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Abstract

Gaucher disease (GD) leads to accumulation of glucosylceramide (GL1) and its deacylated
lysolipid, glucosylsphingosine (lyso-GL1) which is implicated in mediating immune dysregulation
and skeletal disease. The aim of our study was to assess plasma Lyso-GL1 as a biomarker of GD
and its response to therapy.

Plasma lyso-GL1 in 169 patients with GD type 1 (GD1) was measured by LC-MS/MS. Significant
predictors of were assessed by Pearson’s correlation coefficient, Wilcoxon Mann Whitney test and
multiple linear regression. Propensity scores were used to match patients on treatment mode:
Enzyme Replacement Therapy (ERT) vs Eliglustat Tartrate SRT (ELI-SRT).

Lyso-GL1 levels in healthy controls on average was 1.5 ng/ml (1.3 — 1.7; 95% CI). In untreated
GD patients, the levels were massively elevated (180.9 ng/ml: 95% CI, 145.4 — 216.5) and ERT
resulted in marked reduction (89 ng/ml: 95% Cl, 69.2 — 129.4) (p<0.001). Lyso-GL1 correlated
with chitotriosidase (r=0.59 p<0.001), CCL18 (r=0.62 p <0.001), hepatomegaly (r=0.28 p<0.001),
splenomegaly (r=0.27 p=0.003), splenectomy (p=0.01) and treatment mode (p<0.001). By
multiple linear regression, the strongest predictors of lyso-GL1 were age (p<0.001), splenectomy
(p=0.02), Chitotriosidase (p<0.001) and CCL18 levels (p=0.001). After propensity score matching
to obtain comparable groups of patients on ERT vs ELI-SRT, lyso-GL1 levels were lower among
patients receiving ELI-SRT by 113 ng/ml (95% CI: 136 — 90.3 ng/ml p<0.001).

Plasma lyso-GL1 is a key biomarker of GD. ERT reduced lyso-GL1 levels. By propensity scoring,
ELI-SRT resulted in greater reduction of lyso-GL1 than ERT.
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Treatment Center, 333 Cedar St, LMP 1080, PO Box 208019, New Haven, CT 06520-8019, pramod.mistry@yale.edu.
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INTRODUCTION

Gaucher Disease is among the most prevalent lysosomal storage disorders affecting ~ 1 in
40,000 individuals in the general population but its frequency is as high as 1:800 in the
Ashkenazi Jewish population [1]. The metabolic defect in GD is deficiency of lysosomal
acid p-glucosidase (glucocerebrosidase, EC 3.2.1.45) due to biallelic mutations in GBA
which results in massive accumulation of glucosylceramide, most conspicuously in
lysosomes of macrophages, the eponymous Gaucher cells [2]. Although >400 mutations in
GBA have been reported in the Human Gene Mutation Database, N370S is the most
commonly reported mutation in the literature, accounting for ~77% of disease mutations in
Ashkenazi Jewish GD1 patients and ~ 29% of mutations in non-Jewish patients [3, 4].
Common manifestations of GD include growth failure, hepatosplenomegaly, anemia,
thrombocytopenia, and a complex pattern of skeletal disease. GD is classified into 3 broad
clinical phenotypes based on presence or absence of early-onset neurodegenerative disease:
the most common is GD type 1 (GD1), which is not associated with early onset
neurodegenerative disease; and GD2 and G3, characterized by additional fulminant or
chronic neurodegenerative disease, respectively [5]. The pathways linking the accumulation
of GL1 to the diverse clinical phenotypes and disease manifestations have not been fully
delineated [6]. Although glucosylceramide is the primary lipid that accumulates in tissues of
GD patients, there is accompanying massive elevation of its deacylated lysolipid, lyso-GL1,
considered to play a primary role in neuronal injury accompanying GD2 and GD3 [7, 8].
Recently however, lyso-GL1 has been shown to mediate several key features of GD1,
namely immune dysregulation and skeletal disease [9-12]. As GL1 accumulates in the
lysosomes in GD, it is deacylated by acid ceramidase to form lyso-GL1, a more soluble lipid
that exits the lysosomal system to cause wide-spread pathophysiological effects [13-15].
Lyso-GL1 is a potent antigen for CD1d-restricted NKT cells and triggers B cell proliferation
and metabolic inflammation, which underlie GD pathophysiology [10, 12]. In addition, lyso-
GL1 mediates osteoblastic dysfunction which results in osteopenia [11].

