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Abstract

Purpose: Soluble mannose receptor (sMR) relates to mannose receptor expression on

macrophages, and is elevated in inflammatory disorders. Gaucher disease (GD) has

altered macrophage function and utilises mannose receptors for enzyme replacement

therapy (ERT) endocytosis. sMR has not previously been studied in GD.

Methods: sMR was measured by ELISA and correlated with GD clinical features

including spleen and liver volume, haemoglobin and platelet count, bone marrow bur-

den (BMB) scores and immunoglobulin levels. sMR was compared with biomarkers of

GD: chitotriosidase, lyso-GL1, PARC, CCL3, CCL4, osteoactivin, serum ACE and

ferritin.

Results: Median sMR in untreated GD patients was 303.0 ng/mL compared to post-

treatment 190.9 ng/mL (p = .02) and healthy controls 202 ng/mL. Median sMR

correlated with median spleen volume 455 mL (r = .70, p = .04), liver volume

2025 mL (r = .64, p = .04), BMB 7 (r = .8, p = .03), IgA 1.9 g/L (r = .54, p = .036),

IgG 9.2 g/L (r = .57, p = .027), IgM 1.45 g/L (r = .86, p < .0001), with inverse corre-

lation to median platelet count of 125 � 109/L (r = �.47, p = .08) and haemoglobin

of 137 g/L (r = �.77, p = .0008). sMR correlated with established biomarkers:

osteoactivin 107.8 ng/mL (r = .58, p = .0006), chitotriosidase 3042 nmol/mL/h

(r = .52, p = .0006), PARC 800 ng/mL (r = .67, p = .0068), ferritin 547 μg/L (r = .72,

p = .002) and CCL3 50 pg/mL (r = .67, p = .007).

Conclusions: sMR correlates with clinical features and biomarkers of GD and reduces

following therapy.
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Novelty statements

What is the new aspect of your work?

The aspect of this work that is new is that soluble mannose receptor (sMR) has never been

characterised in Gaucher disease before, and it is of considerable interest because it is easy to

measure and exists in steady state with macrophage mannose receptors, which are essential for
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endocytosis of enzyme replacement to be delivered to the lysosome; with future work this may

help better predict those that will respond sub-optimally to therapy to allow earlier changes to

management.

What is the central finding of your work?

The central finding of this work is that sMR is elevated at baseline and falls to that of healthy

controls following therapy and correlates with both severity of baseline clinical features and also

established biomarkers; of particular novelty is the strong correlation with immunoglobulin con-

centrations which may allow better prediction of those patients at risk of myeloma or lympho-

proliferative disorders (which occur at higher incidence in patients with Gaucher disease).

What is (or could be) the specific clinical relevance of your work?

The specific clinical relevance of this work may be better prediction of those patients who may

not respond optimally to therapy allowing earlier alterations in management strategy, and also

better prediction of those at risk of myeloma or lymphoproliferative disorders, enabling closer

monitoring or earlier intervention.

1 | INTRODUCTION

The mannose receptor (MR), also known as CD206, is present on

subpopulations of macrophages, and its upregulation has been

demonstrated on alternatively activated macrophages.1 It is also seen

on immature dendritic cells and endothelial cells.2,3 The mannose

receptor has roles in recognizing extracellular ligands, endocytosis and

in antigen presentation. The mannose receptor can be cleaved into

the extracellular matrix, by a yet unidentified metalloprotease, and

released as soluble Mannose Receptor (sMR).4 sMR is present in

human plasma and its concentration has been shown to be increased

in a variety of non-lysosomal storage disorders.5–10 It has been shown

to promote macrophage proinflammatory activation and trigger

‘metaflammation’.11,12 MR shedding occurs constitutively and levels

of sMR correlate and are in steady state with the amount of total MR

expressed on cells.4

Gaucher Disease (GD) is an autosomal recessive lysosomal stor-

age disorder caused by deficient activity of beta-glucocerebrosidase

(GBA)13,14 due to mutations within the GBA1 gene located on chro-

mosome 1.15 There is considerable heterogeneity in its clinical presen-

tation with a limited degree of genotype–phenotype correlation16

suggesting influence from a variety of genetic modifiers. There is a

continuum of disease severity with a classification system of disease

severity from type 1 to type 3. Type 1 disease is that without specific

neurological features; it is the most common and mild phenotype.

