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Abstract: Early diagnosis and effective therapy are essential for improving the overall prognosis and
quality of life of patients with nephropathic cystinosis. The severity of kidney dysfunction and the
multi-organ involvement as a consequence of the increased intracellular concentration of cystine
highlight the necessity of accurate monitoring of intracellular cystine to guarantee effective treatment
of the disease. Cystine depletion is the only available treatment, which should begin immediately
after diagnosis, and not discontinued, to significantly slow progression of renal and extra-renal organ
damage. This review aims to discuss the importance of the close monitoring of intracellular cystine
concentration to optimize cystine depletion therapy. In addition, the role of new biomarkers in the
management of the disease, from timely diagnosis to implementing treatment during follow-up,
is overviewed.
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1. Introduction

Cystinosis is a rare lysosomal storage disorder caused by autosomal recessive mu-
tations in the CTNS gene that encodes the cystine transporter cystinosin, a ubiquitously
expressed lysosomal cystine–proton co-transporter, which is expressed at the lysosomal
membrane and mediates the efflux of cystine from the lysosome [1–3]. CTNS gene muta-
tions lead to a deficiency or absence of cystinosin, with consequent accumulation of free
cystine in lysosomes and buildup of toxic crystals that ultimately lead to tissue and organ
damage. Cystinosis is a systemic metabolic disorder that initially affects the kidneys, as
well as the eyes with accumulation of corneal cystine crystals, and, subsequently, endocrine
and reproductive organs, muscles, bones, lungs, skin, and the central nervous system [4].

Based on the severity of presentation and age of onset, three clinical forms of the
disease can be defined: infantile or early-onset nephropathic [5], juvenile or late-onset
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nephropathic [6], and the adult or ocular non-nephropathic form [7,8]. At present, more
than 140 mutations have been reported [9,10], with the infantile form of cystinosis being
associated with severe CTNS mutations on both alleles, and the juvenile and ocular forms
mostly being associated with milder mutations in at least one allele [8,10].

The estimated incidence of cystinosis is 1 in 100,000–200,000 live births [7,8]. Infantile
nephropathic cystinosis is the most common (95% of total cases) and severe clinical form
of the disease, and is associated with high morbidity and mortality. The infantile form
phenotypically manifests as renal Fanconi syndrome by 6–12 months of age [8]. With
time, chronic kidney disease (CKD) develops [11]. Additional clinical characteristics
include poor growth and failure to thrive, severe polyuria, polydipsia and dehydration,
vomiting and feeding difficulties, and vitamin D-resistant hypophosphatemic rickets in
children and osteomalacia in adults. During the first months of life, patients are usually
asymptomatic. However, they already demonstrate elevated amounts of amino acids, low
molecular weight proteins, and glucose in their urines. These represent early, although
not necessarily specific, biomarkers [12]. If untreated, nephropathic cystinosis can lead to
end-stage kidney disease (ESKD) by 10–12 years of age and systemic disease with multi-
organ involvement, requiring treatment with dialysis and kidney transplantation [13–16].
Delayed diagnosis may occur because of the rarity of the disease and its incomplete clinical
presentation at an early age. Patients with juvenile cystinosis can mimic other proteinuric
conditions or might present with impaired kidney function of unknown etiology or bone
complaints, as renal Fanconi syndrome is mild compared with patients having infantile
cystinosis. Nevertheless, a careful examination of those patients reveals signs of proximal
tubular dysfunction (aminoaciduria, low molecular weight proteinuria, glucosuria, and
phosphaturia) suggesting the possibility of cystinosis [17]. Patients with all three clinical
forms (infantile, juvenile, ocular) demonstrate the pathognomonic cornea cystine crystals,
allowing the immediate diagnosis of cystinosis prior to confirmation by while blood cells
cystine measurements and genetic testing [5–8].

