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ABSTRACT

hitotriosidase activity and CCL18 concentration are interchange-

ably used for monitoring Gaucher disease (GD) activity, together

with clinical assessment. However, comparative studies of these
two biomarkers are scarce and of limited sample size. The aim of this
systematic review with meta-analysis of individual participant data (IPD)
was to compare the accuracy of chitotriosidase activity and CCL18 con-
centration for assessing type I GD severity. We identified cross-sectional
and prospective cohort studies by searching Medline, EMBASE, and
CENTRAL from January 1995 to June 2017, and by contacting research
groups. The primary outcome was a composite of liver volume >1.25
multiple of normal (MN), spleen volume >5 MN, hemoglobin concentra-
tion <11 g/dL, and platelet count <100x10?/L. Overall, IPD included 1,109
observations from 334 patients enrolled in nine primary studies, after
excluding 111 patients with undocumented values and 18 patients with
deficient chitotriosidase activity. IPD were unavailable for 14 eligible pri-
mary studies. The primary outcome was associated with a 5.3-fold (95%
Confidence Interval [CI]: 4.2-6.6) and 3.0-fold (95% CI: 2.6-3.6) increase
of the geometric mean for chitotriosidase activity and CCL18 concentra-
tion, respectively. The corresponding areas under the receiver operating
characteristics curves were 0.82 and 0.84 (summary difference, 0.02, 95%
CL -0.02 to 0.05). The addition of chitotriosidase activity did not
improve the accuracy of the CCL18 concentration. Estimates remained
robust in the sensitivity analysis and consistent across subgroups.
Neither the chitotriosidase activity nor the CCL18 concentration varied
significantly according to a recent history of bone events among 97
patients. In conclusion, the CCL18 concentration is as accurate as chi-
totriosidase activity in assessing hematological and visceral parameters
of GD severity and can be measured in all GD patients. This meta-analy-
sis supports the use of CCL18 rather than chitotriosidase activity for
monito-ring GD activity in routine practice.
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Introduction

Gaucher disease (GD; OMIM#230800) is a recessively
inherited lysosomal sto-rage disorder caused by biallelic
mutations in the GBA1 gene that encodes the lysosomal
acid B-glucosidase.' The metabolic defect in GD results in
bone marrow and visceral organ infiltration by Gaucher
cells (i.e., glucosylceramide-laden macrophages), leading
to anemia, thrombocytopenia, hepatosplenomegaly, and
skeletal manifestations.”* Three main GD types (I, II and
[II) have been described, on the basis of the clinical fea-
tures and age of onset. Type I (i.e., non-neuropathic) GD
is predominant (85-94%).°

GD natural course is rather unpredictable, even within
subgroups of patients with the same GBA{ mutation.’
Therefore, evaluating the disease severity and prognosis is
challenging for clinicians. In this context, a surrogate
blood biochemical marker is highly desirable for assessing
GD severity and helping decision-making for specific ther-
apy initiation or adjustment. Several biomarkers have
been identified, including chitotriosidase, CCL18, and glu-
cosylsphingosine.”"

Chitotriosidase, the human analogue of the non-verte-
brate chitinase, is directly secreted by Gaucher cells and is
considered an indicator of the overall Gaucher cell
burden." In patients with GD, chitotriosidase activity is
about 1,000-fold higher than the normal values, and its
level correlates with liver and spleen volume, hemoglobin
concentration, platelet count, and some bone manifesta-
tions.”" Plasma chitotriosidase activity decreases dramat-
ically after initiation of enzyme replacement therapy
(ERT) and rises again when the treatment is stopped.”
However, plasma chitotriosidase activity has major limita-
tions for monitoring GD activity. Indeed, measuring plas-
ma chitotriosidase activity is technically complex and not
standardized across laboratories.”” Moreover, 6% of the
general population is homozygous for a chitotriosidase
variant harboring a 24-base pair duplication in the CHIT/
gene and is deficient in chitotriosidase activity.”® In addi-
tion, 35% of the general population is heterozygous for
this chitotriosidase variant, and displays about half of the
activity observed in people with wild-type CHIT1. Finally,
other CHIT1 gene polymorphisms have been reported
that slightly impair the enzyme activity."

