecting the temperature-sensitive SV40-T gene [60]. Fabry podocytes (GLA-KO)
were generated by Christoph Schell and Tobias Huber. The GLA gene was knocked out in
conditionally immortalized podocytes using CRISPR-Cas9 technology [10].

4.3. Cell Culture

RPMI 1640 medium supplemented with L-glutamine, 10% fetal calf serum (FCS),
1% penicillin/streptomycin, and 5 mg ITS (aliquoted in H2O) was used. Additional
supplements included HEPES (1 M, 1:200), MEM non-essential amino acids (NEAA, 100×,
1:1000), and sodium pyruvate (100 mM, 1:1000). Cells were sub-cultured in 10 cm culture
dishes at a 1:5 ratio until they reached 80–90% confluency at 33 ◦C. For differentiation,
1 million cells were seeded in a 10 cm dish and cultured overnight at 33 ◦C and 5% CO2.
On the next day, podocytes were transferred to 37 ◦C and 5% CO2 for 12–14 days, with
media changes every 3 days.

Primary cultures of human fibroblasts were grown in DMEM supplemented with
4 mM L-glutamine, 1% penicillin-streptomycin solution (100×), and 10% fetal calf serum
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(FCS). Fibroblasts were cultured at 37 ◦C and 5% CO2 until 80–100% confluence and then
split into T25 flasks at a 1:2 ratio. The cells were used up to a maximum passage number
of 30.

4.4. Lectin Labelling

LecA and StxB were labeled with fluorescent dyes for flow cytometry and confocal
microscopy. The labeling was performed through NHS-ester amine conjugation, using
Alexa Fluor 488, 555, and 647 (AF488, AF555, and AF647). The respective lectin was
dissolved in ddH2O and supplemented with 10% (v/v) 1 M NaHCO3 at pH 8.5. The
dye solution was dissolved in DMSO at a concentration of 10 mg/mL and was added
to the lectin solution. The volume of the dye solution to be added was calculated using
the following equation, Vd =

Cp×Vp
MWp

× ME × MWd
Cd

, where cp = protein concentration,
Vp = volume of protein label, MWp = the molecular weight of the protein, ME = molecular
excess (the number of dye molecules per protein molecule), Vd = volume of the dye solution
to be added, and cd = concentration of the marker.

The protein and the dye solutions were incubated for one hour at room temperature
and were stirred every 5 min. A ZebaTM Spin Desalting Column was prepared by removal
of the storage solution by centrifuging the column at 1500× g for one minute and then
washing it three times with 300 µL of 1 M NaHCO3 at 1500× g for one minute. The
lectin solution was loaded into the column and placed in a collective tube. The column
was centrifuged at 1500× g for two minutes, and the sample was collected. In the end,
the concentration of the labeled protein was measured using NanoDrop (Thermo Fisher
Scientific, Waltham, MA, USA).

4.5. Immunofluorescence Staining

30,000–40,000 fibroblasts per well were seeded in 4-well plates with 12 mm glass
coverslips in 500 µL of fibroblast medium and incubated overnight at 37 ◦C. The cells were
washed with PBS, fixed with 250 µL paraformaldehyde (PFA) 4% in PBS for 15 min, and
washed twice with PBS. The PFA was quenched using 250 µL of NH4Cl 50 mM for 10 min,
followed by two washes with PBS. The cells were blocked and permeabilized for 30 min
using 500 µL Sapo solution (0.2% saponin and 3% BSA in PBS). The above-mentioned steps
were carried out at RT. The coverslips with the fixed cells were then placed for a one-hour
incubation in the dark on 50 µL drops of primary antibodies against the molecule of interest
or drops of labeled lectins that were deposited on parafilm. The antibodies were diluted
1:100 or 1:200, and the lectins were diluted to 10 µg/mL in the Sapo solution. The cells were
washed three times with PBS, and the coverslips were placed on 50 µL drops of diluted
secondary antibodies conjugated to fluorophores (1:200 dilution) for 30 min of incubation
in the dark. The cells were washed once with PBS and placed for 10 min incubation in
the dark on 50 µL drops of diluted DAPI for nuclear staining (1:500 dilution). The cells
were washed twice with PBS, rinsed with ddH2O, and mounted on 8 µL drops of mowiol
containing DABCO on glass slides. The slides were dried overnight at room temperature
in the dark and then stored at 4 ◦C. The samples were imaged not longer than two days
after the staining process.

4.6. Image Acquisition

The samples were imaged using a Nikon A1R confocal laser scanning system with
a 12-bit intensity range. The setup included a Nikon Eclipse Ti-E inverted microscope
with a 60× oil immersion objective with a numerical aperture of 1.49. Excitation of DAPI
and Alexa Fluorophores (AF) 488, 555, and 647 was achieved using laser lines at 404.7 nm,
489.0 nm, 562.3 nm, and 641.8 nm. Emission was recorded with filters set at 425–475 nm,
500–530 nm, 570–620 nm, and 663–738 nm, respectively. The pinhole diameter was adjusted
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to 1.2 A.U. for the 647 nm channel (46.0 µm). The pixel size was established at 0.1 × 0.1 µm
for an optimal sampling rate according to the Nyquist theorem. The acquisition parameters
(laser intensity, detector gain, and offset values) were optimized for an optimal signal
gain to prevent signal oversaturation and fluorophore bleaching. Once the settings were
optimized, acquisition parameters kept the same across all samples within a replicate
to enable judgments of signal intensity between Fabry and healthy fibroblasts. Special
care was taken to avoid oversaturation whenever it was possible. Image volumes were
obtained by collecting a series of vertical images (Z stack) with a 0.175 µm step size.
Image acquisitions were performed using the NIS-Elements software (version 4.5, Nikon
Instruments Europe B.V., Amsterdam, The Netherlands).

