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Objectives 
� Discuss the rationale for the use of surrogate markers in 

patients with LSDs
� Review the “ideal biomarker”
� Discuss disease specific and nonspecific biomarkers
� Review novel technologies for new biomarker discovery
� Discuss the utilities and limitations of glycosphingolipid 

markers in Fabry and Gaucher diseases





Rare disorders: The mechanistic approach





Think differently…

� Lack of recognition
� Overlapping clinical presentations
� Lag in diagnosis
� Biased information 
� Limitations of evidence based medicine





Rationale for the use of biomarkers for an 
earlier diagnosis of Lysosomal Storage Diseases

CLINICAL END POINTS

BIOMARKERS

DISEASE CELLULAR 
PATHOLOGY



Disease initiation and progression

• At the beginning, specific deviations from the “normalcy” are 
tolerated to preserve homeostasis at the cellular and then the 
tissue level

• Evolution of cell/tissue specific temporal involvement with 
increasing complexity 
• Propagation leads to downstream effects
• Can be independent of initiating event – self-propagation

• Immune response against stored substrate in Gaucher disease



Pathologic activity 

Schiffmann et al; a KDIGO conference report, Kidney International 2017



Delays in starting therapy in Fabry disease

• There is no study assessing the optimal age of ERT 
initiation 

• Therefore, there are no uniform guidelines, and conditions 
and age to start ERT differ in various countries

• In general, development of signs or symptoms related to 
end organ damage in FD is an indication to start ERT: For 
the kidney, the development of CKD (proteinuria or 
decreased glomerular filtration rate [GFR]) or progressive 
decrease in GFR,  or evidence of cardiomyopathy 



Mizushima, 2004

• GLA deficiency and resultant Gb3 deposition are primary events for Fabry disease 
initiation. Downstream effects on lysosomal pathways further help disease 
propagation.   Activation of inflammatory and other immune pathways leading to 
tissue fibrosis/scarring represent self-propagation.  

The disease propagation may correlate with disease severity, but  
from a certain threshold may  continue despite intervention 

A-B Nephrectomy specimen: Diagnosing Fabry disease—delays and difficulties within discordant siblingsQJM. 2013;108(7):585-
590. doi:10.1093/qjmed/hct024
C: Autopsy cardiac sample. Nagana et al, 2016. http://dx.doi.org/10.1016/j.ijcme.2016.06.002
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Perfect situation
• One causal route from disease to outcome 
• Surrogate is an intermediate step in the route 
• Treatment has no impact on relationship of surrogate and outcome 



§ Endpoints reached later – long follow-up needed to observe the outcome 
Surrogates allow to read out clinical results earlier 

§ Ethical issue in stopping a trial early once the investigational product is proven to 
be superior based on other outcomes 

§ Infer results on clinically-significant endpoints in cases where appropriate trials for 
these results are not ethically feasible 

§ Unbiased clinical endpoint cannot be observed due to:  
§ Cross-over to efficacious therapy

§ Emergence of many possible subsequent therapies 
§ Approval and reimbursement decisions often need to be based on surrogates 

Biomarkers as surrogate end points 



• Biologic plausibility
Conduct literature reviews 

• Accurate prognosis of disease outcome          
Demonstrate ‘Individual-level surrogacy’ 

• Accurate association between a change in the surrogate 
endpoint caused by intervention, and ultimate disease 
outcome 
Demonstrate ‘Trial-level surrogacy’ 

Methods for surrogate development and validation



Precision (personalized) medicine

� Interventions and/or products are 
tailored to the individual patient 
based on their predicted response 
or risk of disease.1,2

� In personalized medicine, diagnostic 
testing is employed for selecting 
optimal therapies based on a 
patient’s genetic  or molecular or 
cellular analysis.2,3

� Treat “a patient (N=1)” rather than 
“a disease”.