CC chemokine ligand 18 (CCL18), originally named
pulmonary and activation-regulated chemokine (PARC), is
also directly secreted by Gaucher cells and is considered
an indicator of the overall Gaucher cell burden.® Plasma
CCL18 concentration in GD patient is 10- to 50-fold high-
er than in healthy subjects.® CCL18 concentration corre-
lates with the liver and spleen volume, platelet count, his-
tory of osteonecrosis, and number of anatomical sites of
osteonecrosis.”"” Importantly, the CCL18 concentration is
not subject to genetic variation and can be measured in all
patients, including those with deficient chitotriosidase
activity.®

Hitherto, both chitotriosidase activity and CCL18 con-
centration are used for monitoring GD activity and
assessing response to treatment, based on the findings
from single-center studies of relatively limited sample
size. The lack of large scale, multicenter, head-to-head
comparison studies have hindered full validation of these
biomarkers and formulation of context of use in the clini-
cal practice. We hypothesized that evidence on the com-
parative accuracy of these two biomarkers could be

strengthened by the secondary analysis of individual par-
ticipant data (IPD) from primary studies on patients with
GD. Therefore, our primary objective was to compare the
accuracy of CCL18 concentration and chitotriosidase
activity for assessing hematological and visceral parame-
ters of type I GD severity. The secondary objective was to
compare the accuracy of these two biomarkers for dis-
criminating type I GD patients with symptomatic bone
events.

Methods

This systematic review with IPD meta-analysis was performed
according to current guidelines'®'’ and complied with the
Preferred Reporting Items for Systematic review and Meta-
Analysis (PRISMA)-IPD statement.” The rationale and methods
were pre-specified and reported in a protocol” registered at PROS-
PERO (CRD42015027243). This meta-analysis was carried out on
data from primary studies for which ethical approval had been
obtained by the investigators. The Comité de Protection des
Personnes Sud Est 6, Clermont-Ferrand, France (IRB 00008526)
reviewed the protocol and considered that it did not qualify for
biomedical research requiring patient informed consent, provided
that no supplementary data would be collected from the partici-
pants enrolled in primary studies.”

Eligibility criteria

Eligible studies included cross-sectional and cohort studies that
measured both chitotriosidase activity and CCL18 concentration
at baseline and/or at follow-up in consecutive patients with type I
GD (Online Supplementary Matetials and Methods). Studies with
fewer than 10 participants were excluded from this systematic
review.

Information sources

Studies were identified by searching Medline, EMBASE, and
Cochrane Central Register of Controlled Trials (CENTRAL) from
January 1995 to June 2017. Our electronic search was supplemen-
ted by scanning the reference lists of the retrieved articles and by
contacting research groups.

Search strategy

The search concepts included chitotriosidase activity, CCL18,
biological markers, ERT, and GD (Online Supplementary Appendices
51-3). No restriction of document type and language was applied,
and no methodology filter was used.

Study selection
Two review authors (TR and JL) assessed potentially relevant
full-text articles against pre-specified eligibility criteria.

Data collection

Information on primary studies were collected using a standar-
dized data extraction form. Where possible, IPD were extracted
from published articles. Otherwise, the corresponding authors or
principal investigators were invited to collaborate in this system-
atic review project by supplying de-identified IPD.” The requested
IPD included baseline characteristics and pre-specified outcomes.”
Organ volumes were expressed as multiples of normal (MN)
adjusted for body weight.

Outcomes
The primary outcome was a composite of hemoglobin concen-
tration <11 g/dL (<10 g/dL for patients aged 12-59 months of age),
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platelet count <100x10°/L, spleen volume >5 MN, and liver vol-  osteonecrosis, or avascular necrosis that occurred within the pre-
ume >1.25 MN. The secondary outcomes included symptomatic ~ vious 12 months of biomarker analysis.*' All outcomes and cut-off
bone events, a composite of hemoglobin concentration <8 g/dL  values for continuous parameters were set according to published
(<7 g/dL for patients 12-59 months of age), platelet count guidelines or previous studies,”” and were pre-specified.”
<50x10°/L, spleen volume >15 MN, and liver volume >2.5 MN,

and individual components of the primary and secondary com-  Statistical analysis

posite outcomes. Bone events included skeletal fracture, We performed logarithm transformation for chitotriosidase

2,636 records identified through 2 additional records identified through
database searching other sources

2,625 records after duplicates removed » 2,307 records excluded on the basis
of title and abstract review

295 full-text articles excluded:

CCL18 concentration not reported (n = 233)

v Chitotriosidase activity not reported (n = 143)

. Partially redundant data (n = 90)

318 full-text articles assessed Review or fewer than 10 patients (n = 37)
for eligibility No pre-specified outcome reported (n = 46)

Type 2/3 Gaucher disease (n = 24)

Article in Chinese language (n = 1)

Article in German language (n = 1)

Unavailable article (n = 1)

