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Abstract

Hyperferritinemia occurs in Gaucher disease but its clinical spectrum or its association with
systemic iron overload and HFE mutations is not known. In 114 patients with type 1 Gaucher
disease, we determined serum ferritin, transferrin saturation and HFE genotype. The results were
correlated with the extent of hepatosplenomegaly, overall Gaucher disease severity score index,
and response to enzyme replacement therapy. In a subset of patients with radiological and/or
laboratory evidence of systemic iron overload, liver biopsy was performed. There was a mean 3.7-
fold elevation of serum ferritin over the upper limit of normal (ULN). Prior splenectomy was
associated with most severe hyperferritinemia compared to patients with intact spleen (6.53 x
ULN vs. 2.69 x ULN, P=0.003). HFE genotyping revealed two patients homozygous for H63D
mutation and 30% of patients heterozygote carriers of H63D mutation; no patients harbored
C282Y mutation; there was no correlation of ferritin with HFE genotype. Ferritin level correlated
with liver volume (Pearson correlation coefficient = 0.254, p=0.035) and it was negatively
correlated with hemoglobin (r = —0.315, p=0.004); there was no relationship with other indicators
of Gaucher disease activity. Enzyme replacement therapy (ERT) resulted in amelioration of
hyperferritinemia: 707£898 ng/ml vs. 301+310 ng/ml (p=0.001), transferrin saturation remained
normal. Three patients were suspected of clinical iron overload, confirmed on liver biopsy. Iron
accumulation was variably noted in hepatocytes and Kupffer cells. There is a high prevalence of
hyperferritinemia in type 1 Gaucher disease that is associated with indicators of disease severity,
reversed by ERT and is not related to HFE mutations.
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Introduction

Methods

In Gaucher disease (GD), deficiency of lysosomal glucocerebrosidase due to mutations in
GBAL1 gene, leads to accumulation of glucocerebroside in lysosomes of mononuclear
phagocytes [1]. Non-neuronopathic Type 1 GD (GD1) is the most common lysosomal
storage disease affecting ~ 1 in 40,000 newborns but its frequency in Ashkenazi Jews is as
high as ~1 in 850. Lysosomal accumulation of glucocerebroside in mononuclear phagocytes
leads to a complex phenotype of hepatosplenomegaly, anemia and thrombocytopenia, a
diverse pattern of bone involvement and, less commonly, lung involvement. In addition
unusual manifestations of type 1 GD are recognized, i.e., increased risk of cancers,
Parkinsonian syndrome and pulmonary hypertension [2]. In contrast to the non-
neuronopathic type 1 GD, the rare neuronopathic forms (types 2 and 3) exhibit variable
severity of neurologic involvement [3]. The pathways from accumulation of
glucocerebroside in the lysosomes of tissue macrophages to the complex phenotype of GD
are not understood. However, pro-inflammatory cytokines and the adaptive immune system
appear to be involved [4,5].

Serum ferritin was found to be elevated in type 1 Gaucher disease in two studies reported
almost 2 decades ago in small number of patients [6,7]. Clinically, hyperferritinemia appears
to be a frequent finding in GD and it may lead to an erroneous diagnosis of
hemochromatosis, before the correct diagnosis is made [8]. However, the full clinical
spectrum of hyperferritinemia or its association with HFE gene mutations is not known and
whether it could be used as a biomarker of GD activity or its association with systemic iron
overload is not known. We addressed these questions in an observational study of 114
patients with type 1 GD.

We performed a retrospective chart review of patients with diagnosis of type 1 Gaucher
disease (GD1) followed for up to 10 years at Yale’s National Gaucher Disease Treatment
Center. A database of GD patients followed for up to 10 years was created. For this study,
the dataset was limited to patients who had a measurement of serum ferritin and transferrin
saturation and received imiglucerase enzyme replacement therapy (ERT). A total of 114
patients were identified. Patient demographics are summarized in Table 1. Patients had
confirmed diagnosis of type 1 Gaucher disease based on low (i.e., <10% of normal)
leukocyte acid B-glucosidase activity. GBA1 genotyping was performed as described
previously [9]. In 62 patients, both pretreatment and post-treatment serum ferritin and
transferrin saturation were available. In this group, 49 had intact spleens while 13 had
undergone therapeutic splenectomy. Effect of ERT in serum ferritin was evaluated in this
subset of patients, stratified for spleen status. For analysis of results, the most current
laboratory data for each patient in the database were used except in patients that received
ERT. In these patients, lab data used was the most current prior to the initiation of ERT. For
the 62 patients with paired data, post-ERT results were database results that were closest in
time to after 3 years of receiving ERT.