Type 2 disease is diagnosed in the first 6 months of life, has severe

neurological manifestation and is invariably fatal; the most severe

phenotype is the collodion baby. Type 3 disease is less severe than

type 2 and is often diagnosed after the first 6 months of life, with

patients having specific neurological features.17

The clinical features of type 1 GD include anaemia, thrombocyto-

penia, bleeding diatheses, splenomegaly, hepatomegaly, and bone

abnormalities including Erlenmeyer flask remodelling deformity, bone

marrow infiltration with atypical macrophages (Gaucher cells), reduced

bone mineral density, avascular necrosis, increased incidence of frac-

tures, bone pain and bone crises. There is also an increased incidence

of bone-based plasma cell dyscrasias: polyclonal gammopathy, mono-

clonal gammopathy of uncertain significance and plasma cell mye-

loma.18 Registry data suggests increased incidence of other

haematological malignancies and also hepatocellular carcinoma. There

is also an increase in metabolic rate and alterations in lipid metabo-

lism. In addition to these clinical features, there are a wide variety of

neurological manifestation of type 2 and 3 GD including seizures, cog-

nitive deficits, ataxia, nuclear gaze palsy and oculomotor apraxia. Par-

kinson disease has an association with GD and has increased

incidence in type 1 patients. There is an increased incidence of Parkin-

son disease in individuals who are carriers of just one disease-

associated allele. Together, these discoveries have prompted interest-

ing research in the role of lysosomes in neurodegenerative diseases.19

GD was the first lysosomal storage disorder treated with enzyme

replacement therapy (ERT) with beta glucosidase derived from human

placenta.20 The development of ERT using placental enzyme was

instructive in relation to understanding uptake of ERT and the utility

of the mannose receptor on macrophages. Altering the carbohydrate

moieties of the ERT molecule to expose the mannose moiety to

enhance uptake was a crucial development.21 Following this, recombi-

nant ERT was developed: imiglucerase, velaglucerase, taliglucerase; as

has substrate reduction therapy: miglustat and eliglustat.

Treatment has altered the natural history and progression of

GD. Review of patient data has shown consistent data in improve-

ment of haemoglobin and platelet counts and reduction in hepato-

megaly and splenomegaly. Less consistent have been patients'

response in relation to their bone disease. As expected, established

avascular necrosis and bone infarction do not improve with therapy.22

However, some studies have found that approximately 30% of

patients have no improvement or progression of some features

of bone disease, of which a significant proportion were receiving

treatment.23,24 Making general statements about this are impossible,
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as the pathophysiology of individual manifestations of bone disease

is different. Though animal studies have shown a reduction in B cell

malignancy in GD mice treated with eliglustat, the effect ERT or

SRT has on plasma cell dyscrasias in humans with GD is not well

characterised.

Gaucher cells do not resemble classically activated macrophages

and have some but not all features of alternatively activated macro-

phages. In one study of two patients already receiving ERT for GD,

large Gaucher cells (GCs) were negative for CD163 with smaller GCs

demonstrating intracellular staining for CD163. Double labelling for

the alternatively activated macrophage markers CCL18 and MR

showed that CCL18 was expressed by all GCs, whereas MR expres-

sion was expressed on adjacent endothelial cells. Double-positive cells

were observed only occasionally. Therefore, in some patients receiv-

ing ERT, GCs express many but not all markers that are characteristic

for alternatively activated macrophages and there may be variable

expression of MR with many lacking MR expression.25 This is an

important finding given that ERT is mannose-terminated and treat-

ment of GD is based on MR-mediated uptake. This has major implica-

tions in understanding GD and its treatment and may relate to poor

response to treatment.