4.7. Quantitative Colocalization Analysis

Manders Colocalization Coefficients (MCC), M1 and M2, were employed to quantita-
tively analyze the overlap between signals in dual-color confocal microscopy images. M1
represents the proportion of signal from marker X that overlaps with regions containing sig-
nal from marker Y, while M2 indicates the proportion of signal from marker Y that overlaps
with regions containing signal from marker X. MCC values range from 0 (no overlap) to 1
(complete overlap) [61]. To exclude background noise and focus on marker-specific signals,
Otsu’s thresholding method [62] was applied to all images of Fabry fibroblasts. Overlap
values and intensity scatter plots were calculated with the FIJI ImageJ 2.1.0 software using
the plugin BIOP-JACoP (Just Another Colocalization Plugin) for all Z-stacks of the cells [63].
The cell recorded cell volume. Cell boundaries were delineated manually using ImageJ’s
freehand tool [64].

4.8. Flow Cytometry

A suspension of 100,000 cells per well was prepared in a U-bottom 96-well plate. The
cells were pelleted by centrifugation at 1600× g at 4 ◦C for 3 min, and the supernatant was
discarded. To initiate lectin stimulation, 100 µL of lectin solution in fibroblast medium (at
the desired concentration) was added to each well, and the pellet was resuspended in the
solution. In the case of anti-Gb3 incubation, 3 µL of antibody solution was diluted in 100 µL
FACS buffer (3% BSA in PBS). The cells were incubated at 4 ◦C for 30 min, protected from
light, followed by centrifugation at 1600× g at 4 ◦C for 3 min. The pellets were resuspended
with 100 µL of Annexin-V binding buffer (1×) from BD PharmingenTM, Franklin Lakes,
NJ, USA. In samples tested for apoptosis, 5 µL of PE Annexin V was added. If apoptosis
was not tested, the cells were resuspended in 500 µL FACS buffer after two washes. The
samples were then incubated for 15 min in the dark at room temperature, transferred to
1.5 mL tubes containing 400 µL Annexin-V binding buffer, and analyzed within 30 min.
The fluorescence intensities of the samples were measured immediately using the Attune
NxT flow cytometer (Thermo Fisher). The data were then analyzed using FlowJo V.10 and
GraphPad Prism8 software. In flow cytometry experiments with whole cells, the same
amount of fibroblasts was fixed with 250 µL paraformaldehyde (PFA) 4% in PBS for 15 min
and washed twice with PBS. The PFA was quenched with 250 µL of NH4Cl (50 mM) for
10 min, followed by two washes with PBS in a 96-well plate with U-bottom. The cells were
blocked and permeabilized for 30 min using 500 µL Sapo solution (0.2% saponin and 3%
BSA in PBS). Lectin incubation was then performed for 1 h at RT and then analyzed using
the Attune flow cytometer.

4.9. Liquid Chromatography-Mass Spectrometry (LC/MS) Analysis of Glycosphingolipids

Fibroblasts (5 × 105) were seeded in 35 mm wells as triplicates the day before the
sample preparation. 1 × 105 podocytes were seeded in 35 mm wells as triplicates and
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incubated overnight at 33 ◦C. The next day, cells were transferred to 37 ◦C for differentiation
for 12–14 days.

Glycosphingolipids were measured by the method adapted from Lagies et al. [43].
Briefly, cells were washed with 0.9% NaCl (in MilliQ-water), lysed with 1 mL ice-cold
methanol/water (1:1 v/v), scrapped off the plates and transferred to a 2 mL reaction tube.
500 µL of chloroform (containing 2 µg/mL of heptadecanoic acid as an internal standard)
were added, the tubes were shaken at 1200 rpm for 5 min, and centrifuged for 10 min at
20,000× g at 4 ◦C. A volume (200 µL) of the lower phase were evaporated in a vacuum
concentrator, resuspended in 100 µL isopropanol/acetonitrile/water (2:1:1, v/v/v), and
subjected to targeted LC/MS analysis. Lipids were normalized to an internal standard
and to the sum of all lipids. Values were range-scaled and analyzed as well as visualized
using MetaboAnalyst (version 6) (volcano plot analyses, t-test analysis, ANOVA, and heat
map generation).

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms26052272/s1.