Assessment of GD activity and disease burden to determine indication for treatment and to
monitor response to treatment can be challenging due to heterogeneous organ involvement
and inability to assess pathological Gaucher cell infiltration by imaging. Traditionally,
evaluation of GD is based on indirect surrogate markers such as liver volume, spleen
volume, hemoglobin, platelets, plain radiology and MRI characteristics of the bone marrow
[16]. Hence it is necessary to validate biomarker(s) that are pathologically relevant and
reliably predict meaningful outcomes in the clinic to guide personalized. The properties of
an ideal biomarker for GD should fulfill each of these characteristics: specificity to GD, a
direct role in pathophysiology, absence of genetic variation, reliable change in response to
therapy and it should be applicable to all patients. The established biomarker of GD is
chitotriosidase, an orthologue of the chitinase family, which is elevated several hundred-fold
in GD [17]. However, ~10% of patients with GD have no measurable chitotriosidase activity
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due to homozygosity for a prevalent polymorphic null allele and ~33% are heterozygote for
this CH/T1 SNP, which manifests as half-normal serum levels [18]. Moreover, expression of
GD symptoms is not altered in patients harboring homozygous CH/71 null allele. An
alternative biomarker, a chemokine CCL18 has been validated and it is used in some centers
[19, 20].

The accumulation of lyso-GL1 in patients with GD was first reported over 40 years ago [8,
14, 21-25]. Initial reports demonstrated 100-1000 fold elevations of lyso-GL1 levels in grey
matter of neuronopathic GD patients and discussed potential neurotoxic effects of lyso-
GL1[21]. More recent studies reported elevated lyso-GL1 levels in tissues of GD1 patients
and described its pathophysiological role in immune dysregulation and skeletal disease in
GD1 [9, 10, 12]. Recently, we and others reported marked elevations of plasma lyso-GL1 in
patients with GD1 that decrease following ERT and correlated with some indicators of
disease activity [14, 24].

The aim of our present study was to assess the utility of lyso-GL1 as a pathophysiologically
relevant biomarker in GD1. A cohort of 169 GD1 patients on therapy were studied. Of these
155 patients were on macrophage-targeted enzyme replacement therapy (ERT) and 14
patients were on eliglustat tartrate SRT (ELI-SRT). Plasma lyso-GL1 levels were markedly
elevated in GD1. A cutoff of 4 ng/ml yielded 100% sensitivity and specificity in
distinguishing between GD patients and healthy controls through receiver operating
characteristics (ROC) curve analysis. In the ERT cohort, 41 patients were followed
longitudinally from baseline prior to initiation of therapy and subsequently after initiation of
imiglucerase ERT. In these treatment-naive patients, imiglucerase resulted in mean 49%
decrease in plasma lyso-GL1 levels after mean treatment period of 3.6 years. Follow up on
long-term imiglucerase ERT showed levels of lyso-GL1 decrease by half in the second year
and by one third in the third year of treatment. Lyso-GL1 plateaued to 13.5-fold elevation by
year five. Plasma lyso-GL1 levels correlated with other indicators of disease severity,
chitotriosidase (r=0.59 p<0.001), CCL18 (r=0.62 p <0.001), liver volume (r=0.28 p< 0.001)
and spleen volume (r=0.27 p=0.003), age (r = —0.22 p<0.001), splenectomy (i.e., it was
higher in asplenic patients than in patients with intact spleen, p = 0.01) and treatment with
ELI-SRT (p < 0.001). Multiple regression analysis was performed to identify independent
predictors of lyso-GL1. The strongest independent predictors of lyso-GL1were age (negative
correlation, p<0.001), serum chitotriosidase (p<0.001), CCL18 levels (p=0.001),
splenectomy (p=0.02) and treatment with eliglustat SRT, ELI-SRT (p < 0.001). To determine
biomarker response by mode of therapy (ERT vs ELI-SRT), we matched patients receiving
ERT vs ELI-SRT by propensity scoring. ELI-SRT was associated with greater reduction of
lyso-GL1 levels that ERT by mean of 113 ng/ml (136 — 90.3 ng/ml 95% CI p<0.001).

MATERIALS & METHODS

Patients

One hundred and sixty nine patients with GD1 consented to participate in the study. All
patients were confirmed to have GD by low leukocyte levels of lysosomal acid p-
glucosidase activity and the presence of GBA mutations. The study was approved by the
institutional review boards of Yale University School of Medicine and New York University
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School of Medicine. Patients underwent standard of care imaging studies to assess spleen
volume, liver volume (results expressed as multiples of normal) and skeletal lesions to
monitor their disease progression. Normal liver volume was 2.5% body weight and normal
spleen volume 0.2% body weight [26]. Data to determine the burden of Gaucher disease was
compiled for each patient, including Hermann Score [27], Bone Marrow Burden Score
(BMB) [28], Severity Score Index (SSI) and Disease Severity Scoring System (DS3) [29] as
described previously. In the cohort of ERT treated patients, baseline plasma samples before
initiation of ERT were available in 41 patients and subsequent samples on imiglucerase ERT
were available in these patients. In the remaining 114 patients, baseline samples were not
available but samples were obtained while already receiving ERT (60% on imiglucerase,
40% on velaglucerase ERT) with duration of therapy ranging from 1 — 19 years. In the ELI-
SRT cohort, 14 patients were on treatment with ELI-SRT with duration of therapy ranging
from 1-3.5 years.