Y

[ Eligibility ] {Screening] [Identificationj

14 studies for which IPD were not
provided:

Pl lacked time to assemble IPD (n = 4)

PI had changed position (n = 4)

Sponsor declined to share IPD (n = 3)

Pl declined to share IPD (n = 2)

No answer from the Pl (n = 1)

A 4

23 studies for which IPD
were sought

Y

\ 4

9 studies for which IPD were
provided

Data were provided for 463 patients
334 participants were included

129 participants excluded:
Missing value for 21 biomarker (n=111)
Deficient for chitotriosidase activity (n=18)

h 4

) [ Available data j (Obtaining data )
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IPD for primary composite outcome
8 studies: 177 participants (492 observations)

IPD for secondary composite outcome
8 studies: 177 participants (492 observations)

IPD for anemia
9 studies: 309 participants (1,036 observations)

IPD for thrombocytopenia
9 studies: 315 participants (1,071 observations)

Analyzed data

IPD for hepatomegaly
8 studies: 247 participants (687 observations)

IPD for splenomegaly
8 studies: 180 participants (505 observations)*

IPD for symptomatic bone events
1 study: 97 participants (218 observations)
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Figure 1. Identification and selection of studies
for the meta-analysis of individual participant
data. *Seventy three additional participants
(222 observations) had splenectomy at base-
line. IDP: individual participant data.
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activity and CCL18 concentration and derived geometric mean
ratios along with 95% Confidence Intervals (CI), in order to
account for skewed distributions.”*” The comparative accuracy of
CCL18 concentration relative to chitotriosidase activity in dis-
criminating patients with the outcomes of interest was quantified
by the difference in the areas under the receiver operating charac-
teristic (AUC-ROC) curves. Data synthesis was performed with
one- and two-stage approaches.””

Results

Study selection and obtained IPD

Overall, 2,636 records were identified by database
searching (Figure 1). Two additional records were found
by contacting field experts and searching clinical trial reg-
istries, respectively. After removing 13 duplicates, the
titles and abstracts of 2,625 records were screened for eli-
gibility. Of these, 318 records were identified as being
potentially relevant and full-text articles were retrieved for
a more thorough review. After excluding 295 records
based on the full-text article, our systematic review
included 23 primary studies from which IPD were sought.

IPD were available only for nine of these studies totaling
463 patients with type I GD (Figure 1). The sponsor of
four trials of ERT with velaglucerase®*" and the principal
investigators of three observational studies”*** supplied
computerized IPD upon request. The IPD of the other two
randomized controlled trials on ERT with taliglucerase
were extracted from the published articles®* (Online
Supplementary Appendix S4). Our meta-analytical sample
consisted of 1,109 observations from 334 patients with
type I GD, after excluding 111 patients with undocumen-
ted values for chitotriosidase activity and/or serum CCL18
concentration, and 18 patients with deficient chitotriosi-
dase activity (Figure 1). The median number of observa-
tions per patient was 2 (range: 1-14).

IPD were not available for the other 14 eligible primary
studies that included 11 academic observational stu-
dies®”"**** and three industry-sponsored clinical trials of
ERT or substrate reduction therapy** (Ounline
Supplementary Appendix S5). Overall, these studies enrolled
565 patients with GD, although overlap in study popula-
tions could not be excluded for five studies carried out in
the Netherlands®”'“** (201 patients) and four studies per-
formed in Spain®**** (203 patients).

Study characteristics

Among the nine studies that supplied IPD, six were
international industry-funded clinical trials of ERT***#%
and three were observational in design*** (Online
Supplementary Appendix S4). The study enrollment periods
extended from 2003 to 2015, and the length of the follow-
up ranged from 12 to 132 months for longitudinal studies.
The median number of primary study participants and
observations contributing to the meta-analysis was 32
(range: 9 -98) and 117 (range: 20-224), respectively. All but
one study recruited adult or mixed populations. The
exception was a clinical trial performed in a pediatric set-
ting.”” Children younger than 16 years of age accounted for
13% of all participants.