Patients had assays for chitotriosidase and CCL 18. The chitotriosidase assay was performed
using 4-methylumbelliferyl-(4-deoxy)chitobiose as a substrate as described previously [10]
Genotyping for chitotriosidase (CHIT 1) was performed as described previously [11].
Patients homozygous for CHIT 1 null allele were excluded. Patients that were heterozygous
for 99 bp CHIT 1 gene polymorphism were normalized to wild-type homozygous (77/75 bp)
by multiplying their chitotriosidase activity by a factor of 2 [12]. CCL 18 was determined by
ELISA as previously described [13].
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Liver and spleen volumes were determined by volumetric MRI, expressed as fold
enlargement over expected size for body weight as previously described [14]. For these
calculations, we used normal liver volume at 2.5% of the total body weight and normal
spleen volume 0.2% body weight. Overall Gaucher disease severity score index (SSI) was
calculated as described previously [15].

Differences in means among the subgroups of patients were determined by an independent
samples two-tailed T-test for equality of means. The F-test (Levine’s test) for equality of
variances was first run. Based on the results of the F-test, equal variances were either
assumed or not assumed in the determination of the significance of the T-test. Two-tailed
Pearson correlation tests were run to investigate correlations between biomarkers and liver
volume. A paired T-test was performed to determine difference in ferritin pre- and post-
enzyme replacement therapy. In our study we did not correct for multiple hypothesis testing
as this was an exploratory study.

All patients received standard of care. Serum ferritin levels were expressed as fold-increase
over the upper limit of normal. HFE genotyping for C282Y and H63D mutations was
performed as previously described [16]. All patients underwent MRI of the abdomen for
quantitative assessment of hepatosplenomegaly; we routinely check for evidence of iron
accumulation in the liver, spleen and bone marrow. Patients were investigated for systemic
iron overload with liver biopsy if transferrin saturation was >50 % and/or if there was
suggestion of iron overload on MRI imaging. Quantitative determination of iron by atomic
absorption spectrometry and grading of iron distribution were determined as described
previously [17,18]. Three patients were identified who were suspected of systemic iron
overload. All patients underwent GBA1 genotyping, HFE genotyping, serum iron panel,
serum biomarkers and liver function tests.

The study was approved by the Human Investigation Committee of Yale School of
Medicine.

A total of 114 patients with a diagnosis of GD1 were evaluated. The mean age was 53.6
years, a range of 2 to 85 years at time of first visit and male: female ratio was 49%:51%. The
mean age at onset of GD1 symptoms was 22.1 years in all patients. Of the 114 patients, 36
(31.6%) had undergone prior therapeutic splenectomy. The most common GBAL genotype
was N370S/N370S (60/114, 53% of patients) and it was the most prevalent genotype among
patients with intact spleen (50/78, 64%). However, among asplenic patients N370S/84GG
was the more prevalent genotype, i.e., 50% (18/36) compared with 17% (13/78) among
patients with intact spleen. By Fisher’s exact test, the difference in splenectomy rates
between patients N370S homozygous vs. N370S/84GG is highly significant (p<0.0001).
Compared to N370S homozygous patients, the relative risk of N370S/84GG patients having
a prior splenectomy is 2.64 (95% confidence interval 1.89-3.68).

Only 4 patients gave a history of blood transfusions but this occurred >10 yrs before the
study period and in each case the blood transfusion did not exceed 4 units. No patients were
receiving regular iron supplementation. There were 5 patients in the study cohort with
Hepatitis C. Only one of these five patients had severe iron overload. HFE genotyping
revealed two patients homozygous for H63D mutation. One of these 2 patients had severe
iron overload (patient 1 in Table II) while the other patient had isolated hyperferritinemia
with normal transferrin saturation and no radiological evidence of iron overload. Among 36
patients heterozygous for H63D mutation, there was no correlation with ferritin levels (data
not shown).
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Serum ferritin levels were elevated by a mean 3.7-fold elevation above the upper limit of
normal of ferritin ranging from 65 pg/L to 6200pg/L. In contrast mean transferrin saturation
was normal at 28%. Hyperferritinemia and transferrin saturation was related to spleen status:
serum ferritin in asplenic patients was 6.53 x N + 4.90 and transferrin saturation was
35.71% + 14.36 compared to patients with intact spleen patients: 2.69 x N + 2.48, p=0.003
and 25.32% + 8.74, p=0.002 respectively. As expected, asplenic patients harbor higher
platelet and WBC counts compared to those with intact spleens (187.48 + 107.04 and 11.41
+ 3.80, respectively) compared to intact spleen patients (103.92 + 60.84 and 4.53 +1.60,
respectively) p <0.0001 for both.