LC-MS/MS Assay for Lyso GL1

For sample preparation, 25 pg of internal standard (N, N-Dimethylsphingosine-Matreya,
Pleasant Gap, and PA) was added to a 2.0 mL Eppendorf tube and dried under nitrogen gas.
Twenty pL plasma and 1000 pL chloroform: methanol (2:3) was added to the tube, which
was then mixed by vortexing for 5 minutes and centrifuged for 3 minutes at 16,000xg. The
supernatant was then transferred to a new Eppendorf tube. Two hundred pL chloroform and
520 uL water were added to the tube to perform liquid-liquid extraction. The solution was
vortexed 3 minutes, centrifuged at 16,000xg for 3 minutes, and the lower phase was
transferred to an auto-sampler vial. The upper phase was re-extracted with chloroform and
the lower phase was added to the previous lower phase in the auto-sampler vial. The
contents of the vial were dried with nitrogen gas and reconstituted in 100 uL methanol:
water (9:1) for liquid chromatography coupledto tandem mass spectrometry (LC-MS/MS)
analysis. A calibration curve was prepared using the same procedure as the sample
preparation described above using lyso-GL1 standard (Matreya, Pleasant Gap, and PA) and
internal standard.

Reconstituted samples were injected into an LC-MS/MS system [Waters Acquity UPLC and
an API-5000 triple-quadrupole mass spectrometer]. Separation of lyso-GL1 and other matrix
components was achieved using an Acquity BEH C18 column (2.1x50 mm, 1.7 um column)
under gradient conditions with mobile phase A (0.1 % formic acid in water) and mobile
phase B (0.1 % formic acid in acetonitrile). Mass spectrometry (MS) was performed in
select ion monitoring mode with the following transitions: m/z 462.5> 282.4 for lyso-GL-1
and m/z 490.3 > 292.4 for N, N-Dimethylsphingosine.

Chitotriosidase activity assay

Chitotriosidase activity assay was performed as described [30] with minor modification.
Briefly, serum samples were diluted with dH,O to 1:10, 1:20, and 1:50. Healthy control
samples were not diluted. Five pL of each diluted sample was added to 50 pL of 4MU-
Chitotrioside (Sigma Aldrich, St Louis, MO) that was pre-diluted to 22 nM in Mcilvaine
Buffer (0.1M Citric acid, 0.2M NayHPOy, pH 5.2). Samples were incubated at 37°C for 30
min. Reactions were quenched by adding 0.5 mL stop buffer (0.3M glycine-NaOH, pH

Am J Hematol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murugesan et al. Page 5

10.6). One hundred L of each reaction was transferred to a black flat-bottomed plate and
the enzyme activity was measured at 366nm (excitation)/445nm (emission). A standard
curve of B-Methylumbelliferone (4MU, Sigma Aldrich. St Louis, MO) was included in each
plate.

CHIT 1 genotyping

Genomic DNA from GD patients and health controls were extracted using Qiagen’s DNA
isolation kit (Valencia, CA). Following primers were used to amplify the CH/T 1 fragment
containing the possible 24-bp duplication: CHIT1F CAG CTA TCT GAA GCA GAA GG,
and CHITR1 GAG AAG CCG GCA AAG TC. PCR reaction was performed using the
AmpliTag Gold DNA Polymerase system (Thermo Fisher Scientific, Waltham, MA) at the
conditions of 95°C —60°C —72°C for 35 cycles. The amplified DNAs were separated on an
agarose gel containing 2% Agarose GPG/LE (Amerianbio, Natick, MA) and 2% LMP
Agarose (Thermo Fisher Scientific). In the presence or absence of the extra 24 bps, the band
size is either 99bp or 75bp.

CCL18 Enzyme-Linked Immuno Sorbent Assay (ELISA)

The CCL18 protein levels in sera from GD patients were assayed according to the protocol
provided in the DuoSet CCL18/PARC Kit (R&D System, MN). Briefly, 96-well microplates
(Greiner Bio-One) were coated overnight at 4°C with a 1:180 dilution of the Capture
Antibody in PBS. The coating solution was aspirated and the wells were washed three times
with Wash Buffer (0.05% Tween 20 in PBS, pH 7.2-7.4) and blocked with 300 pL /well of
Block Buffer (1% BSA in PBS) for 1hr at room temperature. Wells were washed three times
with the Wash Buffer. 100ul/well of samples (duplicated 2ul of plasma diluted at 1:5, 1:10
and 1:20 plus 98ul/well of 10% BSA-PBS) were added and the plates were incubated at RT
for 1.5-2hr. Serial dilutions (1:25, 1:50, 1:100, and 1:200) of rhCCL18 with Reagent Diluent
were used for the standard curve. After incubation and washes, 100ul/well of the Detection
Antibody (final concentration of 1:180 in Reagent Diluent) was added to each well and
incubated for 1.5hr RT. After three washes, the plates were incubated with 100ul/well of
1:200 (0.5% BSA in PBS) diluted Streptavidin-HRP for 20 minutes RT followed by three
more washes. Finally, 100 ul/well of Stop Solution (2 N H,SO,) were added to stop the
reaction and Absorbance was measured at 450nm using a SpectraMax Plus micro-plate
reader (Molecular Devices, CA). Previously identified samples with high, middle and low
CCL18 levels were used as an internal control in all assays.