Author Contributions: Conceptualization, S.E.-G. and W.R.; Data curation, S.E.-G. and S.L.; Formal
analysis, S.E.-G. and S.L.; Funding acquisition, T.B.H., C.S., B.K., and W.R.; Investigation, S.E.-G.,
S.L., Y.A.-G., and D.N.; Methodology, S.E.-G., S.L., Y.A.-G., D.N., and W.R.; Project administration,
S.E.-G. and W.R.; Resources, B.K. and W.R.; Supervision, B.K. and W.R.; Validation, S.E.-G. and W.R.;
Writing—original draft, S.E.-G., Y.A.-G., and W.R.; Writing—review and editing, S.E.-G., S.L., Y.A.-G.,
D.N., T.B.H., C.S., B.K., and W.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the German Research Foundation (DFG) under Germany’s
Excellence Strategy (CIBSS—EXC-2189—project-ID 390939984; BIOSS—EXC 294) and the DFG grants
Major Research Instrumentation (project-ID 438033605) and RTG 2202 ‘Transport across and into
membranes’ (project-ID 278002225), as well as the Ministry of Science, Research and the Arts of
the State of Baden-Württemberg (Az: 33-7532.20). C.S. was supported by the German Research
Foundation: SFB1453 (project ID 431984000) and the Heisenberg program (project ID 501370692).
T.B.H. received funding from the German Research Foundation: SFB1453 (project P19).

Institutional Review Board Statement: The Fabry fibroblasts (# 1 and # 2) were obtained from
arm dermis samples kindly provided by Prof. Giancarlo Parenti, MD, the Telethon Institute of
Genetics and Medicine, Naples, Italy [58]. Fabry fibroblast #3 was generously provided by Prof. Dr.
Toshihide Kobayashi, originally obtained from the Coriell Institute [52]. Dr. Alexander Nyström
kindly donated healthy fibroblasts from the Molecular Dermatology group at the Department of
Dermatology, Medical Center, University of Freiburg, Germany [59].

Informed Consent Statement: Written informed consent was obtained prior to the use of skin
samples from healthy controls and Fabry patients, in accordance with the Declaration of Helsinki.
The study involving these cells was approved by the Ethics Committee of Freiburg University
(approval number 425/14).

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors are grateful to Lena Wolter for her support throughout this project.
We would also like to thank Jana Tomisch, and Pavel Salavei of the CIBSS Signaling Factory, University
of Freiburg, Germany, for their support in flow cytometry. In addition, we would like to express our
gratitude to the Life Imaging Center (LIC) of the University of Freiburg for its support.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms26052272/s1
https://www.mdpi.com/article/10.3390/ijms26052272/s1


Int. J. Mol. Sci. 2025, 26, 2272 22 of 24

References
1. Brandy, R.O. Enzymatic defect in Fabry’s disease. Ceramidetrihexosidase deficiency. N. Engl. J. Med. 1967, 276, 2010–2011.
2. Garman, S.C.; Garboczi, D.N. The Molecular Defect Leading to Fabry Disease: Structure of Human α-Galactosidase. J. Mol. Biol.

2004, 337, 319–335. [CrossRef] [PubMed]
3. Aerts, J.M.; Groener, J.E.; Kuiper, S.; Donker-Koopman, W.E.; Strijland, A.; Ottenhoff, R.; Van Roomen, C.; Mirzaian, M.; Wijburg,

F.A.; Linthorst, G.E.; et al. Elevated Globotriaosylsphingosine Is a Hallmark of Fabry Disease. Proc. Natl. Acad. Sci. USA 2008, 105,
2812–2817. [CrossRef] [PubMed]

4. Miller, J.J.; Kanack, A.J.; Dahms, N.M. Progress in the Understanding and Treatment of Fabry Disease. Biochim. Biophys. Acta. Gen.
Subj. 2020, 1864, 129437. [CrossRef]

5. Kok, K.; Zwiers, K.C.; Boot, R.G.; Overkleeft, H.S.; Aerts, J.M.F.G.; Artola, M. Fabry Disease: Molecular Basis, Pathophysiology,
Diagnostics and Potential Therapeutic Directions. Biomolecules 2021, 11, 271. [CrossRef] [PubMed]

6. Miller, J.J.; Aoki, K.; Moehring, F.; Murphy, C.A.; O’Hara, C.L.; Tiemeyer, M.; Stucky, C.L.; Dahms, N.M. Neuropathic Pain in a
Fabry Disease Rat Model. JCI Insight 2018, 3, 99171. [CrossRef]

7. Lücke, T.; Höppner, W.; Schmidt, E.; Illsinger, S.; Das, A.M. Fabry Disease: Reduced Activities of Respiratory Chain Enzymes
with Decreased Levels of Energy-Rich Phosphates in Fibroblasts. Mol. Genet. Metab. 2004, 82, 93–97. [CrossRef]

8. Schumann, A.; Schaller, K.; Belche, V.; Cybulla, M.; Grünert, S.C.; Moers, N.; Sass, J.O.; Kaech, A.; Hannibal, L.; Spiekerkoetter, U.
Defective Lysosomal Storage in Fabry Disease Modifies Mitochondrial Structure, Metabolism and Turnover in Renal Epithelial
Cells. J. Inherit. Metab. Dis. 2021, 44, 1039–1050. [CrossRef]

9. Consolato, F.; De Fusco, M.; Schaeffer, C.; Pieruzzi, F.; Scolari, F.; Gallieni, M.; Lanzani, C.; Feriozzi, S.; Rampoldi, L. α -Gal A
Missense Variants Associated with Fabry Disease Can Lead to ER Stress and Induction of the Unfolded Protein Response. Mol.
Genet. Metab. Rep. 2022, 33, 1–9. [CrossRef]