� Companion diagnostics 

1. Technical report. Academy of Medical Sciences. May 2015.
2. https://en.wikipedia.org/wiki/Personalized_medicine, accessed November 2019.
3. Personalized Medicine Coalition. April 2014. 
4. https://twitter.com/nyphospital/status/1004071083992117250, accessed November 2019.
5. Anaya JM, et al. Autoimmun Rev. 2016;15:833-842.
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New paradigm shift in rare disorders: transitioning to 
personalized and bespoke medicine 

� Cost of trial-and-error medicine makes precision 
medicine imperative for targeted therapies.

� Scientific and technological advances in the 
“omics” enable precision medicine. 

� Bespoke therapeutics as the future of genomics
medicine with customized and created products

� Provision of individualized therapeutic products, 
gene therapy, genetically modified cellular 
therapies, and antisense oligonucleotides (ASOs). 

� Development of a regulatory framework that is 
fundamentally different from the for products 
aimed for the treatment of tens or hundreds of 
thousands of individuals. 

www.forbes.com/sites/reenitadas/2017/03/08/drug-development-industry-bets-big-on-precision-medicine-5-top-trends-
shaping-future-care-delivery/#470887465d3a, accessed November 2019.
Schork NJ. Nature. 2015;520:609-611. 
Ivanova MM, et al. Am J Transl Res. 2018;10:3750-3761.
Samantha Black, PhD. The Science Advisory Board2020

Dx, diagnostic; Rx, treatment.

http://contacteditor.scienceboard.net/


Novel technologies for the discovery of biomarkers: 
Omics  applications in LSDs

� Structure, organization and function define a 
biological system

� Basic biomolecules (genes, proteins and 
metabolites) 

� The spatial relationships constitute the 
organization

� Function reflects how a system evolves with the 
biomolecules and outside stimulus ( environment) 

� Omics strategies enable to understand a given 
biological system at those different levels     
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Structure Organization

Function

Tebani et al, Int J Mol Sci 2017



High-throughput Sequencing Technologies

Genomics: 
� Next generation sequencing (NGS) based strategies based 

on the size of genome 
� Variant interpretations and clinical validity are the 

challenging aspect of NGS.  
Example:  A 3 yr old child with GD, spastic gait, and KIF1A 
variants. 
� Identification of genetics modifiers of murine hepatics GCase

( Duran et ll, 2021). 
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Transcriptomics

The gene expression pattern in a cell/tissue can reflect 
functional state.  
� The complete set of RNA transcripts, rRNA, mRNA, tRNA, 

miRNA, and other non-coding RNA (ncRNA). 
� Quantitative analyses of the transcriptome can be 

performed with either microarrays (Chips) or RNA 
sequencing (RNAseq).

Example: Circardian transcriptome analysis of in MPS2 
fibroblast and impact of  h-r-IDSulfatase (Mazzacolloi et all 
2013)
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Epigenomics

Chemical modifications of DNA, histones, non-histone chromatin proteins, 
and nuclear RNA affect gene expression without altering the base sequence.
� Methods focus on chromatin structure and include histone modification 

ChIP-seq (chromatin immunoprecipitation sequencing), for the 
identification of DNA-associated protein-binding sites. 

� DNase-seq combines DNase I digestion of chromatin identifies regulatory 
regions of the genome. DNA methylation and ATAC-seq (assay for 
transposase-accessible chromatin sequencing) allow the mapping of 
chromatin accessibility genome-wide.

� Example: iPSC derived from fibroblasts of PD patients carrying GBA-
N370S mutations, Identification of transcriptional repressor histone 
deacetylase 4 as an upstream regulator of disease progression ( Lang et al 
2019)
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Mass Spectroscopy based Omics applications

Proteomics  ( MS or arrays)
� Urine biomarkers of EC matrix disruption 

in MPS 1, 2and 6  using mrm-lc-ms

Metabolomics : (MS and NMR)
� A metabolome is the set of metabolites 

present in a given biological system 
(fluid/cell/tissue) at a given time 

� Based on biochemical characterization of 
of the metabolites and their fluctuations 
related to internal (genetic) or external 
factors (environment) 
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Identification of a Reliable Biomarker Profile for 
the Diagnosis of Gaucher Disease Type 1 Patients 
Using a Mass Spectrometry-Based Metabolomic 
Approach
Menkevic et al, 2020



