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ABSTRACT

Lecithin-cholesterol acyltransferase (LCAT) is the enzyme responsible for esterification of free cholesterol on
the surface of lipoproteins, particularly in high-density lipoproteins (HDL), and is also involved in the reverse
transport of cholesterol from peripheral tissues to the liver. LCAT is synthesized in the liver and circulates in
plasma reversibly bound to lipoprotein particles, or in a lipid-free form.

Primary LCAT deficiency is a rare inherited metabolic condition caused by homozygous or compound heterozy-
gous mutation in the LCAT gene. It is associated with two distinct clinical syndromes, Familial LCAT Deficiency
(FLD) and Fish-Eye Disease (FED), respectively caused by complete and partial deficiency of LCAT activity, but
having in common markedly reduced plasma levels of HDL and apolipoprotein A-I. FLD is characterized by corneal
opacities, haemolytic anaemia and chronic kidney disease (CKD), which may progress to end-stage renal disease
(ESRD). The pathogenesis of FLD nephropathy is not clear, but accumulation of lipoprotein-X in the kidneys might
be a major contributing factor. Corneal opacification is the only clinical hallmark of FED.

In line with several reports of intermediate phenotypes, we have recently described an incomplete FLD phe-
notype in two Portuguese brothers, homozygous for a novel LCAT mutation, presenting with proteinuric CKD but
no haemolytic anaemia, who developed noticeable corneal clouding only many years afterwards. Such a phe-
notype poses a diagnostic challenge to nephrologists, which will have to rely on accurate appraisal of the lipid
profile abnormalities and a high index of suspicion to consider the right diagnosis.

Further studies are needed to confirm whether recombinant human LCAT is effective in halting CKD progres-
sion in FLD patients. Meanwhile, renoprotective therapy by inhibition of renin-angiotensin-aldosterone system
should be initiated as soon as possible. Despite early histological recurrence of the nephropathy in kidney grafts,
renal transplantation remains a suitable therapy for FLD patients with ESRD.

Keywords: Familial lecithin-cholesterol acyltransferase deficiency; Fish-eye disease; corneal clouding; chronic
kidney disease; renal transplantation; recombinant human LCAT

INTRODUCTION involved in the reverse transport of cholesterol, a

metabolic pathway that mediates the removal of

Lecithin-cholesterol acyltransferase (LCAT) is the  excess cholesterol from peripheral tissues (including

enzyme responsible for the esterification of free  macrophages in the arterial wall), and its hepatic

cholesterol on the surface of lipoproteins, particu-  delivery for biliary excretion, via the plasma
larly in high density lipoproteins (HDL)L. It is also  compartment?3,
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LCAT is synthesized in the liver and secreted to the
plasma where it circulates reversibly bound to lipoprotein
particles, or in a lipid-free form. The plasma concentra-
tion of LCAT is about 5-6 mg/L, and may vary slightly
with age, gender, smoking and dietary habits3#. LCAT

Figure 1

LCAT role in HDL metabolism and reverse transport of cholesterol
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ApoA-| is produced in the liver and secreted into the plasma, where it incorporates FC and PL (preferentially phosphatidylcholine), resulting in the immature, discoidal, nascent HDL
particles. LCAT catalyses the synthesis of CE in HDL by transferring a PL-derived fatty acid to FC (a-LCAT activity); this reaction is activated by apoA-I and additionally generates LPC.
The CE are incorporated into the core of the spherical, mature HDL particles, maintaining the gradient necessary to preserve the cholesterol efflux from the peripheral tissues and
preventing its backflow. CE in HDL may be transferred to LDL and VLDL particles through the action of CETP. Although with less efficiency than in HDL, LCAT also promotes the

esterification of FC in other lipoproteins, such as LDL and VLDL (B-LCAT activity).

The reverse cholesterol transport pathway ensures the efflux of cholesterol from peripheral tissues back to the liver, for excretion in the bile. The hepatic uptake of the CE may be

via the SR-B1, a HDL-receptor, or via a receptor of the LDL-R family.

ApoA-I — apolipoprotein A-l; ApoE — apolipoprotein E; CE — cholesteryl ester; CETP — cholesteryl ester transfer protein; FC — free cholesterol; HDL — high density lipoprotein; LCAT —
lecithin-cholesterol acyltransferase; LDL — low density lipoprotein; LDL-R — low density lipoprotein receptor; LPC — lysophophatidylcholine; PL — phospholipids; SR-B1 — scavenger

receptor class B member 1; Tg — triglycerides; VLDL — very low density lipoprotein.
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total genomic size of 4.2 kb and contains 6 exons®. The
gene encodes for a polypeptide with 416 amino acid
residues, containing four N-glycosylation and two
O-glycosylation sites®. The molecular weight of LCAT is
approximately 67 kDa, with the linked carbohydrates
constituting about 25% of the total mass of the enzyme®.