Liver Volume and Spleen Volume / Splenectomy Status ordinal scale

The liver volume was categorized into ordinal scale with volume <1.25xmultiples of normal
(MN) =1, 1.25-15xMN =2, 1.5 - 2.5xMN= 3 and > 2.5xMN = 4. Similarly spleen
volume of <2xMN =1, 2-5xMN =2, 5 - 15xMN = 3, > 15xMN = 4 and splenectomy = 5.

Statistical Analysis

Non parametric Wilcoxon Mann Whitney test for unpaired and Wilcoxon signed rank test
for paired samples were used to compare for the difference in numerical measurements
between untreated, treated and healthy controls as the distribution was not normal. In
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univariate analysis, Pearson’s correlation coefficient was used correlate lyso-GL1 against
continuous variables after log-transformation to achieve normal distribution. Wilcoxon
Mann Whitney test was used to compare lyso-GL1 levels in patients stratified by spleen and
treatment status. Multiple linear regression model was constructed with the outcome as the
continuous variable, lyso-GL1 to assess candidate predictor variables (continuous or
categorical) of Gaucher disease burden i.e., age, gender, spleen volume/splenectomy ordinal
scale, liver volume ordinal scale, serum chitotriosidase, serum CCL18, hemoglobin levels
and platelet counts and treatment status (either ELI-SRT or ERT) after log transformation for
normal distribution. The validity of the final model was tested for normal distribution of
residuals through standardized normal probability (P-P) plot and Q-Q plot. The model was
also tested for heteroscedasticity through residual versus fitted plot and White’s test and for
multicollinearity through variance inflation factor values of >10.

To analyze the average treatment effect of ELI-SRT on Lyso-GL1 levels and to limit
potential confounding by indication, propensity scoring was utilized to identify comparable
groups of patients in the two arms of treatment across relevant variables of disease burden. A
logistic treatment model was used to calculate propensity scores using age, spleen volume/
splenectomy status ordinal scale, liver volume ordinal scale, hemoglobin levels, platelet
levels, serum chitotriosidase and CCL18 levels. Patients receiving ELI-SRT were
individually matched to patients receiving ERT with the closest propensity score using a
greedy matching algorithm [31, 32]. Each patient in the ELI-SRT cohort was compared to
the nearest neighbor with ratio of 1: 3 matches i.e., every patient receiving ELI-SRT was
matched to 3 patients receiving ERT with the closest propensities.

Sensitivity and Specificity analysis to determine the ideal cut off point to distinguish
between patients with GD and healthy controls were performed using a receiver operating
characteristic (ROC) curve.

Demographic Description

169 patients in total enrolled in our study and were divided into two cohorts of patients. The
first cohort consisted of 155 patients on ERT. Of these we had baseline samples before
initiation of ERT in 41 patients and subsequent samples after therapy was initiated. In 114
patients, baseline samples were not available but samples were drawn after patients were
already on ERT for variable periods. The second cohort of 14 patients represented those that
contributed samples while receiving ELI-SRT.

The demographics of treatment naive ERT patients is depicted in Table 1A. Prior of
initiation of ERT, the average age was 38.5 years (range 4 — 69 years) at the time of the first
sample. At second measurement, the average age was 41 years (range 5-77 years). The
mean duration of Imiglucerase ERT at the time of the second post — ERT sample was 3.6
years (range 0.5 — 19 years). Patients exhibited significant burden of visceral disease
indicated by mean liver volume 1.8 MN (range: 0.9 — 4) and spleen volume 17.2 MN (range:
0.9 — 45.6) before initiation of Imiglucerase ERT. There was the expected response to
imiglucerase ERT with reduction of liver volume to 1.2 (range 0.5 — 3.9 p = 0.09) and spleen
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volume to 6.1 (range 0.9 — 14 p= 0.01). Hemoglobin at baseline was 122.6 g/L and increased
to mean of 135.9 g/L after (p = 0.02). Platelet count 158.7x10%/L at baseline and increased
to 201.5x10%/L after treatment (p = 0.05). SSI, and Herman scores were unchanged as
expected and in our study DS3 scores were not impacted by ERT.

Table 1B depicts the demographics of patients in Cohort 1 & 2 which consisted of patients
receiving therapy — either ERT (n = 69 on imiglucerase or n=46 on Velaglucerase) or ELI-
SRT and in whom baseline pre-treatment samples were not available.