Gaps and limitations of omics approaches 

� Validity and reproducibility 
(experimental and analytical noise)

� Clinical relevance
� Biological variations 
� Assessment of correct phenotypes     

(0 is not equal to 1)

25

Tebani et al, Int J Mol Sci 2017



Examples of Mass Spectroscopy based 
metabolomics markers in LSDs
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Disease Sample type GSL markers GAG 
markers

Neurodegeneration
markers 

Chemokine
Cytokine 

Gaucher 
disease

Blood, CSF, 
tissue, DBS

ü
LysoGb1

ü
GPNMB

üü

MPS 2 Urine, CSF, 
tissue, blood, 
DBS 

ü
GM2, GL1, 
BMP

ü
HS, DS

ü
NfL

MLD Urine, CSF, 
tissue , DBS

ü
sulfatides, 
Lysosulfatides

NfL ü

BMP:Bismono(acylglycerol) phosphate         
GPNMB: Glycoprotein nonmetastatic Brain    
NfL Neurofilament light chain

Bhalia et al, Int J Mol Sci 2020; Cao et al, Bionanalysis, 2020
Barepoint et la.Brain 2021; Hong et al, Genet Med , 2020
Menkovic et al, Int J Mol Sci, 2020



Glycolipid markers in Fabry disease
• Gb3 clearance was evaluated as the surrogate endpoint for placebo-controlled 

ERT trials that led to regulatory approval
• Substrate accumulation including Gb3 and lyso-Gb3 may  be detected  in plasma 

and urine, and tissue samples
• Placebo-controlled trials  in classic FD have consistently shown that within 6 

months, ERT reduces plasma and urinary Gb3 and capillary endothelial Gb3
• While glycolipid urinalysis may be helpful in attributing renal pathogenicity or 

phenotype, it may be less useful in general screening
• Increased urinary Gb3 has been described in cohorts of patients with cardiac 

disease or nephrotic syndrome without a diagnosis of FD
• In young patients, there is some limited evidence of a dose-dependent clearance 

of Gb3 in podocytes over 5 years of follow-up
• Gb3 clearance has not yet been established as an acceptable universal surrogate 

for beneficial end-organ therapeutic effect 



Fabry disease pathophysiology and lysoGb3

• Plasma lysoGb3 is derived from the storage material 
and is suggested to relate to phenotype and disease 
severity

• Elevated LysoGb3 correlates with LVMI in men and the 
presence of white matter lesions (WML) in women

• In pediatric Fabry patients, podocyte, but not 
endothelial glycolipid, deposits correlated with 
albuminuria 

• Lyso-Gb3 promotes a proinflammatory response in 
podocytes through Notch1 activation

• Lyso-Gb3 activates NFκB in podocytes in a Notch1-
dependent manner 

• Notch1 mediates fibrogenic responses in podocytes 
• Systemic administration of lyso-Gb3 to mice resulted 

in whole kidney upregulation of MCP-1, RANTES, HES1 
and Jagged mRNA 

Sanchez-Nino et al, 2015, Hum Mol Genet
Rombach et al, 2012 Hyoertension
Ferraz et al 2016 FEBS Lett



Tandem mass spectrometry multiplex analysis  of    
Lyso- Gb3 and related analogues in Fabry disease

• Sphingolipids are not only as components of plasma membranes, but also as key players in 
different cellular events 

• evidence of their role on the development, activation and regulation of the immune system, 
are now emerging. 

• The elevated plasma levels of lyso-Gb3 and all related analogues among subjects with HSR 
merits further exploration 

• Elevated lyso GB3 and analagues may contribute further to the immune response or 
increased lyso-Gb3 levels reflect decreased efficacy of h-raGALA secondary to the immune 
response.