Chitotriosidase activity was measured using the 4MU-
deoxy-chitobiose™**** or 4MU-chitotriose"* fluorogenic
substrates, in compliance with the published methods.
Serum CCL18 concentration was assayed using DELFIA or

ELISA in five and three studies, respectively (Online
Supplementary Appendix S6). Information on chitotriosidase
activity and serum CCL18 assays was not available for one
study.” The median values ranged from 1,340-14,809
nmol/mL/h for chitotriosidase activity, and from 237-1,113
ng/mL for serum CCL18 concentration. In five clinical tri-
als,**"* chitotriosidase activity and serum CCL18 concen-
tration were both measured at a single central core labora-
tory (i.e., the Academic Medical Center in Amsterdam, the
Netherlands). Liver and spleen volumes were quantified
using magnetic resonance imaging in eight studies,
assessed by independent blinded reviewers in five studies,
and undocumented in one study. The median values in pri-
mary studies ranged from 0.8-1.7 MN for liver volume, 2.7-
14.1 MN for spleen volume, 11.7-14.0 g/dL for hemoglobin
concentration, and 82-260 x10%/L for platelet count (Online
Supplementary Appendix S6).

Study quality assessment

Six of the eight studies that evaluated the primary com-
posite outcome fulfilled five or more QUADAS-2 tool cri-
teria (Online Supplementary Appendix S7). The other two
studies met four QUADAS-2 tool criteria. As data were
collected by retrospective chart review, the Yale’s National
Gaucher Disease Treatment Center study® was consid-
ered at high risk of bias for index tests and pre-specified
surrogate outcome assessment. This study was also con-
sidered at high risk of flow bias due to undocumented chi-
totriosidase activity or serum CCL18 concentration in
68% (113 of 167) of participants. In a randomized con-
trolled trial that enrolled only treatment-naive patients,
the applicability concern was high and it was not possible
to formally determine whether biomaker assessment was
blinded to the pre-specified outcomes and which analyti-
cal methods were used.*

Chitotriosidase activity and serum CCL18
concentration according to the outcomes

In one-stage meta-analysis involving 492 observations
nested within 177 participants from eight primary studies
(Figure 1), the primary composite outcome was associated
with increased geometric mean of chitotriosidase activity
(7,628 vs. 1,478 nmol/mL/h; geometric mean ratio: 5.29,
95% CI: 4.24-6.61, P<0.001) and CCL18 concentration
(679 vs. 198 ng/mL; geometric mean ratio: 3.04, 95% CI:
2.57-3.58, P<0.001) compared with the absence of out-
come (Table 1). Despite substantial between-study hetero-
geneity, the two-stage meta-analysis yielded comparable
results, using random-effect models (Online Supplementary
Appendices S8-9).

The effect size was quite homogeneous among the indi-
vidual components of the primary composite outcome,
with geometric mean ratio point estimates ranging from
2.96-5.43 for chitotriosidase activity and from 2.28-3.22
for serum CCL18 concentration (Table 1). Similar results
were obtained for the secondary composite outcome and
its individual components (Table 1), except for serum
CCL18 concentration, which did not differ according to
severe anemia (445 vs. 666 ng/mL, geometric mean ratio,
1.39, 95% CI: 0.82-2.37, P=0.22).

The geometric means of chitotriosidase activity (3,556
vs. 1,618 nmol/mL/h; geometric mean ratio: 1.47, 95% CI:
0.78-2.79, P=0.24) and serum CCL18 concentration (786
vs. 449 ng/mlL; geometric mean ratio: 1.22, 95% CI: 0.81-
1.81, P=0.34) did not differ according to symptomatic



bone events with imaging confirmation, among 218 obser-
vations nested within 97 participants from a single pri-
mary study (Table 1). The decrease in CCL18 concentra-
tion was paralleled by a similar trend in chitotriosidase
activity over the 24 months of follow-up, among partici-
pants enrolled in four industry-sponsored clinical trials
evaluating enzyme replacement therapy (ERT) (Online
Supplementary Appendix 510).

Comparative accuracy of chitotriosidase activity and
CCL18 concentration for assessing GD severity
In one-stage meta-analysis, area under the curve receiv-

Biomarkers in Gaucher disease -

er operating characteristics (AUC-ROC) curve point esti-
mates were 0.82 for chitotriosidase activity and 0.84 for
serum CCL18 concentration for discriminating patients
with GD according to the primary composite outcome
(summary difference: 0.02, 95% CI: -0.02 to 0.05, P=0.32,
Table 2). Adding chitotriosidase activity did not improve
serum CCL18 concentration accuracy, as indicated by the
AUC-ROC curve estimates (0.85 with and 0.84 without
chitotriosidase activity, P=0.18) (Figure 2).