10. Braun, F.; Abed, A.; Sellung, D.; Rogg, M.; Woidy, M.; Eikrem, O.; Wanner, N.; Gambardella, J.; Laufer, S.D.; Haas, F.; et al.
Accumulation of α-Synuclein Mediates Podocyte Injury in Fabry Nephropathy. J. Clin. Investig. 2023, 133, 1–14. [CrossRef]

11. Borisch, C.; Thum, T.; Bär, C.; Hoepfner, J. Human in Vitro Models for Fabry Disease: New Paths for Unravelling Disease
Mechanisms and Therapies. J. Transl. Med. 2024, 22, 965. [CrossRef]

12. Ortiz, A.; Germain, D.P.; Desnick, R.J.; Politei, J.; Mauer, M.; Burlina, A.; Eng, C.; Hopkin, R.J.; Laney, D.; Linhart, A.; et al. Fabry
Disease Revisited: Management and Treatment Recommendations for Adult Patients. Mol. Genet. Metab. 2018, 123, 416–427.
[CrossRef] [PubMed]

13. Zhu, X.; Yin, L.; Theisen, M.; Zhuo, J.; Siddiqui, S.; Levy, B.; Presnyak, V.; Frassetto, A.; Milton, J.; Salerno, T.; et al. Systemic
MRNA Therapy for the Treatment of Fabry Disease: Preclinical Studies in Wild-Type Mice, Fabry Mouse Model, and Wild-Type
Non-Human Primates. Am. J. Hum. Genet. 2019, 104, 625–637. [CrossRef]

14. Khan, A.; Barber, D.L.; Huang, J.; Rupar, C.A.; Rip, J.W.; Auray-Blais, C.; Boutin, M.; O’Hoski, P.; Gargulak, K.; McKillop, W.M.;
et al. Lentivirus-Mediated Gene Therapy for Fabry Disease. Nat. Commun. 2021, 12, 1178. [CrossRef] [PubMed]

15. Vedder, A.C.; Linthorst, G.E.; van Breemen, M.J.; Groener, J.E.M.; Bemelman, F.J.; Strijland, A.; Mannens, M.M.A.M.;
Aerts, J.M.F.G.; Hollak, C.E.M. The Dutch Fabry Cohort: Diversity of Clinical Manifestations and Gb3 Levels. J. Inherit. Metab.
Dis. 2007, 30, 68–78. [CrossRef] [PubMed]

16. Bekri, S.; Lidove, O.; Jaussaud, R.; Knebelmann, B.; Barbey, F. The Role of Ceramide Trihexoside (Globotriaosylceramide) in the
Diagnosis and Follow-up of the Efficacy of Treatment of Fabry Disease: A Review of the Literaturele. Cardiovasc. Hematol. Agents
Med. Chem. 2006, 4, 289–297. [CrossRef]

17. Khan, A.; Barber, D.L.; Mckillop, W.M.; Rupar, C.A.; Auray-blais, C.; Fraser, G.; Fowler, D.H.; Berger, A.; Foley, R.; Keating, A.;
et al. Lentivirus-Mediated Gene Therapy for Fabry Disease: 5-Year End-of-Study Results from the Canadian FACTs Trial. Clin.
Transl. Med. 2025, 15, e70073. [CrossRef]

18. Heimburg-Molinaro, J.; Mehta, A.Y.; Tilton, C.A.; Cummings, R.D. Insights Into Glycobiology and the Protein-Glycan Interactome
Using Glycan Microarray Technologies. Mol. Cell. Proteom. 2024, 23, 100844. [CrossRef] [PubMed]

19. Haab, B.B.; Klamer, Z.; Haab, B.B.; Klamer, Z. Advances in Tools to Determine the Glycan-Binding Specificities of Lectins and
Antibodies Authors Advances in Tools to Determine the Glycan- Binding Specificities of Lectins and Antibodies *. Mol. Cell.
Proteom. 2020, 19, 224–232. [CrossRef] [PubMed]

20. Üçeyler, N.; Böttger, J.; Henkel, L.; Langjahr, M.; Mayer, C.; Nordbeck, P.; Wanner, C.; Sommer, C. Detection of Blood Gb3 Deposits
as a New Tool for Diagnosis and Therapy Monitoring in Patients with Classic Fabry Disease. J. Intern. Med. 2018, 284, 427–438.
[CrossRef]

21. Haji-Ghassemi, O.; Gagnon, S.M.L.; Müller-Loennies, S.; Evans, S.V. Polyspecificity of Anti-Lipid A Antibodies and Its Relevance
to the Development of Autoimmunity. In Protein Reviews; Springer: Singapore, 2017. [CrossRef]