Taber et al, 2015 Meeting presentation  Investigation of 
biomarkers in immune response against h(r)a-GAL- A



• Plasma lyso-Gb-3 concentrations decreased 
significantly within 2 months after switch and 
reductions continued through month 6 (mean 
absolute changes, -12.8, -16.1, and -16.7 ng/mL at 
2, 4, and 6 months, respectively; all P < 0.001). 

• The mean percentage reduction from baseline was 
39.5% (P < 0.001) at month 6 

• For plasma GL-3, the mean absolute change from 
baseline (-0.9 μg/mL) and percentage reduction 
was  17.9% at month 6 (P < 0.05)

• Urine Gb-3 measurements showed intra-patient 
variability and changes from baseline were not 
significant

• Plasma Lyso-Gb3 can be used as a marker of ERT 
pharmacodynamic effect after therapeutic 
alterations 

Reduction of plasma globotriaosylsphingosine levels after 
switching for Fabry disease

Goker-Alpan, et al., JIMD Rep 2016;25:95-106



• 2,360 patients (1,324 males) referred from 169 Japanese specialty 
clinics (cardiology, nephrology, neurology, and pediatrics), based on 
clinical symptoms suggestive of Fabry disease. 

• Plasma lyso-Gb3 concentration, α-galactosidase A (α-Gal A) activity, 
and analysis of the α-Gal A gene (GLA) were used for primary and 
secondary screens

• 8 males with elevated lyso-Gb3 levels (≥2.0 ng ml–1) and low α-Gal A 
activity (≤4.0 nmol h–1 ml–1), 7 presented a GLA mutation 

• (2 classic and 5 late-onset).
• 15 females with elevated lyso-Gb3, 7 displayed low α-Gal A activity (5 

with GLA mutations; 4 classic and 1 late-onset)
• Plasma lyso-Gb3 is a potential primary screening biomarker for 

screening of Fabry disease probands with pathogenic GLA variants

Effectiveness of plasma lyso-Gb3 as a biomarker for 
selecting high-risk patients with Fabry disease

Maruyama et al, 2018 GenetMed



Other nonspecific and end organ targeted markers in 
Fabry disease

Beirea et al, 
2017;doi:10.3390/
diseases5020015

http://dx.doi.org/10.3390/diseases5020015




Case Study 1:  59 year-old male patient with Classical Fabry 
disease  and shortness of breath, edema of lower leg 

• Angiokeratomas in his groin, minimum sweating, and heat intolerance 
since late childhood

• Diagnosed at 29 years of age with Fabry disease through chromosome 
analysis that revealed a deleted area that included the GLA gene.

• Enzyme replacement therapy (ERT) in the late 1990’s 
• Corneal whorling and denies vessel virtuosity or vision loss
• Mild chronic tinnitus and bilateral high frequency hearing loss
• 24 hour urine for creatinine, microalbumin, and protein was performed 

was normal 
• An EKG was performed at the appointment and showed sinus bradycardia, 

right bundle branch block, left anterior fascicular block, possible left 
ventricular hypertrophy, and lateral infract. A cardiac MRI showed aortic 
stenosis and concentric left ventricular hypertrophy with sparing lateral 
basilar segment, focal delayed myocardial enhancement of the lateral wall 
sparing the subendocardial region

• MRI/MRA of brain fusiform dilation of distal basilar artery
• Moderate obruction on PFTs
• Fracture of right tibia followed by surgical fixation
• Lower leg edema after surgery 



a) Progression of kidney disease
b) Progression of cardiomyopathy
c) Progression of aortic stenosis
d) Progression of lymphedema
e) Progression of  pulmonary disease
f) Progression  of Fabry disease
g) Treatment failure due to neutralizing  Ab

What is your assessment based on the biomarkers ? 
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Case Study 2: 59 year-old male with classic Fabry disase
and shortness of breath, and lower leg edema 

• Diagnosed at age 13 when he was sick with influenza the doctor noticed he had 
angiokeratomas.