Cystine-depletion therapy with cysteamine allows significant improvement in life
expectancy [14,18], but cannot prevent the development of CKD and other systemic com-
plications, and needs to be continued after kidney transplantation [7]. Recent data have
demonstrated that lysosomal cystine accumulation is not the only pathological event re-
lated to the absence of functional cystinosin [19], which might explain why treatment with
cysteamine is not curative. It is, however, the only available treatment for these patients.
Adequate depletion is therefore needed and since the efficacy of cystine-depletion may
be different due to inter-individual variability [20], precise evaluation of patient’s cystine
levels needs to be monitored in clinical practice to tailor the individual cysteamine dose
adjustment. Therefore, there is an urgent need to identify novel biomarkers not only for
monitoring the progression of the disease, but also its prognosis in light of understanding
the role of mechanisms other than cystine accumulation in the onset of pathological events.
In this review, we focus on biomarkers of cystine accumulation, which remains the key
feature of cystinosis and a target of cysteamine therapy.

2. Methods for Measuring Intracellular Leucocyte Cystine

The quantification of intracellular cystine is important for both diagnosis and moni-
toring of cystinosis therapy. Different methods have been developed to measure cystine
content in leucocytes, which are the best cells for these analyses because they are easily and
repeatedly accessible; in these cells, the cystine concentration is increased up to 80-fold com-
pared with normal individuals [21,22]. Historically, quantification of intracellular leucocyte
cystine (ILC) was performed using cystine-binding protein derived from E. coli [23,24].
This method was later abandoned given its high cost and use of radioactivity. Ion exchange
chromatography, HPLC, and tandem mass spectrometry (MS) [25–27] are currently used
by different laboratories, with tandem MS being the most sensitive method.
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2.1. Cell Isolation

One of the most critical steps in ILC determination is the isolation of cells from whole
blood. Intracellular cystine mainly accumulates in phagocytic cells—polymorphonuclear
(PMN) leukocytes and monocytes—and not in lymphocytes [21]. Initially, cystine was
measured on mixed leukocyte samples [28]. The results, however, are less reliable because
they depend on the composition of white blood cells. For example, since lymphocytes
usually predominate in young children, their mixed leukocyte ILC content is usually lower
and in some cases can even delay diagnosis [29].

The type of anticoagulant used in blood collection is also important, with acid citrate
dextrose or heparin being preferred over EDTA [30]. Two methods have been used for PMN
isolation, namely Ficoll gradient centrifugation [31], and more recently, immunomagnetic
granulocyte purification [32].

After isolation, sulfhydryl exchange needs to be blocked with reagents such as N-
ethylmaleimide that prevent oxidation of cysteine into cystine. After this stage, samples
can be stored at −80 ◦C if cystine measurements will be delayed or in samples that need
to be shipped. The shipping of blood samples also allows for the frequent monitoring of
patients who are far from the analytical laboratory, thus improving disease control. Before
measuring cystine, samples are sonicated to disrupt the lysosomal membrane and acidified
with sulfosalicylic acid [26]. According to local protocols, samples that need to be shipped
are pre-treated or are shipped as fresh samples and immediately processed upon arrival. In
this latter case, samples should arrive at the laboratory no later than 24 h after collection.

2.2. Cystine and Protein Determination

The first method to quantify cystine used a cystine-binding protein assay, which
allowed the detection of nanomolar concentrations of cystine by isotopic dilution [23,24].
Alternatively, ion exchange chromatography has been used. This technique, however, is
less sensitive and sometimes generated false results when samples were too small [8].

Current techniques for the assessment of ILC levels include high-performance liq-
uid chromatography (HPLC) and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [25–27]. Both techniques require specialized personnel and specific equip-
ment. For these reasons, they are only performed in a few specialized centers. Compared
to HPLC, LC-MS/MS allows measuring ILC on smaller amounts of blood, and for this
reason is increasingly used. Before measuring cystine, the protein fraction is precipitated,
internal standards are added, and the final solution is extracted with acetonitrile. Cen-
trifuged samples can be analyzed at a later time. The pellet is re-suspended to measure
protein content.

ILC is expressed as nanomoles of half-cystine (each molecule of cystine is composed
of 2 cysteine moieties linked by a disulfide bond) normalized per milligram of protein.
Often, proteins are evaluated by the classic Lowry method [33]. The best method for
determination of protein is a matter of debate. There may be some preference for the use
of the bicinchoninic acid method over the Lowry method [34]. The method for protein
determination is important because it affects the denominator of the ILC value and the
reference range for a given laboratory. For mixed-leukocyte preparations, a correction
factor of 0.65 has been proposed to compare values of ILC obtained using the bicinchoninic
acid vs. the Lowry assay [35]. Each laboratory needs to establish its own reference intervals
for control subjects, healthy heterozygotes, and patients at diagnosis, also considering
differences in age and gender [36].