Response of Plasma lyso-GL1 levels to ERT

To assess the impact of ERT on plasma lyso-GL1 levels, we measured plasma levels at
baseline prior to initiation of imiglucerase ERT and while on ERT. There was barely
detectable level of lyso-GL1 in plasma of healthy controls. At baseline prior to initiation of
imiglucerase ERT, lyso-GL1 levels were markedly elevated up to 500-fold compared to
healthy controls (Figure 1A & B). After Imiglucerase ERT for mean 3.6 years, there was
marked decrease of plasma lyso—GL1 from mean 180.9 ng/ml (145.4 — 216.5; 95%
confidence interval) to a mean of 89 ng/ml (69.2 — 129.4; 95% confidence interval)
(p<0.001, Figure 1A & B) in the post treatment group.

Long Term Response of lyso-GL1 to Therapy

Next, we compared long-term response of lyso-GL1 to the response of chitotriosidase over 5
years of treatment. The average chitotriosidase levels at baseline before treatment was
12,450 nm/mli/hour (range: 337 — 58707 nm/ml/hour). Similarly lyso-GL1 levels at baseline
was 180.9 ng/ml (range: 14 — 464 ng/ml). Biomarker levels were then calculated as mean
elevations of upper limit of normal (ULN) from year one of treatment to year 5. The ULN
was derived from the healthy controls. The cutoff of was 2.7 ng/ml for lyso-GL1 and 125
nm/ml/hour for chitotriosidase. At year one, chitotriosidase was elevated on average 29.2x
ULN and decreased to half by year three. By year five, chitotriosidase was only elevated to
twice the normal value seen in healthy adults [Figure 1C]. In comparison, in the same
patients, lyso-GL1 was increased 63xULN in year one, decreased by half in year two,
decreased to one third by year three and then plateaued to 13.4xULN at year five [Figure
1C]. Given that lyso-GL1 is the bioactive lipid involved directly in pathological pathway in
GD, our data suggests that lyso-GL1 may more accurately represent the residual GD system-
wide activity in patients compared to chitotriosidase which is only secreted by activated
macrophages in response to GL1 accumulation [24, 33].

Correlation of lyso-GL1 levels with established biomarkers and clinical indicators of
disease burden

To determine the utility of lyso-GL1 in GD1, we assessed its correlation with established
biomarkers, chitotriosidase and CCL18 and with indicators of disease burden. We pooled the
data of cohort 1 and cohort 2 to maximize the strength of the analysis. Plasma lyso-GL1
correlated significantly with chitotriosidase after adjustment for polymorphism (i.e., levels in
heterozygotes carriers were multiplied by 2 [34]) (r = 0.59; p<0.001, Figure 1D). Plasma
lyso-GL1 was significantly correlated with CCL18 (r = 0.62 p<0.001, Figure 1E) and with
indicators of severity of visceral disease: splenic volume (r = 0.27 p= 0.003, Figure 11), liver
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volume (r = 0.28 p<0.001 Figure 1H) as well as with age (r = -0.22 p < 0.001 Figure 1F).
Splenectomy was associated with higher lyso-GL1 levels compared to patients with intact
spleens (p = 0.01 Fig 1G). Patients receiving ELI-SRT had lower levels of lyso-GL1 when
compared to patients receiving ERT (p < 0.001 Fig. 1J). There was no correlation of lyso-
GL1 with indicators of skeletal disease severity, Herman scores (r = 0.06 p = 0.35) and bone
marrow burden score (r = 0.12 p=0.39) with hemoglobin (r= 0.07 p = 0.73) or platelet counts
(r=0.14 p =0.07) (data not shown). There was no difference in plasma lyso-GL1 levels
between patients treated with imiglucerase and velaglucerase ERT (data not shown).

Multi-variate Regression analysis

Using multiple linear regression we estimated the coefficients adjusted for age, spleen
volume, liver volume, splenectomy status, serum chitotriosidase, serum CCL18, hemoglobin
levels, platelet counts and mode of therapy without further selection of variables to identify
clinical indicators independently predictive of plasma lyso-GL1 levels. In our analysis, age
(p < 0.001), serum chitotriosidase (p < 0.001) serum CCL18 (p = 0.001), splenectomy
(p=0.02) and treatment with ELI-SRT (p < 0.001) were most predictive of plasma lyso-GL 1
levels after adjusting for each other and for all other variables mentioned above. The
adjusted r-squared of the model was 78% with a root mean squared error of 0.47 with a total
of 64 observations. Age had an inverse relationship with plasma lyso-GL1 (p<0.001). This
likely reflects the fact that children have more severe disease at presentation than adults. An
increase in chitotriosidase (1 unit increase in the natural logarithm of chitotriosidase
measured in nm/ml/hour resulted in 0.61 + 0.07 unit increase in the natural logarithm of
lyso-GI1 measured in ng/ml; p < 0.001) and CCL18 (1 unit increase in logarithm of CCL18
measured in ng/ml resulted in 0.24 + 0.06 unit increase in the natural logarithm of lyso-GL1
measured in ng/ml p = 0.001) predicted an increase in plasma lyso-GL1 levels. Similarly,
patients receiving ELI-SRT had significantly lower levels of lyso-GL1 (p < 0.001) than
patients who were treated on ERT. Asplenic patients had significantly higher levels of
plasma lyso-GL1 (p = 0.02) than those with intact spleen. By multiple linear regression,
spleen volume, liver volume, platelet levels and hemoglobin were not independently
associated with plasma lyso-GL1 levels.