The summary estimates of the difference in the AUC-
ROC curves were consistent in the two-stage meta-analy-
sis (Online Supplementary Appendix S11). No evidence of

Table 1. One-stage unpaired comparisons of chitotriosidase activity and CCL18 concentration according to pre-specified outcomes among type
| Gaucher disease patients.

iosidase activity, nmol/mL/h CCL18, ng/mL
No. Geometric mean Mean ratio Geometric mean Mean ratio
(95%Cl) (95% CI)* (95% ClI) (95% CI)*
Primary composite outcome’ <0.001 <0.001
No outcome 212 1478 (1,235-1,768)  1.00 (..) 198 (177-221)  1.00 (..
= | outcome 280 7,623 (6,520-8913) 529 (4.24-6.61) 679 (612-755)  3.04  (2.57-3.58)
Secondary composite outcome* <0.001 <0.001
No outcome 391 2,701 (2,349-3,106)  1.00 (...) 311 (283-342)  1.00 (..
= | outcome 101 13,516 (10,143 -18,011) 435 (3.35-5.64) 1,050 (879-1254) 3.05  (2.53-3.68)
Hemoglobin concentration <.001 <0.001
= 11 g/dL 934 3,136 (2,836-3,468)  1.00 (..) 406 (381-432)  1.00 (..)
<11 g/dL 102 10,984 (7,841-15386) 2.96 (2.44-3.59) 1,057 (883-1265) 228  (1.97-2.64)
Hemoglobin concentration .05 0.22
=8 g/dL 1,029 3509 (3,178-3,876) 1.00 (.. 445  (418-473)  1.00 (..))
<8 g/dL 7 17,520 (8,076 - 38,005)  2.02 (1.00 - 4.10) 666 (331-1,340) 139  (0.82-2.37)
Platelet count <.001 <.001
= 100x107/L 758 2413 (2,156 -2,700)  1.00 (..) 343 (321-368)  1.00 (..
< 100x10°/L 313 8495 (7339-9833) 4.03 (3.46-4.70) 856  (782-931) 271 (242-3.03)
Platelet count <.001 <.001
= 50x10%/L 958 3121 (2,825-3,449)  1.00 () 412 (387-438)  1.00 (...
< 50x10°/L 113 8,390 (6,569-12,030) 2.94 (2.32-3.73) 928  (786-1,094) 215  (1.81-2.55)
Liver volume <0.001 <.001
<125 MN 47 2,242 (1,954-2,572)  1.00 (..) 317 (291-346)  1.00 (..
= 1.25MN 240 10,181 (8,724 11,880) 3.96 (3.30-4.76) 886 (800-980)  2.59  (2.26-2.96)
Liver volume 0.001 0.002
<25MN 678 3,700 (3,290-4,161)  1.00 (.. M7 (415-482)  1.00 (..)
=2.5MN 9 30,353 (16,362 - 56,308)  3.16 (1.59 - 6.27) 1479 (1,019-2,145) 225  (1.35-3.74)
Spleen volume <0.001 <0.001
<5MN 240 1,583 (1,338-1,873)  1.00 (..) 209 (188-232)  1.00 (..
=5MN 265 8111  (6,933-9,488) 543 (4.45-6.63) 740 (666-822) 322  (2.77-3.75)
Spleen volume <0.001 <0.001
<15MN 434 2,871 (2,515-3.276)  1.00 (...) 335 (306-367)  1.00 (..)
=[5 MN 71 18,539 (13,323 -25,796) 4.14 (3.08 - 5.56) 1,319 (1,076-1,616) 3.21  (2.59-3.97)
Symptomatic bone events’ 0.24 0.34
No 206 1,618 (1,335-1961)  1.00 (.. 449 (402-501)  1.00 (..
Yes 12 3,506 (1,894-6,674) 147 (0.78 - 2.79) 786 (407-1518) 122 (0.81-1.81)

CI: confidence interval; MN: multiple of normal. *Summary geometric mean ratios and P-values for unpaired comparisons were derived from 3-level random intercept regression
models for continuous dependent variables, with observations nested within patients and studies. "The primary outcome was a composite of hemoglobin concentration < 11
g/dL (< 10 g/dL for patients 12-59 months of age), platelet count < 100x10°/L, spleen volume > 5 MN,and liver volume> 1.25 MN. Patients with splenectomy were excluded from
this analysis. ‘The secondary outcome was a composite of hemoglobin concentration < 8 g/dL (< 7 g/dL for patients 12-59 months of age), platelet count < 50x10%/L,spleen vol-
ume > 15 MN, and liver volume > 2.5 MN. Patients with splenectomy were excluded from this analysis.# Osteonecrosis or fracture with imaging confirmation within the previous
12 months.
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selective reporting for the primary composite outcome
was found graphically (Online Supplementary Appendix 12)
or statistically (P=0.20). However, this result should be
interpreted with caution, given the limited number of pri-
mary studies.