22. Lardone, R.D.; Irazoqui, F.J.; Nores, G.A. Most of Anti-Glycolipid IgG-Antibodies Associated to Neurological Disorders Occur
without Their IgM Counterpart. J. Biomed. Sci. 2019, 26, 1–10. [CrossRef]

https://doi.org/10.1016/j.jmb.2004.01.035
https://www.ncbi.nlm.nih.gov/pubmed/15003450
https://doi.org/10.1073/pnas.0712309105
https://www.ncbi.nlm.nih.gov/pubmed/18287059
https://doi.org/10.1016/j.bbagen.2019.129437
https://doi.org/10.3390/biom11020271
https://www.ncbi.nlm.nih.gov/pubmed/33673160
https://doi.org/10.1172/jci.insight.99171
https://doi.org/10.1016/j.ymgme.2004.01.011
https://doi.org/10.1002/jimd.12373
https://doi.org/10.1016/j.ymgmr.2022.100926
https://doi.org/10.1172/JCI157782
https://doi.org/10.1186/s12967-024-05756-w
https://doi.org/10.1016/j.ymgme.2018.02.014
https://www.ncbi.nlm.nih.gov/pubmed/29530533
https://doi.org/10.1016/j.ajhg.2019.02.003
https://doi.org/10.1038/s41467-021-21371-5
https://www.ncbi.nlm.nih.gov/pubmed/33633114
https://doi.org/10.1007/s10545-006-0484-8
https://www.ncbi.nlm.nih.gov/pubmed/17206462
https://doi.org/10.2174/187152506778520718
https://doi.org/10.1002/ctm2.70073
https://doi.org/10.1016/j.mcpro.2024.100844
https://www.ncbi.nlm.nih.gov/pubmed/39307422
https://doi.org/10.1074/mcp.R119.001836
https://www.ncbi.nlm.nih.gov/pubmed/31848260
https://doi.org/10.1111/joim.12801
https://doi.org/10.1007/5584_2017_94
https://doi.org/10.1186/s12929-019-0562-5


Int. J. Mol. Sci. 2025, 26, 2272 23 of 24

23. Volynsky, P.; Efremov, R.; Mikhalev, I.; Dobrochaeva, K.; Tuzikov, A.; Korchagina, E.; Obukhova, P.; Rapoport, E.; Bovin, N. Why
Human Anti-Galα1–4Galβ1–4Glc Natural Antibodies Do Not Recognize the Trisaccharide on Erythrocyte Membrane? Molecular
Dynamics and Immunochemical Investigation. Mol. Immunol. 2017, 90, 87–97. [CrossRef]

24. Lingwood, C.A. Glycosphingolipid Functions. Cold Spring Harb. Perspect. Biol. 2011, 3, 004788. [CrossRef]
25. Lingwood, D.; Binnington, B.; Róg, T.; Vattulainen, I.; Grzybek, M.; Coskun, Ü.; Lingwood, C.A.; Simons, K. Cholesterol

Modulates Glycolipid Conformation and Receptor Activity. Nat. Chem. Biol. 2011, 7, 260–262. [CrossRef]
26. Krishnan, P.; Singla, A.; Lee, C.A.; Weatherston, J.D.; Worstell, N.C.; Wu, H.J. Hetero-Multivalent Binding of Cholera Toxin

Subunit B with Glycolipid Mixtures. Colloids Surf. B Biointerfaces 2017, 160, 281–288. [CrossRef] [PubMed]
27. Siukstaite, L.; Imberty, A.; Römer, W. Structural Diversities of Lectins Binding to the Glycosphingolipid Gb3. Front. Mol. Biosci.

2021, 8, 1–16. [CrossRef]
28. Schubert, T.; Sych, T.; Madl, J.; Xu, M.; Omidvar, R.; Patalag, L.J.; Ries, A.; Kettelhoit, K.; Brandel, A.; Mely, Y.; et al. Differential

Recognition of Lipid Domains by Two Gb3-Binding Lectins. Sci. Rep. 2020, 10, 1–12. [CrossRef]
29. Johannes, L.; Römer, W. Shiga Toxins from Cell Biology to Biomedical Applications. Nat. Rev. Microbiol. 2010, 8, 105–116.

[CrossRef]
30. Lauvrak, S.U.; Torgersen, M.L.; Sandvig, K. Efficient Endosome-to-Golgi Transport of Shiga Toxin Is Dependent on Dynamin and

Clathrin. J. Cell Sci. 2004, 117, 2321–2331. [CrossRef]
31. Römer, W.; Berland, L.; Chambon, V.; Gaus, K.; Windschiegl, B.; Tenza, D.; Aly, M.R.E.; Fraisier, V.; Florent, J.C.; Perrais, D.; et al.

Shiga Toxin Induces Tubular Membrane Invaginations for Its Uptake into Cells. Nature 2007, 450, 670–675. [CrossRef] [PubMed]
32. Kociurzynski, R.; Makshakova, O.N.; Knecht, V.; Römer, W. Multiscale Molecular Dynamics Studies Reveal Different Modes of

Receptor Clustering by Gb3-Binding Lectins. J. Chem. Theory Comput. 2021, 17, 2488–2501. [CrossRef] [PubMed]
33. Blanchard, B.; Nurisso, A.; Hollville, E.; Tétaud, C.; Wiels, J.; Pokorná, M.; Wimmerová, M.; Varrot, A.; Imberty, A. Structural

Basis of the Preferential Binding for Globo-Series Glycosphingolipids Displayed by Pseudomonas Aeruginosa Lectin I. J. Mol.
Biol. 2008, 383, 837–853. [CrossRef] [PubMed]

34. Zheng, S.; Eierhoff, T.; Aigal, S.; Brandel, A.; Thuenauer, R.; de Bentzmann, S.; Imberty, A.; Römer, W. The Pseudomonas
Aeruginosa Lectin LecA Triggers Host Cell Signalling by Glycosphingolipid-Dependent Phosphorylation of the Adaptor Protein
CrkII. Biochim. Biophys. Acta-Mol. Cell Res. 2017, 1864, 1236–1245. [CrossRef] [PubMed]