• Deletion mutation of the GLA gene.
Began treatment for Fabry disease about age 50. 

• Corneal whirling and unilateral high frequency hearing loss and occasional 
tinnitus.

• Proteinuria for the past two years  about 500 mg per day
• Has had quadruple bypass in December. Left ventricular hypertrophy and 

thickening of the aortic valve wall and valve. An EKG showed marked sinus 
bradycardia. Since then he reports no chest pain or hypertension. He is being 
followed by a cardiologist.

• Has not had shortness of breath since his quadruple bypass surgery. PFT showed 
moderate to severe restriction at the time.

• Diarrhea about 3 to 4 times a month, it has been stable since his last visit. He 
also has constipation, bloating, motility issues, and issues with fatty foods. Has 
hemorrhoids. He also reports occasional abdominal pain with flatulance.



• Headaches in the morning that go away fairly quickly. He has not had a stroke. 
Occasional vertigo.

• Acroparasthesias sometimes mainly in his hands but sometimes in his feet and 
knees. It is worse when he is ill with a temperature. He has infrequent swelling in 
ankle and feet. Today’s exam +1 pitting but  significant edema of left ankle and 
foot.

• Has fatigue, anxiety and depression. He takes Xanax, 1 mg a day before bed.
• Cardiac MRI Left ventricular concentric wall thickening is again seen. The

pattern of myocardial delayed enhancement is unchanged. Prominent delayed
enhancement inferolaterally at the bas is still present. The less intense
mesocardial delayed enhancement extending in the lateral wall to the apex
is again seen.

• Moderately extensive nonspecific T2 signal abnormalities in the
white matter of both cerebral hemispheres ands a few tiny old lacunar infarcts.

Case Study 2: 59 year-old male with classic Fabry disase
and shortness of breath, and lower leg edema 
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Choose the correct statement for glycolipid 
biomarkers in Fabry disease:

a) Gb3 clearance  is an established universal surrogate for 
beneficial end-organ therapeutic effect 

b) Urine Gb3 can be used as a screening tool for Fabry disease 
in “at risk” cohorts

c) Plasma Lyso Gb3 may be used to monitor therapeutic  
alterations

d) Plasma Lyso Gb3 can used as the first tier testing for 
Newborn Screening



Biomarker Associated 
with GD

Specific 
to GD

Affected 
by ERT Other considerations

ACE1 (ü) û ü
affected by genetic polymorphisms,  the use of ACE 

inhibitors, nonspecific 
Ferritin2 (ü) û ü –
TRAP1 (ü) û ü complex assay (protein instability), nonspecific 

CCL18/PARC3 ü û ü may be elevated in cancer, autoimmune diseases

Chitotriosidase4,5 ü û ü
elevated also in other LSDs ( NPC); chitotriosidase 

deficiency in some patients

Lyso-Gb16 ü ü ü
may reflect circulating toxic substrate, limited 

commercial availability

1. Clarke L. In: Advances in Gaucher Disease: Basic and Clinical Perspectives. London: Future Medicine Ltd, 2013:214–24.
2. Stein P et al. Am J Hematol 2010;85:472–6.
3. Schutyser E et al. J Leukoc Biol 2005;78:14–26.
4. Guo Y et al. J Inherit Metab Dis 1995;18:717–22.
5. Boot RG et al. J Biol Chem 1998;273:25680–5. 
6. Rolfs A. et al. PLoS ONE 2013; 8:e79732.

Surrogate markers for Gaucher disease



� The relationship between Lyso-GL1 levels 
and the severity of GBA variants was 
examined in three groups of individuals

� GBA homozygotes
� GBA heterozygotes
� Genetic carriers of GD

� Plasma Lyso-Gb1 was quantified using 
LC−MRM−MS

� In homozygous untreated patients, Lyso-
GL1 levels were shown to correlate with 
GBA mutation severity 

Mutation Lyso-Gb1 level

c.1226A>G Very mild-to-moderate (12–200 
ng/mL) 

c.1295G>T Mild  (25.1–50 ng/mL)

c.1060G>A (> 600 ng/mL) 

c.518C>A (> 600 ng/mL) 

c.1448T>C (≤ 1250 ng/mL) 

Rolfs A et al. Mol Genet Metab 2017;120:S17–145.