Ongoing work demonstrates an evolution in our understanding of

the pathophysiology of GD. This has moved from the macrophage-

centric model of disease toward a more integrated model of general

osteoimmunological dysfunction incorporating alterations in lympho-

cytes, NK cells, macrophages and stromal cells, including mesenchy-

mal stem cells.26–29

There are a number of biomarkers of GD activity that are ele-

vated at diagnosis or baseline assessment and can be used to track

response to therapy. Each one reflects a different compartment or

pathway altered by GD activity, and each has specific limitations.

These biomarkers include chitotriosidase, glucosylsphingosine

(lysoGL1), PARC/CCL18, progranulin, CCL3 and CCL4. There are also

biochemical assays in routine use that can give an indication of GD

activity, serum ACE and ferritin for example, although these are not

specific.30–37

Given the importance of altered macrophage function in a compli-

cated immunological microenvironment in the pathophysiology of GD

and the importance of the mannose receptor in the cellular internali-

zation of exogenous enzyme replacement therapy, it seems vital to

characterize sMR expression in GD as sMR has not been reported in

the literature in relation to Gaucher disease (GD).

Here we present measurement of sMR in a population of type

1 GD patients before and after therapy, also compared to a group of

healthy volunteers, and correlate this with known clinical feature

domains of GD. We also compare sMR to known biomarkers of GD.

2 | MATERIALS AND METHODS

Patients with GD and healthy volunteers were enrolled and gave

blood samples between January 2004 and July 2016 to study bone

disease in GD. The study was approved by the Royal Free Hospital

Multi-Centre Research Ethics Committee to recruit healthy controls

or individuals with Gaucher diseases. All subjects provided written

informed consent prior to participation. The diagnosis of GD was con-

firmed in our patients by assessing enzyme activity and genotype.

Healthy controls were not screened for GD, but self-reported as well

and asymptomatic.

Blood specimens for storage were collected in serum vacutainer

tubes and allowed to stand for 30 min, then centrifuged at 2000g for

10 min. Serum was removed and stored in polypropylene tubes in

200 μL aliquots at �80�C until thawed immediately before analysis.

For patients with GD, specimens were collected following diagno-

sis and prior to starting enzyme replacement therapy; also collected

again on at least one occasion following commencement of ERT.

ELISA analysis of biomarkers was undertaken as per kit instruc-

tions: Human sMR (Hycult Biotech); PARC (Life Technologies); human

osteoactivin GPNMB (Invitrogen by Thermo Fisher Scientific); CCL3

and CCL4 (Invitogen by Thermo Fisher Scientific); progranulin (Ray

Biotech). All tests were conducted according to the specified

instructions.

Chitotriosidase, ferritin, ACE, haemoglobin, platelets, IgA, IgG,

and IgM were determined by the diagnostic laboratory at The Royal

Free hospital using standard operating procedures and accredited by

UKAS. Lyso-GL1 was measured by liquid chromatography with tan-

dem mass spectrometry.

Clinical data was collected retrospectively from the patient elec-

tronic medical record. The data recorded in the medical record was

collected as part of normal clinical activity.

Estimated spleen volumes and liver volumes were calculated from

MRI images of patients. Spleen volume (cm3) = 30 + 0.58(L � D � T),

where L = cranio-caudal distance between the first and last slices

in the axial plane where the spleen is depicted, D = the largest

measurable long axis diameter in the axial plane, and T = the largest

perpendicular dimension to D in the axial plane.38 Liver volume

(cm3) = CC � LL � AP � 0.31, where CC = craniocaudal dimension,

LL = latero-lateral dimension, AP = antero-posterior dimension.39

Differences between groups were determined by the non-

parametric Mann–Whitney U test and differences for non-parametric

paired data were assessed using the Wilcoxon test. Correlations were

determined using simple linear regression. All were calculated using

Prism software (GraphPad).