We performed a preliminary assessment of the candidacy of ferritin as a biomarker of
Gaucher disease activity. There was weak correlation of ferritin with three indicators of
disease severity but not with overall severity score index (SSI). First, liver volume was
weakly correlated with ferritin levels: r = 0.254, p = 0.035. Secondly, there was a negative
correlation between hemoglobin and ferritin levels: r= —0.315, p = 0.004. Thirdly, as
described above, splenectomy, an indicator if disease severity, is associated with more
marked hyperferritinemia compared to those with intact spleen. Next, we determined the
effect of ERT on serum ferritin levels. Serum ferritin levels were compared at baseline and
after mean 3.5+1.5 years after initiation of ERT. In 62 patients on whom data was available
for pre-treatment and post treatment serum ferritin levels, there was marked reduction of
ferritin levels from 707+898 to 301+310 ng/ml (p=0.001 by paired T test). This represents a
reduction of serum ferritin levels from 3.7 x ULN to 1.5 x ULN. Pre-treatment and post-
ERT serum ferritin levels were further examined after stratification by spleen status. The
results are depicted in figure 1. ERT resulted in reduction of serum ferritin in asplenic
patients as well as in patients with intact spleen but the effect was most marked in the latter:
serum ferritin levels in asplenic patients fell from 1472 £1593 to 416+363 ng/ml
corresponding to 8.2 x ULN to 2.2 x ULN (p=0.029) while in patients with intact spleens
serum ferritin levels fell from 504+436 to 271 ng/ml, i.e., 2.5 xULN to 1.3 xULN
(p=0.0024).

All patients underwent MRI of the abdomen as standard of care [14] for quantitative
determination of extent of hepatosplenomegaly. During MRI we routinely assess for
presence of iron overload in the liver, spleen and bone marrow. In our series of patients, we
suspected 3 patients to have clinical iron overload on the basis of markedly elevated
transferrin saturations and/or radiological evidence of iron overload (Table 11). We
performed percutaneous liver biopsy in these 3 patients for further evaluation of iron
overload. These three patients demonstrated up to grade 3— 4 hepatocyte siderosis. The iron
accumulation tended to occur variably in hepatocytes and Kupffer cells and to a lesser extent
in Gaucher cells (figure 2). Quantitative determination of iron by atomic absorption
spectrometry revealed pathological iron accumulation diagnostic of hemochromatosis.
Representative liver biopsy and MRI are shown in figure 2 and supplementary online figure
3. After initial ERT and restoration of normal hemoglobin, these patients had modest
reduction of ferritin levels however transferrin saturation remained markedly elevated
indicating iron overload. Together with evidence of pathological iron accumulation in liver
biopsy, these three patients underwent phlebotomy until their ferritin and transferrin
saturation was restored to normal. In patient 1(Table Il), phlebotomy reversed iron overload
in the liver as well as the bone marrow as shown on MRI scans depicted in supplementary
Figure 3 online. Interestingly this patient had striking skin pigmentation that reversed
entirely after phlebotomy restored her iron indices to normal.

It should be noted that 2 of the 3 patients with iron overload were asplenic, in keeping with
finding in our study of presence of most marked hyperferritinemia in asplenic GD patients
compared to those with intact spleen. Moreover, two of these three patients had co-
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morbidities that probably contributed somewhat to hyperferritinemia and iron overload. One
patient was homozygous for H63D HFE mutation and another had chronic hepatitis C as
well as a history of multiple cancers.

Discussion

We found an impressive elevation of serum ferritin in GD1 that correlated with some
indicators of disease severity namely, hepatomegaly, and whether the patient had previously
undergone splenectomy. In addition, serum ferritin was negatively correlated with
hemoglobin level. Thus hyperferritinemia seemed to be more severe among anemic patients
compared to patients with higher hemoglobin levels. However, overall disease severity score
(SSI) did not correlate with ferritin. The majority of patients did not have evidence of
pathological iron overload however, reflected by normal transferrin saturation and lack of
evidence of iron accumulation in the viscera by MRI scanning. A small sub-set of patients
(3/114) had severe iron overload indicated by persistently elevated transferrin saturation and
ferritin together with evidence of pathological iron accumulation; this was confirmed by
liver biopsy in these 3 patients. Two of these 3 patients were asplenic and in one patient,
there was associated co-morbidity in the form of hepatitis C and history of malignancy. One
patient was homozygous for H63D mutation in HFE gene. HFE C282Y was not found in our
population, reflecting the predominantly Ashkenazi Jewish ancestry of our study population.
ERT was associated with impressive reversal of hyperferritinemia, most marked among
patients who had an intact spleen. A previous study reported amelioration of
hyperferritinemia by ERT among patients that appeared to correlate with a satisfactory
marrow response [19].