LCAT deficiency is an ultra-rare autosomal recessive
inborn error of lipid metabolism, with a worldwide
prevalence below 1:1,000,0007. The disease was origi-
nally reported in 19678, in a Norwegian female present-
ing with anaemia, proteinuria, corneal opacities due
to lipid deposits, and evidence of renal and bone mar-
row accumulation of foamy cells. She also had markedly
reduced plasma concentration of esterified cholesterol
with a high concentration of free cholesterol, and a
severe deficiency of a- and pre-B-lipoproteins, associ-
ated with undetectable plasma LCAT activity. Two of
her sisters were diagnosed with the same disease. Since
then, about 60 sporadic cases and 70 families with
complete or partial LCAT deficiency have been identi-
fied3. The Human Gene Mutation Database (HGMD"®)
currently lists 102 functionally relevant LCAT gene vari-
ants, including 77 missense/nonsense point mutations
(http://www.hgmd.cf.ac.uk; last accessed on December
1, 2017). The pathogenic mutations are dispersed
throughout the entire gene and, in most cases, it is not
possible to anticipate the phenotype based on the posi-
tion of the mutation in the polypeptide chain®.

The purpose of this review is to summarize the role
of LCAT in the lipoprotein metabolism; describe the
clinical syndromes associated with LCAT deficiency,
emphasizing the renal involvement; and highlight the
recent therapeutic developments.

ROLE OF LCAT IN THE LIPOPROTEIN
METABOLISM

LCAT activity accounts for 90% of the synthesis of
cholesterol esters in plasma3. The enzyme reacts mainly
with the discoidal, nascent, pre-B1-HDL particles, con-
taining apolipoprotein (apo) A-l, where it esterifies free
cholesterol via a-LCAT activity? (Figure 1). This esteri-
fication process consists of the transfer of the sn-2 fatty
acyl group of phosphatidylcholine to the 3-B hydroxyl
group of free cholesterol, forming a cholesteryl ester
and lysophosphatidylcholine3. The cholesteryl esters
are then incorporated into the HDL particles, resulting
in the formation of the spherical, mature, a-migrating
forms of HDL?. In addition to the o-LCAT activity, the
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enzyme additionally exhibits B-LCAT activity in apoB-
containing lipoproteins, such as low density lipoprotein
(LDL) and very low density lipoprotein (VLDL), where
apoE is the enzymatic cofactor. LCAT may also be acti-
vated, albeit with less efficiency, by other apolipopro-
teins, such as apoA-Il, apoA-1V and apoCl-1113.

The contribution of LCAT to the reverse cholesterol
transport occurs either directly, by interaction of mature
HDL with the hepatic scavenger receptor class B mem-
ber 1 (SR-B1), or indirectly, via the cholesteryl ester
transfer protein (CETP)-mediated pathway (Figure 1).
The latter pathway promotes the transfer of esterified
cholesterol in HDL to the apoB-containing lipoproteins,
which are mostly cleared from the circulation through
LDL receptor-mediated endocytosis in the liver3.

LCAT DEFICIENCY SYNDROMES

Familial LCAT Deficiency (FLD or Norum disease,
OMIM#245900; http://omim.org/entry/245900) and
Fish Eye Disease (FED, OMIM#136120; http://omim.
org/entry/136120) are the two major syndromes asso-
ciated to LCAT mutations, but intermediate phenotypes
have also been described*11, As LCAT deficiency is
invariably associated with markedly reduced HDL and
apoA-I levels, the lipid profile is not useful to distinguish
the different clinical phenotypes of the disease0. Fur-
thermore, genotype-phenotype correlations have been
difficult to establish, since affected relatives may have
different clinical and biochemical manifestationsZ©.

Cases of acquired LCAT deficiency due to the develop-
ment of neutralizing auto-antibodies targeting the
enzyme have also been reported, making LCAT genotyp-
ing critical for the differential diagnosis between the
inherited and the acquired forms of the diseasel2:13,

B Familial LCAT deficiency (FLD)

FLD develops when there is loss of both a- and
B-LCAT activities, due to LCAT mutations that impair its
synthesis or the hepatic secretion, or result in the pro-
duction of a severely defective enzymel4. Typically,
these patients present with markedly diminished plas-
ma levels of HDL (< 20 mg/dL), have low plasma levels
of total and esterified cholesterol, and raised plasma
concentrations of free cholesterol, triglycerides and
phospholipids310:14.15 The ratio of free-to-total cho-
lesterol, which normally is around 30%, increases more
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than 2.5-fold in patients with FLD; conversely, the
esterified-to-free cholesterol ratio is extremely reduced.
The plasma levels of LDL are decreased, as a result of
the accelerated catabolism of these lipoproteins, and
the concentration of VLDL is increased. The plasma
levels of apoA-l and apoA-Il are low, while the levels
of apoE are often increased.

Bilateral, progressive corneal clouding, haemolytic
anaemia, and progressive, proteinuric chronic kidney dis-
ease (CKD) are the major clinical complications of FLD814.