TABLE 1 Characteristics of treatment-naïve Gaucher disease
(GD) patients and health controls (HC).

GD n = 16 HC n = 10

Age in years, median (range) 38.3 (21–80) 49 (18–75)

Sex, male, n (%) 12 (75) 5 (50)

GBA1 mutations

N370S/N370S, n (%) 5 (31.3)

N370S/Other, n (%) 10 (62.6)

Other/Other, n (%) 1 (6.3)

Splenectomy, n (%) 1 (6.3)
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3 | RESULTS

Sixteen treatment-naïve type 1 GD patients and 10 non-GD healthy

controls had sMR measured from serum by ELISA. Patient and

healthy control characteristics are outlined in Table 1.

Fourteen of the 16 treatment-naive GD patients had post-

treatment sera available for analysis with a median time between

treatment starting and testing of paired sera of 27 months (IQR:

21–43 months), Figure 1A.

The median sMR in treatment naïve sera, Figure 1B, was

significantly higher at 303.0 ng/L (IQR: 149.2–736.4 ng/mL)

compared to paired post-treatment median of 190.9 ng/mL (IQR:

105.4–414.5 ng/L) (p = .02). There was no statistical difference

between the median treatment naïve and unpaired healthy control

cohort with median sMR of 202 ng/L (IQR: 141.5–236.0 ng/mL).

There was no statistically significant difference between control and

post-treatment groups.

Having established that sMR was elevated in treatment-naïve

patients and fell with therapy, we assessed sMR with known clinical

features of disease. There was good correlation with pre-treatment

sMR and all domains of GD clinical features, see Figure 2. (2A) Median

spleen volume (n = 8) was 455 mL (IQR: 219–1348 mL) (r = .71,

p = .04); (2B) median liver volume (n = 10) was 2025 mL (IQR:

1375–2425 mL) (r = .64, p = .04); (2C) median bone marrow burden

(BMB) score (n = 7) was 7 (IQR: 6–12) (r = .8, p = .03). There was an

inverse correlation with (2D) median platelet count of 125 � 109/L
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F IGURE 1 Changes in sMR. (A) There is a reduction of sMR with ERT after a median of 27 months comparing paired serum of treatment-
naïve with post treatment (n = 14) GD patients. (B) There is a significant difference between the treatment-naïve and post-treatment GD
patients' paired sera. There is no difference between post-treatment GD patients and healthy controls. ERT, enzyme replacement therapy;
GD, Gaucher disease; sMR, soluble mannose receptor. *p < .05.
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(IQR: 40–175 � 109/L) (r = �.47, p = .08) and (2E) median haemo-

globin of 137 g/L (IQR: 77–149 g/L) (r = �.77, p = .0008).

Knowing that plasma cell dyscrasias and gammopathy have an

increased incidence in GD, we thought it was important to assess

sMR in relation to baseline immunoglobulin concentration. There was

strong correlation with pre-treatment immunoglobulin levels, see

Figure 3. (3A) Median IgA (n = 15) was 1.9 g/L (IQR: 1.35–2.9 g/L)

(r = .54, p = .036); (3B) median IgG (n = 15) was 9.2 g/L (IQR:

7.8–14.5 g/L) (r = .57, p = .027); median IgM (n = 15) was 1.45 g/L

(IQR: 0.6–2.75 g/L) (r = .86, p ≤ .0001).