3. Prenatal and Neonatal Diagnosis

Diagnosis of cystinosis should always be confirmed with genetic testing. Early di-
agnosis is crucial as it allows the early initiation of therapy. This is important for better
prognosis of long-term kidney function [37].
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3.1. Prenatal Diagnosis

Prenatal diagnosis of cystinosis can be performed in at-risk pregnancies by molecular
analysis of the CTNS gene in chorionic villi or circulating fetal cells. Traditionally, the
quantification of cystine was performed in chorionic villi or cultured amniocytes using
[14C]-cystine [38]. This method is no longer used and has been replaced by genetic testing,
a safer, faster, and cost-effective test.

3.2. Neonatal Diagnosis in at Risk Siblings

When prenatal evaluation in at-risk pregnancies is not feasible, DNA testing can be
performed immediately after birth. Early diagnosis before four weeks of age, followed
by prompt treatment with cysteamine from the age of five weeks, can protect tubular and
glomerular function, at least during the first years of life [39]. Cystine content can be
measured in peripheral leucocytes in samples obtained from placenta or in fibroblasts [40].
Since cystine crystals develop more rapidly in bone morrow compared to the cornea,
detection of crystals in bone marrow was used in the past for diagnosis of cystinosis [41].
While this method is rapid and can allow the identification of cystine crystals during early
life before they can be detected in the cornea, the aspiration of bone marrow is highly
invasive and is not recommended in routine clinical practice.

3.3. Newborn Screening in Unaffected Population

Cystinosis is a treatable disease. Early treatment significantly impacts long-term
kidney function [37]. Several groups have investigated strategies for newborn screen-
ing. Measuring cystine concentrations in dry blood spots is not reliable due to oxidation
of intracellular cysteine (authors’ unpublished observation). The quantification of the
seven-carbon sugar sedoheptulose in dried blood spots has been proposed as a quick
pre-symptomatic method for detection of homozygosity for the most common CTNS 57-kb
deletion. However, this method detects patients with a mutation that is prevalent only in
Northern Europe [42].

Currently, detection of CTNS gene pathogenic variants by next-generation sequencing
(NGS) is being investigated in several laboratories. A proof-of-principle demonstration
of the validity of this approach has been recently produced in Germany by combining
quantitative polymerase chain reaction (qPCR) and NGS [43]. In this study, one child
was diagnosed in the neonatal period and was treated immediately with cysteamine; at
16 months of age, this patient had no signs of renal Fanconi syndrome [44].

4. Treatment Monitoring: Importance of Target Cystine Values

Maintenance of low ILC is currently the only way to monitor cysteamine treatment
(Figure 1A,B).

Available preparations of cysteamine include immediate- and delayed-release for-
mulations (IR-CYS and DR-CYS, respectively). The therapy is also complemented by the
use of cysteamine eye drops to dissolve corneal cystine crystals, and by symptomatic
treatments aiming at supplementing losses due to renal Fanconi syndrome and correcting
the consequences of extra-renal intracellular cystine accumulation.

Early treatment initiation and constant monitoring of the effective cystine depletion in
each patient has an impact on disease progression by protecting from cellular and tissue
damage in both renal and extra-renal tissues. Oral cysteamine therapy should begin as
soon as the diagnosis is made, should not be discontinued, and should be monitored for
efficacy [14,45]. Early, continuous, and effective depletion therapy is able to modify the
course of the disease, postponing ESKD and also reducing the incidence and severity
of pathologies that are consequences of the systemic deposition of cystine, such as hy-
pothyroidism, diabetes mellitus, neuromuscular dysfunction, and cerebral atrophy, with a
general improvement in the both the quality of life and life expectancy [8,16,46–49].
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Figure 1. Cysteamine depletes lysosomal cystine accumulation in cystinosis. (A) The absence or the
lack of function of the cystinosin transporter causes intracellular accumulation of cystine. (B) The
administration of cysteamine allows the depletion of excess cystine from lysosomes in cells.