The biomarkers of Gaucher disease activity in routine clinical practice include
chitotriosidase and the chemokine, CCL18 [4]. These biomarkers are clearly superior to
ferritin for which the correlation with indicators of disease severity was relatively weak
compared to other biomarkers. However, composite biomarker panel including ferritin has
the potential to reveal co-morbidity such as iron overload (or conversely iron deficiency).
Interestingly asplenic patients did not have significantly different chitotriosidase or CCL 18
from patients with intact spleens. Pharmacokinetic studies with recombinant chitotriosidase
indicate that there is nearly complete first pass extraction of the enzyme through the liver, in
keeping with the concept that splenic Gaucher cells make virtually no contribution to
peripheral circulating chitotriosidase levels [20]. Further evidence for this concept derives
from anecdotal observations that following therapeutically indicated splenectomy in 3 GD1
patients, there was no reduction of serum chitotriosidase levels following splenectomy (P.K.
Mistry, unpublished observations), as would have been expected if splenic Gaucher cells
were contributing chitotriosidase to circulating serum levels.

The extent of hyperferritinemia is somewhat excessive to be accounted for solely by chronic
inflammation that occurs in GD. It is interesting to consider potential mechanisms of
commonly occurring hyperferritinemia in GD1 and of clinical iron overload in a small
subset of patients. There have been studies on this topic since 1967 when Lee, Balcerak, and
Westerman [21] examined tissue obtained from patients with GD1 under light and electron
microscopy. There was increased amount of iron in Gaucher cells with no evidence of
increased avidity between iron and glucocerebroside storage material. In radio-iron studies,
there was avid take up of iron into the liver and marrow yet low incorporation into
erythrocytes [22,23].

Perhaps these findings can be better explained by current knowledge about body iron
homeostasis. Maintenance is achieved by increasing or decreasing gastrointestinal tract
absorption and parallel flux of iron from tissue macrophages that together contribute to the
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plasma iron pool. This maintenance is controlled through a circulating peptide, hepcidin,
produced by the hepatocytes via a mechanism that is critically dependent upon normal HFE
function, which is influenced by inflammatory cytokines. Circulating hepcidin exerts its
effect by binding to membrane ferroportin, a cellular iron exporter [24]. Hepcidin is
upregulated by multiple factors and several of these factors are involved in Gaucher disease
as well. For example, cytokines which are known to increase transcription of the hepcidin
gene are elevated in Gaucher disease, i.e., IL6 [5] and IL1-B [25]. Therefore, it would be
interesting in a future study to determine the status of hepcidin in GD patients with high and
low ferritin and change pre- and post-ERT. This could further elucidate hepcidin’s role in
high ferritin level in patients with GD1. Interestingly, serum biomarkers of Gaucher disease,
namely, chitotriosidase and CCL18 are also increased hemochromatosis complicating
thalassemia, in which pseudo-Gaucher cells are known to occur [26].

We found asplenic GD1 patients had higher ferritin levels compared to those with intact
spleen. It is unclear whether this phenomenon reflects more severe Gaucher disease known
to be associated with asplenia [27] or whether splenectomy per se contributes to iron
accumulation. To our knowledge there is no information on ferritin levels in healthy
individuals who underwent splenectomy after trauma. However, in hemoglobinopathies such
as sickle cell disease and thalassemia, asplenic patients may have worse hyperferritinemia
and iron overload. Nevertheless, in this setting splenectomy is a marker of more severe
disease reflecting greater requirement for blood transfusions. In fact, in a study examining
iron overload in sickle cell disease, multiple logistic regression analysis, did not find
splenectomy to be a independent predictor of liver iron [28]. It should be noted that while
splenectomy is not current practice in GD1, according to the 2009 Gaucher Registry Annual
Report shows that a significant number of currently treated patients worldwide have had
prior splenectomy (1169 out of 5323, i.e., 22%) [29]. In the new generation of patients,
splenectomy will be a rare event, and this may translate to disappearance of iron overload in
a subset of patients.