Having observed the relationship between the severity of base-

line clinical features in GD and sMR, we compared the sMR of our

patients with established key biomarkers, see Figure 4. (4A) Median

PARC (n = 15) was 800 ng/mL (IQR: 750–980 pg/mL) (r = .67,

p = .0068); (4B) median osteoactivin (n = 15) was 107.8 ng/mL (IQR:

70.5–177.4 ng/mL) (r = .58, p = .0006); (4C) median chitotriosidase

(n = 15) was 3042 nmol/mL/h (IQR: 1120–5951 nmol/mL/h) (r = .52,

p = .046); (4D) median ferritin (n = 15) was 547 μg/L (IQR:

381–972 μg/L) (r = .72, p = .002); (4E) median CCL3 (n = 15) was

50 pg/mL (IQR: 30–100 pg/mL) (r = .67, p = .007).

sMR did not correlate with these biomarkers: median angiotensin

converting enzyme (ACE) (n = 15) was 118 nmol/mL/min (IQR:

65–214 nmol/mL/min) (r = .27, p = .13); median progranulin (n = 15)

was 3.18 ng/mL (IQR: 3.06–3.74 ng/mL) (r = .09, p = .7); median CCL4

(n = 15) was 90 pg/mL (IAR: 51–104 pg/mL) (r = �.036, p = .90).

Lyso-GL1 was measured in 8 patients who were well established

on therapy at the time of analysis, where there was a post-treatment

sMR measured enabling comparison (though these samples were

taken at different times). Unfortunately, there was no baseline Lyso-

GL1 measured for any of the patients we had data for baseline sMR.

Of the post-treatment patients, median lyso-GL1 was 51.8 nmol/L

(IQR: 24.6–109.1 nmol/L) compared to median sMR of 163 ng/mL

(IQR: 122–212 ng/mL) and there was no correlation (r = �.18,

p = .66). It must be noted that the median time between the sMR
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specimen collection date and the lyso-GL1 collection date was

96 months (IQR: 61–129 months) with patients continuing on treat-

ment over this time.

4 | DISCUSSION

The results presented here show an elevated concentration of sMR in

patients with GD prior to therapy compared to a median of

27 months post therapy and compared to healthy controls. The eleva-

tion itself compared favourably with other pre-treatment clinical fea-

tures including platelet count, haemoglobin, spleen and liver volume,

bone marrow burden and to immunoglobulin levels, particularly IgM.

There was also favourable correlation with previously evaluated bio-

markers: PARC, osteoactivin, chitotriosidease, ferritin and CCL3;

though not with serum ACE, progranulin or CCL4. An attempt was

made to assess correlation with lyso-GL1, which has emerged over

the last decade and currently considered one of the best biomarkers

of disease burden and response to therapy. However, as there were

no contemporaneous samples available to assess sMR and lyso-GL1

directly at baseline and then following therapy in paired samples, this

was not performed, though the data would be very interesting.

Elevated sMR has been associated with critical illness, ICU admis-

sion, sepsis, severe liver disease, liver cirrhosis, alcoholic liver disease,

pulmonary tuberculosis, pulmonary fibrosis, multiple myeloma, rheuma-

toid arthritis, chronic joint inflammation, pneumonia, interstitial lung

disease and gastric cancer. sMR concentration correlates with disease

severity and mortality. Some have argued that sMR may be a better

biomarker of inflammation than CRP, sCD163 or procalcitonin.40,41

Evaluation of sMR in patients with GD is logical given the evi-

dence of its elevation in conditions of significant inflammation, partic-

ularly when macrophage activation is increased. Though our

understanding of the pathophysiology of GD has evolved to be more

inclusive of multiple domains of immune dysregulation, altered macro-

phage morphology, activation and interaction with the microenviron-

ment is still a significant part of the disease process.