Comparable effect sizes were observed for the second-
ary composite outcome and most of the individual com-
ponents (Table 2). However, the AUC-ROC curve of
serum CCL18 concentration for predicting severe anemia
was lower than that of chitotriosidase activity (0.64 vs.
0.81, summary difference, -0.17, 95% CI: -0.33 to -0.08,
P=0.008).

Subgroup analysis

No evidence of heterogeneity in the biomarker levels
associated with the primary composite outcome was
observed across the age groups and provision of ERT
(Online Supplementary Appendix S13). Conversely, lower-
quality studies (<5 QUADAS-2 criteria) displayed higher
geometric mean ratios for chitotriosidase activity, accord-
ing to the primary outcome (Online Supplementary Appendix
13).

Differences in the AUC-ROC curves for the primary
composite outcome were homogeneous across the age
groups, QUADAS-2 criteria, fluorogenic substrate, and
CCL18 assay type (Online Supplementary Appendix S14).
However, serum CCL18 concentration was more accurate
than chitotriosidase activity in discriminating patients with
the primary composite outcome among those receiving
ERT (Online Supplementary Appendix S14). No evidence of
heterogeneity in serum CCL18 concentration accuracy as a
function of chitotriosidase activity deficiency was found
(Online Supplementary Appendices S15-16).

Sensitivity analysis

In leave-one-out sensitivity analysis that iteratively
removed one study at a time, geometric mean ratios (Online
Supplementary Appendix 17) and differences in the AUC-
ROC curves (Online Supplementary Appendix 18) for the two
biomarkers remained unchanged relative to the primary
outcome, confirming that our results were not driven by
any single study. In the additional sensitivity analysis, cod-
ing splenectomy as splenomegaly did not modify the asso-
ciations of the primary and secondary composite outcomes
with the two biomarkers (Online Supplementary Appendix
519), although the AUC-ROC curve for chitotriosidase
activity decreased significantly (Online Supplementary
Appendix S20).

Discussion

Most published studies reporting on chitotriosidase activi-
ty and CCL18 concentration accuracy in assessing GD sever-
ity are of relatively limited sample size. In this context, our
meta-analysis summarizes evidence from 1,109 observations
nested within 334 participants enrolled in nine primary stud-
ies, with a broad range of patient age and disease severity.

Our analysis indicates that CCL18 concentration is as
accurate as chitotriosidase activity in discriminating
patients on the basis of our primary composite outcome.
This finding was robust in the sensitivity analysis, and we
did not find evidence of between-study heterogeneity
(2=0%, P=0.68) in two-stage meta-analysis. Additionally,
we did not detect any significant heterogeneity among
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Figure 2. The AUC-ROC curves receiver operating characteristics curves for chi-
totriosidase activity, CCL18 concentration, and the combination of these two
biomarkers. Cl: Confidence Interval. AUC: area under the curve; ROC: receiver
operating characterists.

studies and patient subgroups, although CCL18 concentra-
tion may be more accurate in patients receiving ERT. Our
primary result is also supported by consistency in the effect
sizes for most of the individual outcome components and
the secondary composite outcomes.

Our meta-analysis corroborates and extends evidence
from previous studies showing that chitotriosidase activity
and CCL18 concentration relate to visceral and hematologi-
cal parameter abnormalities in treated and untreated
patients.***"* A noteworthy exception was severe anemia
(< 8 g/dL), for which CCL18 showed a lower AUC-ROC
curve than chitotriosidase activity. This observation is con-
sistent with our failure to show a significant difference in the
CCL18 level for patients with and without severe anemia.
Interestingly, weak or variable associations were previously
reported between hemoglobin concentration and chi-
totriosidase activity or CCL18 concentration.”*” A poten-
tial explanation might relate to the failure of physicians to
correctly diagnose concurrent causes of severe anemia in
GD patients. Yet, this cannot explain why the accuracy dif-
fered between chitotriosidase activity and CCL18 concen-
tration. Due to the limited number of severe anemia cases in
our meta-analytical sample (i.e., 7 among the 1,036 observa-
tions from 309 participants), our findings should be inter-
preted with caution and deserve confirmation in independ-
ent samples. Consistent with previous studies,”**we found
that splenectomy altered the accuracy of chitotriosidase
activity in discriminating patients with the primary out-
come.

Another striking result of our meta-analysis is that the
addition of chitotriosidase activity did not improve the
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Table 2. One-stage paired comparisons of AUC-ROC curves for chitotriosidase activity and CCL18 concentration for discriminating type | Gaucher ®
disease patients with prespecified outcomes.