GBA variants and levels of Lyso-Gb1 at diagnosis



• The highest levels (400 fold or more elevations) observed in 
neuronopathic GD (GD2 and GD3) patients. (presenter’s data)

• Lyso-GL1 correlated with hepatomegaly (r=0.57, P<0.0001) and 
bone marrow fat fraction (r=-0.43, P=0.01), but not with overall 
disease severity in untreated patients (Dekker et al. 2011) 

• Lyso-GL1 correlated with hepatomegaly (r=0.28, P<0.001) and 
splenomegaly in a group of treated and untreated patients  
(r=0.27, P=0.003) (Murugesan et al. 2016).

Lyso-GL1 concentration levels for 
GD1 and GD2/GD3 (presenter’s own 
data)

Murugesan V, et al. Am J Hematol
2016;91:1082-1089.

Liver Volume Spleen Volume

Dekker N, et al. Blood 2011;118:e118-127

Lyso-Gb1 and GD disease severity



Case Study Quiz

You have received the levels of a ( lipid based) metabolite measured in blood for a given LSD; If the metabolite is 
LysoGb1 and is elevated 250X over UL

Match the associated disorder
A) NPC       B) Gaucher disease      C) MPS2       D) MLD

Match the associated genotype, the phenotype  and predicted clinical type for the below age (s). All patients are 
untreated.

A1 - Newborn                        
A2 - 3 year old with wide based gait       
A3 - 55 year old with a history of lymphoma, extensive marrow replacement and severe HSM 

B1-L444(483)P/Rec ∆55        B2- N370 (409)S/Rec ∆55   B3-R463(R502)C/Rec

C1- GD1 (nonneuropathic)   C2- GD2                                C3-GD3
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Other events that drive the biomarkers 



Complement Activation and C5aR1 upregulation in Gba1-/9V Mice
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Pandey et al. Nature 2017
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Limitations of glycosphingolipid markers 

• In patients on long term therapy, 
glycosphingolipid markers (lyso
Gb-3) may not change 

• GSL markers may not correlate 
with specific organ involvement 

• GSL markers may not correlate 
with organ specific markers 

• End organ damage continues in 
later stages of the disease
despite long term therapy and 
lowered GSL values ERT.

Plasma Lyso GL-3 elevated in males vs females 
irrespective of cardiac involvement

HS Troponins, and BNP are significantly elevated in 
patients with cardiomyopathy

K Kuperman et al, 2019 WORLD 
symposium 



• Disease heterogeneity and lack of short term clinically 
meaningful endpoints are the major issues in  most LSDs

• A reliable biomarker is related to the primary disease 
mechanism and disease pathology, that is not impacted by 
nonspecific therapy

• Specific glycolipid biomarkers (eg, LysoGb3 and LysoGb1) 
may correlate with disease activity and changes to therapy 

• LysoGb3 and LysoGb1 may be utilized in selective screening 
and monitoring of therapeutic modifications  

• Utility of biomarkers in early (presymptomatic/ minimally 
symptomatic) diagnosis and decision to intervene needs to 
be further explored 

• Screening strategies using biomarkers in asymptomatics   
may reveal clues about the true “natural history” LSDs

Summary for surrogate markers 



Summary for OMICS based strategies 
� Different omics strategies based on HTS or MS technologies are 

at different stages of technical (analytical) development
� Gaps mainly exist at pre-analytical (clinical relevance) and post 

analytical (Interpretation of the results) stages 
� Metabolomics using Mass spectrometry led to development of 

validated biomarkers 
� The development  of “Omics” technologies will allow the advent 

of Personalized or Bespoke medicine in LSDs