Continuous cysteamine therapy shows remarkable long-term benefits as long as the
treatment is adequate. The appropriateness of therapy is defined by its ability to maintain
an optimal low intracellular concentration of cystine [16]. In order to delay or avoid the
progression of multi-organ dysfunction and comorbidities, and to decrease mortality [50],
therapeutic monitoring needs to be consistent, and dose adjustments of cysteamine should
be made on the basis of ILC levels. The cystine concentration within cells of healthy
individuals is below 0.2 nmol half-cystine/mg protein and below 1 nmol half-cystine/mg
protein in heterozygous subjects who present the gene mutation/deletion in one allele and
no clinical symptoms [51]. Homozygous patients who are not subjected to therapy have
intracellular cystine levels that are >2 nmol half-cystine/mg of protein.

The optimal cut-off value for appropriate therapy is defined by most laboratories
as 1 nmol half-cystine/mg of protein in mixed WBC preparations, i.e., the level seen
in heterozygous individuals without clinical symptoms [52]. Cystine levels between
1 and 2 nmol half-cystine/mg of protein, although not optimal, are considered acceptable.
Indeed, in some patients the optimal value cannot be reached as high cysteamine dosages
are not tolerated. For concentrations > 2 nmol half-cystine/mg of protein, important clinical
consequences become evident: for instance, every year of sub-optimal treatment has been
shown to correspond to a loss of 0.9 years of renal glomerular function [45] (Table 1).

Of note, cystine levels in PMN leukocytes are usually higher than those in mixed
leukocyte preparations, and laboratories measuring cystine in these cells might have
slightly higher target values. Hence, the use of granulocyte cystine levels as a diagnostic
tool or for therapeutic monitoring requires additional validation to determine what levels
depict global cystine burden and proper therapeutic adherence [36]. Until consensus is
reached on the use of granulocytes, it is fundamental that laboratories assessing elevated
cystine levels in different leucocyte populations and with different methods provide their
own reference values for diagnosis and therapeutic monitoring [47].
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Table 1. Clinical consequences of inadequate cystine depletion therapy.

Study Kidney Outcome Extra-Renal Outcome Reference

US study; children treated with
cysteamine up to 73 months

(n = 93)

Mean creatinine clearance reduced in
patients not adequately depleted

(< 1 vs. > 3 nmol half-cystine/mg protein:
50.5 vs. 29.7 mL per min per 1.73 m2)

[53]

US single center study; patients
analyzed between 1960 and

1992 (n = 76)

Non-adequate treatment as shown by
leucocyte cystine levels > 2 nmol

half-cystine/mg protein. Treatment started
at > 2 y with reduced creatinine clearance

and early onset of renal impairment (mean
creatinine clearance predicted = 0 ml at the

age of 20 vs. 74 y for children receiving
adequate treatment compared to those with

only partial treatment)

[52]

US database; age 18–45 y
analyzed between January 1985

and May 2006 (n = 100)

Non-adequate treatment, highlighted by
leucocyte cystine levels above the cut-off,
need for kidney transplantation at least

3.8 y earlier

Non-adequate treatment
associated with an increased
incidence of hypothyroidism

(87% vs. 56%) and death
(49% vs. 8%)

[16]

French study; age ≥ 15 y,
diagnosis time: 1961–1995,

mean follow-up 24.6 y (n = 86)

Patients with leucocyte cystine
levels > 3 nmol half-cystine/mg protein

show early onset ESRD compared to
adequately depleted patients (p < 0.0001)

[14]

Turkish study; single center
retrospective study, age 0.5–29 y,
median follow-up 8 y (n = 21)

Non-adequate treatment
associated with an increased
incidence of complications;

< 2 vs. ≥2 nmol half-
cystine/mg protein with deficit

of growth (66.6% vs. 90.9%),
pubertal delay (0% vs 66.6%),

hypothyroidism
(33.3% vs. 54.5%), and diabetes

(0% vs 18.1%)

[6]

US database; age 11–48 y
analyzed between 1975 and

2005 (n = 147)

Adequate treatment associated with delayed
onset ESRD (R2 = 0.997)

Every year of sub-optimal treatment
corresponded to a loss of 0.9 y of renal

glomerular function
21 patients (born in the 1960s and 1970s)
reached ESKD in the first 8 years of life

Mean leucocyte cystine levels
(p = 0.01), and earlier initiation
of cysteamine therapy (p = 0.03)

significantly associated with
improved growth

Children reaching CKD stage 5
before 15 years of age grew on
average 0.55 height standard
deviation scores worse than

children that reached dialysis
after their 15th birthday

(95% CI: 0.09–1.01; p = 0.03)