There are several shortcomings of our study. This was a retrospective study. Available
serum ferritin levels were obtained at variable lengths of time post ERT and not all patients
had paired measurements. Therefore, it is not possible to establish a time course of reduction
of ferritin on ERT. Three years post initiation of therapy was the intended data point used
because visceral and hematological disease have shown response by this time point in other
studies [30]. There tended to be greater hyperferritinemia among patients who had
undergone prior therapeutic splenectomy. While, we have used prior splenectomy as an
indicator of more severe disease, in some patients, splenectomy may have been performed
due to misdiagnosis before Gaucher disease was suspected [8]. In contrast to previous
studies, we did not find evidence of excessive iron accumulation in Gaucher cells. Most iron
accumulation on liver biopsy was confined to the hepatocytes, similar to hereditary
hemochromatosis. In our patients, we did not perform bone marrow biopsy because it was
not clinically indicated. MRI is a current standard of care in managing patients with Gaucher
disease. It helps further quantify visceral disease and bone marrow burden. This test and
laboratory data were available at the time of this study and helped identify 3 patients with
iron overload. After this study started, Ferriscan has become standard of care for non-
invasive ascertainment of iron overload [31]. As this test has a higher sensitivity, lesser
degree of iron overload in GD1 could be identified. Future studies should examine the use of
this modality in Gaucher disease.

In conclusion, our study has revealed a wide spectrum of hyperferritinemia in GD1 that
appears to be related to some aspects of GD1 severity and it is reversed by ERT. A small
subset of patients developed clinical iron overload. While, clinical iron overload occurs in
only a small subset of patients (3/114 in our cohort), the incidence of hemochromatosis may
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be significantly higher among GD1 patients compared to the general population, even in

the absence of classic HFE mutations. Therefore, as previously recommended, among
patients with GD1 and hyperferritinemia, those with elevated transferrin saturation and/or
radiologic evidence of iron overload should be evaluated for concurrent hemochromatosis

Supplement
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of ERT on serum ferritin levels stratified for spleen status. The patients were treated

with ERT for mean 3.5£1.5 yrs
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Figure 2.

A: Electron micrograph of a Gaucher cell showing abundant Gaucher bodies packed with
typical tubular structures. No hemosiderin deposition is seen in this case (Magnification
x10,000). B: Low magnification view of a liver biopsy in a 50 year old patient (Patient 3)
shows extensive siderosis, predominantly in the hepatocytes located in zones land 2
(Prussian blue stain). The arrow points to a collection of Gaucher cells that lack any staining
for hemosiderin at this magnification (x40). C: Higher magnification of the same case
showing extensive hemosiderin deposition in the hepatocytes of zones 1 and 2, and to a
much lesser extent in the Kupffer cells (x200). D: Liver biopsy from a different case with
hyperferritenemia and negative HFE mutation showing predominant deposition of
hemosiderin in the Kupffer cells (Prussian blue stain) and very little in the hepatocytes. In
addition, a faint blue blush is seen that likely represent staining for ferritin in hepatocytes.
The arrows point to an area of Gaucher cell collection that is negative for any staining
(x200).
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Demographics of Patients and Baseline serum biomarker results comparing GD1 patients with intact spleen
with splenectomized patients.

All Patients  Intact Spleen Patients  Splenectomized Patients |, ya1ye™
Number of Total Patients 114 78 36
Gender, N (%) 0.782
Male 56 (49) 39 (50) 17 (47)
Female 58 (51) 39 (50) 19 (53)
Age at presentation 0.0004
Mean * SD (yrs) 40.4+19.9 36.0£19.6 50.0£17.1
Age at onset of first symptoms 0.19
Mean + SD (yrs) 22.1£17.9 23.7£17.7 19.0+18.0
Age at diagnosis 0.18
Mean + SD (yrs) 25.5+18.6 27.1+18.7 22.0+18.3
Current Age <0.0001
Mean + SD (yrs) 53.6+£19.5 48.8+19.2 63.8+16.1
Genotype, N (%) 0.0005 #
N370S/N370S 60(53) 50(64) 10(28)
N370S/84GG 31(27) 13(17) 18(50)
N370S/IVS2+1 3(3) 2(3) 1(3)
N370S/L444P 10(9) 8(10) 2(6)
N370S/Other or unknown 10(9) 5(6) 5(14)
Ferritin Level x ULN (+ SD) 3.7 £3.67 2.69+2.47 6.59+4.87 0.003
Patient number 111 75 36
Transferrin saturation% (+ SD) 28+11.4 25.3+8.7 35.7+14.3 0.002
Patient number 91 67 24
Chitotriosidase (+ SD) 8352+6424 7466+6859 10254+5665 0.106
Patient number 7 49 28
CCl 18 (= SD) 406+419 413+474 389+268 0.861
Patient number 43 30 13

*
p value compared patients with intact spleen vs. asplenic patients.

#chi square compared N370S homozygous vs all compound heterozygotes
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