Comparison of biomarker response to ERT & ELI-SRT by propensity scoring

To analyze whether ELI-SRT resulted in significant differences in plasma lyso-GL1 levels as
compared to ERT and to assess the magnitude of effect, propensity scores of the two cohorts
of patients were generated using a logistic treatment model based on disease characteristics
that could confound the results: age, spleen volume/splenectomy status ordinal scale, liver
volume ordinal scale, hemoglobin level, platelet count, chitotriosidase and CCL18 levels
(Figure 2A). Only those patients who were on therapy for a minimum of a year were
included in the study. The cohorts were matched using nearest neighbor matching where the
observations with the least difference in propensity scores were matched in a 1:3 ratio i.e.,
every patient on ELI-SRT was matched to 3 patients from ERT with the nearest propensity
scores using the greedy matching algorithm. In the matched sample, 47 patients receiving
ERT cohort were matched to 9 patients receiving ELI-SRT cohort (Figure 2B). Lyso-GL1
levels decreased to a greater extent by mean of 113 ng/ml (95% confidence interval 90.3 —
136 ng/ml p < 0.001) in patients receiving ELI-SRT compared to patients receiving ERT.
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Further prospective studies in a larger subset of patients would be of interest as our
preliminary analysis indicate lyso-GL1 is biomarker that my reflect system-wide as opposed
to macrophage-centric pathophysiology based on the mechanism of action of the two types
of treatments. Similarly matched patients by propensity scoring on imiglucerase vs
velaglucerase ERT did not show any difference in plasma lyso-GL1 levels (p = 0.66; data
not shown).

Sensitivity and Specificity of Plasma lyso-GL1

Discussion

Sensitivity and specificity analysis was performed with the aim to identify the ideal cutoff
point of plasma lyso-GL1 for identification of patients with GD. In our analysis of 42 pre-
treatment GD patients, 42 patients on ongoing treatment with GD and 49 healthy controls, a
cut off of 4 ng/ml yielded an ideal sensitivity and specificity of 100% each to distinguish
between healthy controls and patients with GD. The area under curve (AUC) for receiver
operating characteristics was 1.00 (95% CI 1.00 — 1.00) indicating that there was no overlap
of plasma lyso-GL1 values between healthy controls and patients with GD [Supplementary
Figure].

There is emerging appreciation of system-wide involvement of Gaucher disease where cells
beyond the macrophage system participate in orchestrating pathophysiology and lyso-GL1
appears to be a critical mediator. Herein, we show that plasma lyso-GL1 is a valid biomarker
in a large cohort of GD1 patients. Patients with GD1 show up to 500-fold elevation of
plasma lyso-GL1 levels compared to healthy controls. Healthy controls have barely
detectable lyso-GL1. Levels fall dramatically with imiglucerase ERT and our analysis of the
observational data by propensity scoring suggests that ELI-SRT may result in greater
decrease plasma lyso-GL1 levels than ERT. Thus this biomarker exhibits considerable utility
for monitoring patients on or off therapy, extent of disease burden and residual disease
activity in patients receiving therapy. Cumulative long term analysis show that on average
lyso-GL1 levels decrease to half their initial value within 1 year of ERT although individual
patient trends are heterogeneous. Subsequently, with ongoing ERT, lyso-GL1 levels appear
to plateau by 3—4 years with a mean average residual elevation of 13.5 fold the normal levels
at 5 years of treatment. Unlike lyso-GL1, chitotriosidase levels decrease by half in 2 years
and are elevated by only 2-fold upper limit of normal by year 5. Given that lyso-GL1 is a
product derived from the root cause of GD, it may reflect more accurately residual GD
disease activity that is independent of macrophage activation.

We find that patients receiving ELI-SRT have lower lyso-GL1 levels compared to patients on
ERT. By propensity scoring, lyso-GL1 was on average lower by 113 ng / ml (95% 138 — 90
p< 0.001) in patients on ELI-SRT. Recent study by Smid et al, comparing ELI-SRT to
miglustat-SRT suggest that lyso-GL1 levels are lower in patients treated with ELI- SRT than
in miglustat-SRT in the first year of treatment. In this study of a small number of patients
reported by Smid et al, there is also trend toward greater reduction of lyso-GL1 in patients
treated with ELI-SRT patients than patients receiving ERT [35].
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In our cohort of patients, there is a significant correlation with established biomarkers,
chitotriosidase and CCL18. In addition, plasma lyso-GL1 levels correlate with liver volume
and spleen volume, platelet counts and age. Asplenia was associated with higher levels of
circulating lyso-GL1 and treatment with ELI-SRT resulted in lower levels of lyso-GL1 than
ERT.