35. Brandel, A.; Aigal, S.; Lagies, S.; Schlimpert, M.; Lehmann, A.; Hummel, D.; Fisch, D.; Meléndez, A.V.; Madl, J.; Eierhoff, T.; et al.
The Gb3-Enriched CD59/Flotillin Plasma Membrane Domain Regulates Host Cell Invasion by Pseudomonas Aeruginosa. bioRxiv
2020. [CrossRef]

36. Eierhoff, T.; Bastian, B.; Thuenauer, R.; Madl, J.; Audfray, A.; Aigal, S.; Juillot, S.; Rydell, G.E.; Muller, S.; De Bentzmann, S.; et al.
A Lipid Zipper Triggers Bacterial Invasion. Proc. Natl. Acad. Sci. USA 2014, 111, 12895–12900. [CrossRef]

37. Qin, G.; Takenaka, T.; Telsch, K.; Kelley, L.; Howard, T.; Levade, T.; Deans, R.; Howard, B.H.; Malech, H.L.; Brady, R.O.; et al.
Preselective Gene Therapy for Fabry Disease. Proc. Natl. Acad. Sci. USA 2001, 98, 3428–3433. [CrossRef]

38. Thomaidis, T.; Relle, M.; Golbas, M.; Brochhausen, C.; Galle, P.R.; Beck, M.; Schwarting, A. Downregulation of α-Galactosidase A
Upregulates CD77: Functional Impact for Fabry Nephropathy. Kidney Int. 2009, 75, 399–407. [CrossRef]

39. Meléndez, A.V.; Velasco Cárdenas, R.M.H.; Lagies, S.; Strietz, J.; Siukstaite, L.; Thomas, O.S.; Tomisch, J.; Weber, W.; Kammerer, B.;
Römer, W.; et al. Novel Lectin-Based Chimeric Antigen Receptors Target Gb3-Positive Tumour Cells. Cell. Mol. Life Sci. 2022, 79,
1–25. [CrossRef]

40. Sueoka, H.; Aoki, M.; Tsukimura, T.; Togawa, T.; Sakuraba, H. Distributions of Globotriaosylceramide Isoforms, and Globo-
triaosylsphingosine and Its Analogues in an Î±-Galactosidase a Knockout Mouse, a Model of Fabry Disease. PLoS ONE 2015,
10, e0144958. [CrossRef]

41. Krüger, R.; Tholey, A.; Jakoby, T.; Vogelsberger, R.; Mönnikes, R.; Rossmann, H.; Beck, M.; Lackner, K.J. Quantification of the
Fabry Marker LysoGb3 in Human Plasma by Tandem Mass Spectrometry. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2012,
883–884, 128–135. [CrossRef]

42. Alroy, J.; Sabnis, S.; Kopp, J.B. Renal Pathology in Fabry Disease. J. Am. Soc. Nephrol. 2002, 13, S134–S138. [CrossRef] [PubMed]
43. Lagies, S.; Pichler, R.; Vladimirov, G.; Gawron, J.; Bäzner, F.; Schreiner, A.; Kadena, D.; Plattner, D.A.; Lienkamp, S.S.; Kammerer,

B. Metabolic and Lipidomic Assessment of Kidney Cells Exposed to Nephrotoxic Vancomycin Dosages. Int. J. Mol. Sci. 2021,
22, 111. [CrossRef] [PubMed]

44. Kwon, B.D. The Question to Rid Labs of the Reagents That Ruin Experiments. Nat. Featur. 2024, 635, 26–28. [CrossRef]
45. Rosato, F.; Pasupuleti, R.; Tomisch, J.; Meléndez, A.V.; Kolanovic, D.; Makshakova, O.N.; Wiltschi, B.; Römer, W. A Bispecific,

Crosslinking Lectibody Activates Cytotoxic T Cells and Induces Cancer Cell Death. J. Transl. Med. 2022, 20, 1–26. [CrossRef]
[PubMed]

46. Kanack, A.J.; Prodoehl, E.; Ishihara-Aoki, M.; Aoki, K.; Dahms, N.M. Glycosphingolipids and Their Impact on Platelet Activity in
a Murine Model of Fabry Disease. Sci. Rep. 2024, 14, 29488. [CrossRef] [PubMed]