AUC (95% CI)*

n/N Chitotriosidase activity

CCL18 Difference in AUC (95% CI)*  P*

Primary composite outcome? 280/492 082 (0.77.-0.87) 0.84  (0.79-0.88) 0.02  (-0.02 to 0.05) 0.32
Secondary composite outcome? 101/492 0.82  (0.72-0.89) 083  (0.74-0.89) 0.01  (-0.04 to 0.05) 0.66
Hemoglobin concentration < 11 g/dL. 102/1,036 0.75 (0.65-0.82) 0.78  (0.69-0.84) 0.02  (-0.04t0 0.11) 0.53
Hemoglobin concentration < 8 g/dL 7/1,036 0.81  (0.58-0.95) 0.64  (0.25-0.77) 017  (-0.33 to -0.08) 0.008
Platelet count < 100x10%/L 313/1,071 0.74  (0.68-0.79) 0.76  (0.71-0.81) 0.02  (-0.02 to 0.06) 0.41
Platelet count < 50x10%L 113/1,071 0.71  (0.60 - 0.80) 0.74  (0.64-0.82) 0.02  (-0.03 to 0.10) 0.50
Liver volume > 1.25 MN 240/687 0.79  (0.74-0.84) 0.80  (0.76 - 0.84) 0.01  (-0.02 to 0.05) 0.55
Liver volume > 2.5 MN 9/687 0.90  (0.81-0.95) 0.86  (0.77-0.93) -0.04  (-0.11to 0.05) 0.34
Spleen volume > 5 MN 265/505 082 (0.77-0.87) 0.85  (0.80-0.89) 0.03  (0.00 to 0.06) 0.09
Spleen volume > 15 MN 71/505 0.86 (0.77-0.92) 0.86  (0.79-0.92) 0.00  (-0.05 to 0.06) 0.92
Symptomatic bone events’ 12218 0.67 (0.40-0.83) 0.71  (0.40-0.88) 0.04  (-0.06 to 0.14) 045

AUC-ROC: area under the curve receiver operating characteristics; Cl: Confidence Interval; MN: multiple of normal. *Summary estimates for area under ROC curves and P-values
for paired comparisons were derived from non-parametric ROC analysis with bootstrap resampling that accounted for observation clustering within patients and primary stud-
ies.'The primary outcome was a composite of hemoglobin concentration < 11 g/dL (< 10 g/dL for patients 12 to 59 months of age), platelet count < 100x10°/L, spleen volume >
5 MN, and liver volume > 1.25 MN. Patients with splenectomy were excluded from this analysis. ‘The secondary outcome was a composite of hemoglobin concentration < 8 g/dL
(< 7 g/dL for patients 12 to 59 months of age), platelet count < 50x10°/L, spleen > 15 MN,and liver volume > 2.5 MN. Patients with splenectomy were excluded from this analysis.

“Osteonecrosis or fracture with imaging confirmation within the previous 12 months.

accuracy of serum CCL18 concentration in identifying
patients with the primary outcome, as shown by the
unchanged AUC-ROC curve. This negative finding sug-
gests that combining chitotriosidase activity and serum
CCL18 concentration would have a limited incremental
value, probably because they convey redundant informa-
tion on Gaucher cell burden."**!

The recent glucosylsphingosine biomarker’ may provide
complementary information about the pathophysiological
process in GD."® Indeed, plasma glucosylsphingosine
relates to sphingolipid turnover while chitotriosidase activ-
ity and CCL18 concentration are indicative of overall
Gaucher cell mass. Glucosylsphingosine appeared to be
highly sensitive and specific for the primary diagnosis and
severity assessment of GD in previous studies.®” It would
be interesting to compare the accuracy of glucosylsphingo-
sine and CCL18 concentration using the same approach as
in our meta-analysis although insufficient data exist to per-
form this analysis to date. Meanwhile a prospective com-
parative study of the three biomarkers is warranted to eval-
uate their contribution in monitoring GD activity.

In contrast to CCL18, glucosylsphingosine can be meas-
ured in dried blood spot and has emerged as a second-tier
biomarker for newborn screening for GD.”® Measuring bio-
markers in dried blood spot samples might facilitate GD
activity monitoring for clinics where the technology is not
available.