Further, lyso-GL1 was independently associated age, serum chitotriosidase, serum CCL18
and splenectomy once adjusted for each other as well as liver volume, spleen volume,
hemoglobin and platelet counts. Similarly, Dekker et al, have reported correlation of lyso-
GL1 with markers of significant disease burden [14] and Rolfs and colleagues compared
lyso-GL1 against biomarkers chitotriosidase and CCL18 [24]. Our data also suggest lyso-
GL1 levels may have greater utility compared to other biomarkers to reflect ongoing disease
activity in patients on long-term therapy.

Lyso-GL1, the deacylated form of glucosylceramide has risen to importance as the first
biomarker of GD that is proximately involved with root-cause of GD. Deficiency of acid -
glucosidase leads to accumulation of GL1 that is metabolized by an alternative metabolic
pathway involving acid ceramidase [13-15]. Other theories purport that lyso-GL1 is formed
through the glucosylation of sphingosine through the enzyme glucosylceramide synthase
[36]. Seminal studies by Raghavan et al, led to first identification of elevated lyso-GL1 from
GD spleens. [23]. Nilsson et al, subsequently showed increased lyso-GL1 in the grey matter
of GD subjects focusing attention on potentially neurotoxic role of this lipid in
neuronopathic GD [21]. However, formal evaluation of lyso-GL1 in GD had to await recent
advances in lipidomics for specific and accurate measurement in body tissues and fluids [14,
37]. There is now mounting body of evidence to support use of lyso-GL1 as a pathologically
meaningful biomarker.

Evaluation of circulating biomarkers of total burden of Gaucher cells requires consideration
of relative organ contribution to the circulating pool and regional metabolism. For
chitotriosidase, Aerts and associates suggest that secretion of this biomarker by splenic
Gaucher cells undergoes extensive first pass metabolism in the liver and hence makes minor
contribution to circulating pool of the biomarker. [Supplementary Figure][36]. Hence
chitotriosidase in blood likely represents that secreted primarily by Gaucher cells in the liver
and bone marrow with some contribution from the lungs. Regional metabolism of lyso-GL1
and the relative organ contribution to circulating pool is likely to be complex involving
transport in plasma lipoproteins and biliary secretion. Indeed high biliary secretion of lyso-
GL1 has been demonstrated in a mouse model of GD [9].

Studies revealed the cytotoxic nature of lyso-GL1 in neuronal cells as other cell types
involving its role as an inhibitor of cytochrome ¢ oxidase, protein kinase c activity, and CTP-
phosphocholine citdyltransferase [38—41] . Its role as an apoptotic agent has been described
by Sueyoshi et al, through DNA fragmentation, chromatin condensation and
phosphatidylserine externalization in mouse neuroblastoma Neuro2a cells [42]. We studied
the impact of lyso-GL1 in osteoblasts and concluded that it directly contributes to osteoblast
cell death and apoptosis. Further studies have defined its importance in the immune
dysregulation and chronic metabolic inflammation that are hallmarks of GD. Lyso-GL1
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specific NK T cells induce B cell proliferation resulting in hypergammaglobulinemia and
anti-lipid antibodies (3-5). Importantly, these toxic effects parallel the macroscopic clinical
manifestations found in patients with GD and are consistent with a direct relationship
between circulating lyso-GL1 levels and disease burden.

In conclusion the utility of plasma lyso-GL1 as a biomarker of GD is underscored by its

biological role and impressive associations with indicators of disease severity as well as