https://doi.org/10.1016/j.molimm.2017.06.247
https://doi.org/10.1101/cshperspect.a004788
https://doi.org/10.1038/nchembio.551
https://doi.org/10.1016/j.colsurfb.2017.09.035
https://www.ncbi.nlm.nih.gov/pubmed/28946063
https://doi.org/10.3389/fmolb.2021.704685
https://doi.org/10.1038/s41598-020-66522-8
https://doi.org/10.1038/nrmicro2279
https://doi.org/10.1242/jcs.01081
https://doi.org/10.1038/nature05996
https://www.ncbi.nlm.nih.gov/pubmed/18046403
https://doi.org/10.1021/acs.jctc.0c01145
https://www.ncbi.nlm.nih.gov/pubmed/33794087
https://doi.org/10.1016/j.jmb.2008.08.028
https://www.ncbi.nlm.nih.gov/pubmed/18762193
https://doi.org/10.1016/j.bbamcr.2017.04.005
https://www.ncbi.nlm.nih.gov/pubmed/28428058
https://doi.org/10.1007/s00018-021-03766-1
https://doi.org/10.1073/pnas.1402637111
https://doi.org/10.1073/pnas.061020598
https://doi.org/10.1038/ki.2008.576
https://doi.org/10.1007/s00018-022-04524-7
https://doi.org/10.1371/journal.pone.0144958
https://doi.org/10.1016/j.jchromb.2011.11.020
https://doi.org/10.1097/01.ASN.0000016684.07368.75
https://www.ncbi.nlm.nih.gov/pubmed/12068025
https://doi.org/10.3390/ijms221810111
https://www.ncbi.nlm.nih.gov/pubmed/34576273
https://doi.org/10.1038/d41586-024-03590-0
https://doi.org/10.1186/s12967-022-03794-w
https://www.ncbi.nlm.nih.gov/pubmed/36494671
https://doi.org/10.1038/s41598-024-80633-6
https://www.ncbi.nlm.nih.gov/pubmed/39604471


Int. J. Mol. Sci. 2025, 26, 2272 24 of 24

47. Klein, T.; Grüner, J.; Breyer, M.; Schlegel, J.; Schottmann, N.M.; Hofmann, L.; Gauss, K.; Mease, R.; Erbacher, C.; Finke, L.; et al.
Small Fibre Neuropathy in Fabry Disease: A Human-Derived Neuronal in Vitro Disease Model and Pilot Data. Brain Commun.
2024, 6, 1–20. [CrossRef]

48. Hofmann, L.; Hose, D.; Grießhammer, A.; Blum, R.; Döring, F.; Dib-Hajj, S.; Waxman, S.; Sommer, C.; Wischmeyer, E.; Üçeyler, N.
Characterization of Small Fiber Pathology in a Mouse Model of Fabry Disease. Elife 2018, 7, e39300. [CrossRef] [PubMed]

49. Worstell, N.C.; Singla, A.; Saenkham, P.; Galbadage, T.; Sule, P.; Lee, D.; Mohr, A.; Kwon, J.S., II; Cirillo, J.D.; Wu, H.J. Hetero-
Multivalency of Pseudomonas Aeruginosa Lectin LecA Binding to Model Membranes. Sci. Rep. 2018, 8, 8419. [CrossRef]

50. Auray-Blais, C.; Lavoie, P.; Martineau, T.; Rupar, C.A.; Barber, D.L.; Keating, A.; Foley, R.; Khan, A.; West, M.L.; Medin, J.A.
Longitudinal Biomarker Evaluation in Fabry Disease Patients Receiving Lentivirus-Mediated Gene Therapy. Rare Dis. Orphan
Drugs J. 2024, 3, 18. [CrossRef]

51. Ohshima, T.; Murray, G.J.; Swaim, W.D.; Longenecker, G.; Quirk, J.M.; Cardarelli, C.O.; Sugimoto, Y.; Pastan, I.; Gottesman, M.M.;
Brady, R.O.; et al. α-Galactosidase A Deficient Mice: A Model of Fabry Disease. Proc. Natl. Acad. Sci. USA 1997, 94, 2540–2544.
[CrossRef]

52. Sample Detail: GM00107-Coriell Institute. Available online: https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?
Ref=GM00107 (accessed on 24 February 2025).

53. Thurberg, B.L.; Rennke, H.; Colvin, R.B.; Dikman, S.; Gordon, R.E.; Collins, A.B.; Desnick, R.J.; O’Callaghan, M. Globotriaosylce-
ramide Accumulation in the Fabry Kidney Is Cleared from Multiple Cell Types after Enzyme Replacement Therapy. Kidney Int.
2002, 62, 1933–1946. [CrossRef]

54. Welford, R.W.D.; Mühlemann, A.; Garzotti, M.; Rickert, V.; Groenen, P.M.A.; Morand, O.; Üçeyler, N.; Probst, M.R. Glucosylce-
ramide Synthase Inhibition with Lucerastat Lowers Globotriaosylceramide and Lysosome Staining in Cultured Fibroblasts from
Fabry Patients with Different Mutation Types. Hum. Mol. Genet. 2018, 27, 3392–3403. [CrossRef]

55. Monticelli, M.; Hay Mele, B.; Allocca, M.; Liguori, L.; Lukas, J.; Monti, M.C.; Morretta, E.; Cubellis, M.V.; Andreotti, G. Curcumin
Has Beneficial Effects on Lysosomal Alpha-Galactosidase: Potential Implications for the Cure of Fabry Disease. Int. J. Mol. Sci.
2023, 24, 1095. [CrossRef] [PubMed]

56. Monticelli, M.; Liguori, L.; Allocca, M.; Bosso, A.; Andreotti, G.; Lukas, J.; Monti, M.C.; Morretta, E.; Cubellis, M.V.; Mele, B.H.
Drug Repositioning for Fabry Disease: Acetylsalicylic Acid Potentiates the Stabilization of Lysosomal Alpha-Galactosidase by
Pharmacological Chaperones. Int. J. Mol. Sci. 2022, 23, 5105. [CrossRef] [PubMed]