Basic and translational research has informed important links

between MR, sMR and inflammation. Murine models of MR expres-

sion have shown that MR-deficient mice are somewhat resistant to

several inflammatory diseases.42 Exogenous sMR has been shown

to induce an inflammatory phenotype of both murine and human mac-

rophages increasing secretion of several proinflammatory cytokines:

TNF, IL6, IL12, IL1beta.11

Also, there are changes in metabolism associated with MR and

sMR including an increase in glycolysis in macrophages, recognized as

a hallmark of inflammation. In metaflammation linked to obesity,

proinflammatory macrophages accumulate in metabolic tissues, with

increased expression of MR seen in liver and adipose tissue. MR-

deficient mice have a change in the proliferation and differentiation of

adipocyte precursors. sMR levels are higher in both high-fat-diet fed

obese mice and in obese humans. Intraperitoneal injection of exoge-

nous sMR in mice increases circulation of proinflammatory cytokines.

The mechanisms of MR and sMR cellular interactions are still being

investigated and elucidated, with both known to have actions

through CD45.11 Given the increased incidence of plasma cell mye-

loma in obese patients43 and the observation that sMR is elevated in

patients with plasma cell myeloma6 it is interesting that there is a

strong correlation in sMR and immunoglobulin concentration in our

patient cohort, particularly IgM. None of our patient cohort analysed

had myeloma or lymphoma. However, the relationship of sMR to

immunoglobulins here certainly raises future research questions

about prediction of risk of developing myeloma or other B cell malig-

nancies in GD patients.

A significant limitation in assessing patients with GD is that it is a

very rare disease, which often means only small numbers of patients

or samples are assessed before findings are published, which limits

how robust the conclusions can be that are drawn from that data.

However, this is what we have available to us. The description of the

expression of MR on macrophages within GD patient specimens was

performed on only 2 patients, both of whom were on ERT and only

assessed splenic tissue.25 The authors concluded that Gaucher cells

lacked MR expression, however, the certainty about this given the

limited numbers and confounders that were not discussed, must make

one keep an open mind about MR expression. It is important to note

that a spectrum of MR expression was seen on smaller macrophages

within the specimens assessed.

Given the role the MR plays in facilitating endocytosis of ERT into

cells for delivery to the lysosome, having a way of assessing MR

expression at diagnosis is important. Given that work has shown sMR

to be constitutively expressed and in steady state with total MR, we

hypothesise that sMR may be a useful way to evaluate the net num-

ber of macrophages and Gaucher cells.

Some patients do not respond well to ERT, and until now it has

not been possible to predict which patients will not respond to ther-

apy. One wonders if there are some patients with GD who indeed

have downregulated MR for disease-related or other reasons. We

have seen evidence that larger or more mature Gaucher cells lack MR

expression. Lack of MR expression may mean that those Gaucher cells

have limited means of endocytosing ERT and may be part of the

reason patients may exhibit refractoriness to treatment. The MR

itself may act as a ‘sink’ and take ERT away from where it is needed

most.44

Having a way of assessing MR by measuring sMR at baseline

and throughout therapy may allow modifications to therapy to occur

to optimise management strategies particularly in those who are

responding sub-optimally to treatment.

Limitations to our work here relate to the small cohort of patients

we had available with retrospective samples and data for analysis.

Lyso-GL1 is our leading biomarker for assessing global disease burden

and response to treatment, and it is disappointing we could not show

a comparison of baseline lyso-GL1 and sMR.

Future work should prospectively evaluate the level of MR on

treatment naïve patient tissue, assessing a broader range of tissue

(spleen, bone marrow, liver) and seeing if sMR can be correlated not

just to disease burden, but also perhaps to be able to predict response

to therapy, particularly ERT which utilises MR to be delivered to the

6 BEATON and HUGHES
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lysosome. Comparing baseline sMR with lyso-GL1 will be important.

Validation of our results with another centre with a similar or larger

cohort would be beneficial.

5 | CONCLUSIONS

sMR was elevated in patients with Gaucher disease prior to therapy

commencement and falls to the level of healthy controls after therapy.

Further work is required to assess if sMR reflects overall disease bur-

den and if it could be used to predict patients who may not respond

as expected to ERT, and if it may help predict patients at risk of

plasma cell dyscrasias or B cell malignancies.
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