treatment status. Its involvement in the disease pathology directly correlates with disease
burden and clinical severity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A and B) Median and mean values of Lyso-GL1 in cohort 1—Before ERT & after ERT
against healthy controls. The levels of circulating Lyso GL1 values were assessed in
treatment naive patients before ERT & after ERT and compared against health controls (n =
41). In Panel A, values are expressed as median (horizontal line in each box), 25th and 75th
centiles (top and bottom lines of the box) and 10th and 90th centiles (top and bottom of each
whisker). In panel B, distribution of Lyso GL1 measurements across untreated, treated and
healthy controls is shown. Mean values are marked by a x. There was barely detectable level
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of Lyso-GL1 in plasma of healthy controls (1.5 ng/ml; 1.3-1.7 95% CI). At baseline prior to
initiation of imiglucerase ERT, average lyso-GL1 levels were 180.9 ng/ml (145.4-216.5;
95% CI) and decreased to a mean of 89 ng/ml (69.2-129.4; 95% ClI) after therapy. (C) Trend
in Chitotriosidase against Lyso-GL1 over 5 years of ERT Treatment. N = 25 (Year 1); N =
20 (Year 2); N =5 (Year 3); N =7 (Year 4); N = 3 (Year 5). The biomarker elevation in
patients were averaged from year one to year five and divided by the upper limit of normal
(ULN) taken as 125 nm/ml/h for chitotriosidase and 2.7 ng/ml for Lyso-GL1. The average
fold elevation of each biomarker per year is graphed. Lyso-GL1 was correlated with visceral
and serum markers of Gaucher disease burden to assess its utility as a biomarker. Non-
normally distributed data was logarithmically transformed and correlated using Pearson's
correlation coefficient. (D) Lyso-GL1 correlation with Chitotriosidase (r = 0.59 P < 0.001 n
=209) (E) Lyso- GL1 correlation with CCL 18 (r = 0.62 P < 0.001 n = 252) (H) Lyso-GL1
correlation with liver volume as multiples of normal (r = 0.28 P < 0.001 n = 150) (I) Lyso-
GL1 correlation with spleen volume as multiples of normal (r = 0.27 P = 0.003 n = 115) (F)
Lyso GL1 correlation with age in years (r = —0.22 P < 0.001) G. Lyso-GL1 levels between
patients with intact spleens and splenectomy (P = 0.01) J. Lyso-GL1 levels between patients
on ERT and SRT (P < 0.001).
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Figure 2.

Propensity Score Matching between ERT and ELI-SRT patients. Top panel: Comparison of
Propensity scores between the ERT and SRT cohort of patients. Table shows baseline
Characteristics of unmatched and matched patients receiving ERT and SRT.
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Table 1

A: Demographic and clinical severity description of cohort 1 of GD patients

Baseline Characteristics of Treatment Naive Patients (n = 41)

Gender

Genotype

Males: 17 (41.4%)

N370S / N370S: 14 (34.1%)

N370S/Other: 21 (51.2%)
Other/Other: 6 (14.6%)

Age at First Symptom 19.1 (0.5 - 54)
(vears) 215 (0.5 -54)
Age at Diagnosis (years) 31; ((61 %io/log)
Splenectomy
Treatment (years)

Before ERT After ERT P - value
Liver Volume (X 1.8(0.9-4) 1.3(0.6-3.9) 0.09
Normal)
Spleen Volume (X 17.2 (0.9 - 45.6) 6.1(0.9-14) 0.01
Normal)
ssl 7.2(2-17) 75(2-17) 0.97
DS3 2.6 (0-8) 2.8(0-8) 0.89
Herman Score 3.6(0-5) 3.6 (0-5) 0.94
Hemoglobin (g/L) 122.6 (95 — 164) 135.9 (108 — 172) 0.02
Platelets (x 109/L) 158.7 (39 - 364) 201.4 (44 — 366) 0.05
Age (years) 36.8 (4-69) 449 (-1 | -
Serum Chitotriosidase 12451.9 (337 —58707) | 3880.5 (330 —19433) | <0.001
(nm/ml/hour)
Serum CCL 18 (ng/ml) 603.02 (40 — 1240) 276.7 (49 — 1039) <0.001
Serum Lyso-GL1 (ng/ml) | 180.9 (14 - 464) 99.3 (3-503) <0.001

B: Demographic and clinical severity description in cohort 1 & 2 of GD patients

Cohort 1: ERT patients on therapy (n = 114)

Cohort 2: E-SRT patients (14)

Gender Males = 38.6% 31.1%
Genotype N370S/N370S = 57.8% 58.1%
Age 48.3 (4 - 83) 43.8 (20 - 58)
SSI 6.9(2-17) 7.0 (3-10)
DS3 2.5(0-8) 2.3(0-8)

Hemoglobin (g/L)

139.7 (87 - 171)

134.6 (108 — 171)

Platelet (x 109/L)

168.8 (52 - 796)

205.7 (73 - 566)

Liver Volume x Normal 0.9(0.5-2) 0.9(0.6-2)
Spleen Volume X Normal 3.3(0.7-14.6) 2.7(0.7-5.3)
Splenectomy 39 (20.7%) 17.7%
Bone Marrow Burden Score 5.4 (0 - 16) 6.2 (3-11)
Herman Score 26(1-5) 27(1-5)
Years in Treatment 13.7 (.5-29) 1.3(1-35)
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B: Demographic and clinical severity description in cohort 1 & 2 of GD patients

Cohort 1: ERT patients on therapy (n = 114) | Cohort 2: E-SRT patients (14)

Serum Chitotriosidase
(nm/ml/hour)

973.3 (1 -7262)

1054 (18 — 4345)

Serum CCL18 (ng/ml)

117.2 (1 - 936)

86.8 (1.1 - 360)

Serum Lyso-GL1 (ng/ml)

155.9 (4 — 1160)

61. 4 (4 — 259)

*
Data in brackets indicate range of values. SSI: Severity Score Index; DS3: Disease Severity Criteria
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