57. Braun, F.; Blomberg, L.; Brodesser, S.; Liebau, M.C.; Schermer, B.; Benzing, T.; Kurschat, C.E. Enzyme Replacement Therapy
Clears GB3 Deposits from a Podocyte Cell Culture Model of Fabry Disease but Fails to Restore Altered Cellular Signaling. Cell.
Physiol. Biochem. 2019, 52, 1139–1150. [CrossRef]

58. Porto, C.; Pisani, A.; Rosa, M.; Acampora, E.; Avolio, V.; Tuzzi, M.R.; Visciano, B.; Gagliardo, C.; Materazzi, S.; La Marca, G.; et al.
Synergy between the Pharmacological Chaperone 1-Deoxygalactonojirimycin and the Human Recombinant Alpha-Galactosidase
A in Cultured Fibroblasts from Patients with Fabry Disease. J. Inherit. Metab. Dis. 2012, 35, 513–520. [CrossRef] [PubMed]

59. Akasaka, E.; Kleiser, S.; Sengle, G.; Bruckner-Tuderman, L.; Nyström, A. Diversity of Mechanisms Underlying Latent TGF-β
Activation in Recessive Dystrophic Epidermolysis Bullosa. J. Investig. Dermatol. 2021, 141, 1450–1460.e9. [CrossRef] [PubMed]

60. Saleem, M.A.; O’Hare, M.J.; Reiser, J.; Coward, R.J.; Inward, C.D.; Farren, T.; Chang, Y.X.; Ni, L.; Mathieson, P.W.; Mundel, P. A
Conditionally Immortalized Human Podocyte Cell Line Demonstrating Nephrin and Podocin Expression. J. Am. Soc. Nephrol.
2002, 13, 630–638. [CrossRef] [PubMed]

61. Manders, E.M.M.; Verbeek, F.J.; Aten, J.A. Measurement of Co-localization of Objects in Dual-colour Confocal Images. J. Microsc.
1993, 169, 375–382. [CrossRef] [PubMed]

62. Otsu, N.; Smith, P.L.; Reid, D.B.; Environment, C.; Palo, L.; Alto, P.; Smith, P.L. Otsu 1979 Otsu Method. IEEE Trans. Syst. Man.
Cybern. 1979, C, 62–66. [CrossRef]

63. Bolte, S.; Cordelières, F.P. A Guided Tour into Subcellular Colocalization Analysis in Light Microscopy. J. Microsc. 2006, 224,
213–232. [CrossRef] [PubMed]

64. Dunn, K.W.; Kamocka, M.M.; McDonald, J.H. A Practical Guide to Evaluating Colocalization in Biological Microscopy. Am. J.
Physiol.-Cell Physiol. 2011, 300, C723–C742. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/braincomms/fcae095
https://doi.org/10.7554/eLife.39300
https://www.ncbi.nlm.nih.gov/pubmed/30328411
https://doi.org/10.1038/s41598-018-26643-7
https://doi.org/10.20517/rdodj.2024.14
https://doi.org/10.1073/pnas.94.6.2540
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM00107
https://www.coriell.org/0/Sections/Search/Sample_Detail.aspx?Ref=GM00107
https://doi.org/10.1046/j.1523-1755.2002.00675.x
https://doi.org/10.1093/hmg/ddy248
https://doi.org/10.3390/ijms24021095
https://www.ncbi.nlm.nih.gov/pubmed/36674610
https://doi.org/10.3390/ijms23095105
https://www.ncbi.nlm.nih.gov/pubmed/35563496
https://doi.org/10.33594/000000077
https://doi.org/10.1007/s10545-011-9424-3
https://www.ncbi.nlm.nih.gov/pubmed/22187137
https://doi.org/10.1016/j.jid.2020.10.024
https://www.ncbi.nlm.nih.gov/pubmed/33333127
https://doi.org/10.1681/ASN.V133630
https://www.ncbi.nlm.nih.gov/pubmed/11856766
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://www.ncbi.nlm.nih.gov/pubmed/33930978
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://www.ncbi.nlm.nih.gov/pubmed/17210054
https://doi.org/10.1152/ajpcell.00462.2010
https://www.ncbi.nlm.nih.gov/pubmed/21209361

	Introduction 
	Results 
	The Commercially Available Anti-Gb3 Antibodies Tested Do Not Recognize Gb3 in the Plasma Membrane of Fabry Fibroblasts 
	Plasma Membrane and Whole Cell Gb3 Levels of Fabry and Healthy Fibroblasts Analyzed by Flow Cytometry Using Lectins 
	Lectins Exhibit Advanced Binding Kinetics in Fabry Fibroblasts Compared to an Anti-Gb3 Antibody in Immunofluorescence Assays 
	The Sphingolipid Metabolism Is Disturbed in Fabry Cells as Revealed by Mass Spectrometry 

	Discussion 
	Materials and Methods 
	Antibodies and Chemicals 
	Cell Lines 
	Cell Culture 
	Lectin Labelling 
	Immunofluorescence Staining 
	Image Acquisition 
	Quantitative Colocalization Analysis 
	Flow Cytometry 
	Liquid Chromatography-Mass Spectrometry (LC/MS) Analysis of Glycosphingolipids 

	References