[45]

International European cohort
of patients born between 1964

and 2016 (n = 453)

Earlier age at start of cysteamine and lower
mean leucocyte cystine levels are associated
with delayed development of CKD stage 5

[37]

5. Limitations of Current Monitoring

While ILC is currently accepted as a gold standard for therapeutic monitoring of
cystinosis, the method has several limitations related to technical and economic issues
of sample measurement and storage. For instance, for reliable results, leucocytes should
be isolated as soon as possible after blood collection to guarantee integrity, potentially
becoming an issue for centers distantly located from the analytical laboratory. In addition,
biochemical and instrumental analyses are time-consuming, and keeping analytical tech-
niques such as LC-MS/MS routinely active may be expensive for some small centers and
low-income countries, both in terms of equipment needed and personnel expertise. As
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previously mentioned, proper therapeutic monitoring is mandatory for follow-up given
the large variability in the pharmacokinetics of cysteamine, which shows a somewhat poor
correlation between the cysteamine dose and ILC levels [20,49]. Therefore, it is always
necessary to quantify the actual cystine depletion to ensure that it is maintained below the
validated cut-off value, and not simply rely on patient adherence to cysteamine therapy.

Moreover, because of the short lifespan of leucocytes, ILC levels may not sufficiently
reflect renal and extra-renal tissue levels of cystine. Finally, with the exception of cystine in
the cornea [54], there is no direct evidence that detection of cystine in other organs, such as
the skin [55], can offer a reliable tool for therapeutic monitoring.

6. Novel Biomarkers
6.1. Biochemical Biomarkers
6.1.1. Chitotriosidase

In order to obtain a better picture of the burden of cystine on the entire body, macrophage
activation biomarkers have recently been proposed as additional therapeutic monitoring
tools for cystinosis [4,56–58]. Macrophages are long-living cells, and their activation is
an important pathogenic mechanism present in cystinosis [56,57,59]. Indeed, cystine
crystals containing macrophages have been identified in several tissues, including kid-
ney, liver, and the skin [60–64]. Upon activation, macrophages release high levels of
inflammatory biomarkers.

A recent study established the validity of plasma chitotriosidase, an enzyme produced
by activated macrophages, as a reliable biomarker for long-term therapeutic monitoring of
nephropathic cystinosis [58]. In a cohort of 57 patients, this prospective international, multi-
center study collected and compared the levels of ILC with four biomarkers of macrophage
activation over a period of two years: interleukin (IL)-1β, IL-6, IL-18, and plasma chitotriosi-
dase. Of these, plasma chitotriosidase levels were found to be significantly correlated
with ILC levels. Specifically, a cut-off value for chitotriosidase activity of 150 nmol/ml
plasma per hour was demonstrated to be both reliable and specific in distinguishing good
versus poor therapeutic control compared to ILC reference values (<2 versus ≥2 nmol half-
cystine/mg protein). Moreover, chitotriosidase activity was also significantly correlated
with the number of extrarenal complications burdening patients. In this case, a cut-off value
for chitotriosidase of 250 nmol/mL plasma per hour was found to have a specificity of 93%
in identifying patients suffering from multiple extrarenal complications, thus acting as a
predictor of disease severity. From a technical point of view, the use of chitotriosidase as a
biomarker presents several benefits, such as the stability of chitotriosidase in plasma for
longer periods of time compared to leucocytes, i.e., over 1 month at room temperature, and
over 4 months when stored at +4 ◦C, compared to less than 24 h for leucocytes [65,66]. It is
also simpler, faster, and less expensive, as well as being an easily accessible fluorometric
assay compared to LC-MS/MS. The drawback of this biomarker is that about 5% of the
population carry a mutation in the chitotriosidase gene, which precludes its use.

6.1.2. Alpha-Ketoglutarate

Metabolomic analysis of CTNS−/− proximal tubule cell lines revealed altered metabolic
pathways (glycolysis, TCA cycle, DNA replication, and DNA repair) and a reduction of
lysosomal catalytic proteins expression. One of the differentially expressed metabolites
is alpha-ketoglutarate (AKG), which is significantly increased in proximal tubular cells
and plasma in patients with cystinosis. AKG is a key molecule in the Krebs cycle, acting
as a nitrogen scavenger and a source of glutamate and glutamine that stimulates protein
synthesis and inhibits protein degradation. AKG plays a pivotal role in the regulation of
autophagy and apoptosis, potentially bridging the latter to the loss of cystinosin and kidney
proximal tubule impairment in cystinosis. [67]. Alpha-ketoglutarate might therefore be
considered a new biochemical biomarker of cystinosis.