A limitation of our primary composite outcome is that it
did not capture bone manifestations, despite their major
impact on the quality of life.*” Previous studies reported
that chitotriosidase activity level correlates with bone com-
plications,” history of osteonecrosis,” and number of
anatomical sites of osteonecrosis,” although these associa-
tions were inconsistent.”" Similarly, CCL18 concentration
has been inconsistently associated with history of
osteonecrosis and number of anatomical sites of
osteonecrosis.”” Unfortunately, information on sympto-
matic bone events was available in only one study inclu-
ded in our meta-analysis,” and we could not reach a
definitive conclusion for this outcome.

There are several potential explanations for the see-ming-
ly inconsistent findings between our analysis of bone
events and the study by Deegan e al.” First, we used a
stricter definition of bone manifestations, which included
symptomatic major events (i.e., skeletal fracture,
osteonecrosis, or avascular necrosis) that could be dated
and excluded progressive alterations (i.e., osteoporosis,
Erlenmeyer flask femur deformity). Second, we took into
account the data temporality by including bone events that
occurred within the previous 12 months of biomarker
analysis while Deegan et al.” analyzed the previous history
of bone events that occurred during the lifetime. Third, the
unit of analysis was different between our analysis (218
observations nested within 97 patients) and the study by
Deegan ez al.” (100 patients).

Two other clinical trials included in our meta-analysis
recorded bone mineral density,** but they did not report
clinically relevant endpoints for bone disease (i.e., skeletal
fracture, osteonecrosis, or avascular necrosis). Thus, the
imprecise definition of diagnostic terms, the lack of stan-
dardized criteria for bone assessment, and the slow
improvement in bone outcomes after specific treatment
probably hamper the identification of a relationship
between biomarkers and this important clinical outcome.™
¥ Another approach in assessing skeletal disease is to meas-
ure residual biomarker levels after remission of visceral dis-
ease (reversal of hepatomegaly in splenectomized patients
or reversal of hepatosplenomegaly in intact spleen patients).

Our findings have clinical implications for GD monitor-
ing. Due to the comparable accuracy of the two biomark-
ers, the impact of common genetic polymorphism on chi-
totriosidase activity and the analytical robustness of CCL18
assays, it should be logical to recommend measuring
CCL18 concentration rather than chitotriosidase activity as
a biomarker of Gaucher cell burden and visceral and hema-
tological damage.

Measuring chitotriosidase activity in addition to CCL18
concentration does not appear useful in the routine practice
or in clinical research. Indeed, the two biomarkers are
strongly correlated and convey redundant information on
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GD severity. Additionally, chitotriosidase activity has
limited incremental value in improving CCL18 concentra-
tion accuracy, as reflected by the unchanged AUC-ROC
curve estimate.

Our meta-analysis demonstrates that chitotriosidase
activity and CCL18 concentration relate to visceral and
hematological parameters that can be easily monitored in
the routine practice. Hence, additional studies are needed to
further investigate the usefulness of these two biomar-kers.
In the current practice, they are used to monitor an early
response to treatment although their value for initiating
specific treatment or adjusting treatment dosage remains
questioned. Only prospective patient management studies
or randomized controlled trials can establish the effective-
ness of biomarker-guided therapy. The lack of robust data
and measurement heterogeneity may also explain why
some of the GD severity scores do not include biomarkers.”
Lastly, the relationships between GD biomarkers and
patient-centered outcomes, including quality of life, fatigue,
chronic pain, and restriction of daily activities should be
evaluated.™”

This meta-analysis analyzed IPD from nine primary stud-
ies that were completed since 2004, summarizing the most
recent available evidence on the accuracy of chitotriosidase
activity and CCL18 concentration in assessing type 1 GD
severity. All studies included in this meta-analysis evaluated
both biomarkers in the same patients, providing uncon-
founded comparative accuracy estimates.” Moreover, our
findings have strong generali-zability because we combined
primary studies that enrolled various populations of
patients worldwide.®

However, our meta-analysis also has a few caveats that
must be considered. First, the finding interpretation is
inevitably limited by the unavailability of IPD from the
other 14 potentially eligible primary studies. Second, there
was substantial between-study heterogeneity in chitotriosi-
dase activity and, to a lesser extent, in CCL18 concentra-
tion. The lack of assay standardization may have con-
tributed to this heterogeneity, although chitotriosidase
activity and CCL18 concentration were measured at a sin-
gle central core laboratory in five clinical trials. Therefore,
we used mixed-effect regressions to account for this hete-
rogeneity and performed sensitivity and subgroup analyses
that supported the robustness of the summary estimates.

In conclusion, CCL18 concentration is as accurate as chi-
totriosidase activity in assessing hematological and visceral
parameters of GD activity and can be measured in patients
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