Bicalutamide, a drug used in the treatment of prostate cancer, was able to re-establish
metabolic homeostasis and reduce alpha-ketoglutarate levels in an organoid model (patient-
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derived tubuloids), and in cystinotic zebrafish. Although an anti-androgenic effect of
bicalutamide should be taken into account, combined treatment with cysteamine might be
a promising therapy that can potentially act on improving proximal tubule cell function
while reducing cystine levels [67].

6.2. Quantification of Cystine Crystals
6.2.1. Intestinal Cystine Crystals

Besides the determination in the cornea [27], cystine crystals can be detected, upon
biopsy, in intestinal mucosa, where they tend to diminish following adequate cysteamine
therapy. However, they are still present even when levels of cystine in white blood cells
are low, thus suggesting that cysteamine treatment may not be completely effective within
tissues [62]. As in other organs, cystine crystals in gastric and intestinal mucosa preferen-
tially accumulate within interstitial macrophages [68]. Obviously, routinely performing
gastric or intestinal biopsies is not suitable for therapeutic disease monitoring due to the
invasiveness of the procedure and low reproducibility.

6.2.2. Intradermal Cystine Crystal Determination and Skin Aging

Accelerated skin aging is characteristic of cystinosis patients [63], where cystine crys-
tals accumulate in dermal macrophages and fibroblasts. Crystals in skin can be determined
in vivo by advanced non-invasive methods, such as high-definition optical coherence to-
mography [69] and reflectance confocal microscopy [55]. High-definition optical coherence
tomography in skin from patients with cystinosis reveals a significant reduction in epider-
mal and papillary dermis thickness with respect to healthy controls. Moreover, the reduced
thickness of epidermis in subjects characterized by CTNS mutations was found to be pre-
dictive of extrarenal manifestations such as retinopathy and primary hypothyroidism [69].

Reflectance confocal microscopy allows differentiation of the density, within skin, of
crystal-containing particles that are present in higher quantities in older patients and in
those who started cysteamine treatment later [55]. This method, coupled with an automated
and unbiased imaging tool for the quantification of crystal area and volume, makes cystine
crystals in skin a novel biomarker that can facilitate long-term monitoring of cystinosis
patients in clinical practice [70]. The study by Bengali et al. [70] expanded the observation of
Chiaverini et al. [55], monitoring 70 cystinosis patients for over two years through analysis
of punch skin biopsy and the quantification of images of 2D area and 3D volume of crystals
in dermis, compared to 27 healthy controls. Images were automatically processed and
showed significantly different mean values in cystinosis patients vs. controls. Moreover,
the normalized confocal crystal volume increased with age and was also associated with the
stage of CKD and diagnosis of hypothyroidism, thus showing its potential as a biomarker
of disease severity over time [70].

Novel biomarkers for cystine are summarized in Table 2.

Table 2. Novel biomarkers for determination of cystine content in cells and tissues.

Biomarker Cell/Tissue Reference

Chitotriosidase Macrophages [58]
Alpha-ketoglutarate Plasma [67]

Cystine crystals Skin [55,69,70]

7. Conclusions

Prognosis of nephropathic cystinosis has dramatically improved due to the introduc-
tion of cystine-depleting therapy and renal replacement therapy. Patients receiving early
diagnosis and early treatment have an increased life expectancy and better quality of life.
Early, continuous, and appropriate cysteamine depletion therapy allows the maintenance of
intracellular cystine within optimal cut-off values. Despite the limitations, leucocyte cystine
measurements is the only validated tool for disease monitoring, and its use for optimization
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of depleting treatment is crucial. Nevertheless, it is pivotal to develop alternative strategies
for therapeutic monitoring to overcome the limitations of this marker. Further research is
required to validate and integrate different novel biomarkers to be used as a single tool
which will allow accurate estimation of the efficiency of treatment and long-term prognosis
of patients with cystinosis.
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