Lipid deposition in the cornea is responsible for the
corneal clouding2®17. It consists of numerous, minute,
greyish dot-like opacities forming a mosaic pattern,
scattered throughout the corneal stroma but being
especially prominent near the limbal area, resembling
arcus senilis18. The corneal opacities usually appear
early in life and develop gradually over time, constitut-
ing the first noticeable sign of the disease in the major-
ity of patients10:14, On slit-lamp examination of the
cornea, the lipid dots can be seen in all layers of the
corneal parenchyma. Light microscopy shows numerous
small vacuoles dispersed in all the histological layers
of the cornea, but most densely in the anterior stroma;
on electron microscopy study, some of these vacuoles
contain electron-dense materiall’. In vivo confocal
microscopy is useful for the differential diagnosis with
other metabolic corneal dystrophies, since it confirms
the presence of diffuse dark striae and hyperreflective
deposits, corresponding to excessive extracellular depo-
sition of cholesteroll”. The corneal opacification may

Figure 2

be severe enough to cause visual impairment, some-
times requiring corneal transplantation16:18,

Haemolytic, normocytic normochromic anaemia,
characteristically of low clinical severity, is caused by
deposition of free cholesterol and phosphatidylcholine
in the membrane of the red blood cells, shortening
their lifespan. Bone marrow biopsy may show foam
cells and sea-blue histiocytes, presumably due to the
excess of intracellular storage of lipidst4.

CKD is the principal cause of morbidity and mortality
in patients with FLD1412, The presenting manifestation
of the kidney involvement is proteinuria, which is usually
first detected during childhood or adolescence, often
reaching nephrotic levels. The urine sediment examina-
tion frequently reveals micro hematuria and hyaline
casts20. In many patients, CKD progresses to end-stage
renal disease (ESRD) by the 4th or 5t decadel419.

In early stages, renal histopathological findings on
light microscopy may resemble membranous nephropa-
thy with mild mesangial expansion, vacuolation of the
glomerular capillary walls and, in silver-stained sections,
presence of spikes on the glomerular basement mem-
brane (GBM)12:21; the thickening and vacuolation of
the GBM, sometimes with double contouring, becomes
more prominent as the disease progresses, due to the
continuing lipid deposition (Figures 2a, 2b). Vacuolation
may also be observed in the Bowman capsule, in the
mesangial matrix, as well as in the arterioles and inter-
lobular arteries. On electron microscopy examination,

Renal allograft biopsy with typical alterations of FLD, confirming the recurrence of the primary disease in the allograft.

Figura 2a — Glomerulus with a slightly thickened GBM, Figura 2b — Glomerulus with vacuolated mesangial matrix Figura 2c — Accumulation of partially electron dense par-

mesangial proliferation with matrix expansion, and focal and thickened capillary walls; the GBM has a “bubbly” tially electron lucent lipid deposits, which is particularly
adhesion of the glomerular tuft to the Bowman capsule; aspect and, in some of the capillary loops, exhibits a double prominent in the subendothelial space and in the mesan-
tubular atrophy and areas of interstitial fibrosis are also pres- contour appearance (light microscopy, haematoxylin and gium (electron microscopy; 12000x).

ent (light microscopy, haematoxylin and eosin stain; 100x).  eosin stain; 400x).
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the accumulated lipid appear as small, irregular, par-
tially deeply osmiophilic deposits, containing serpigi-
nous fibrils, rounded lamellar and granular densi-
ties19:21; they are particularly numerous in the lamina
densa of the GBM, in the subepithelial and subendothe-
lial aspects of the GBM and in the mesangial matrix,
but are also present in the Bowman capsule and the
vascular endothelium. In rarer cases, intraluminal
thrombus-like deposits with a peculiar concentrically
lamellated substructure may be seen in dilated glo-
merular capillary loops (Figure 2c). Over time, these
pathological processes eventually lead to the glomeru-
losclerosis, tubular atrophy and interstitial fibrosis
underlying CKD progression.

Although the pathogenesis of renal disease is not
entirely understood, renal accumulation of lipoprotein-
X (Lp-X) seems to be a major contributing factor®. This
hypothesis is supported by the experimental observa-
tion that only LCAT”" knockout (KO) mice with high
plasma levels of Lp-X developed renal disease?223. Lp-X
is a multilamellar vesicle enriched in free cholesterol
and relatively devoid of cholesteryl esters, triglycerides
and apolipoproteins!4. In vitro studies showed that Lp-X
has cytotoxic and pro-inflammatory properties. It stimu-
lates monocyte infiltration of the glomeruli via a mecha-
nism involving mesangial monocyte chemoattractant
protein-1 (MCP-1/CCL2) expressionZ*. Administration
of Lp-X to LCAT KO mice results in its accumulation in
the kidney, with consequent GBM and endothelial dam-
age, podocyte effacement, expansion of the mesangial
matrix and renal tubule vacuolationl®. The observation
of mesangial C3 staining on the immunofluorescence
microscopy study of renal biopsies of patients with
FLD20.25 syggest that complement may also have a role
in the pathogenesis of the associated nephropathy.

Although accumulation of cholesterol-laden foam
cells also occurs in other tissues, the development of
hepatomegaly, splenomegaly or lymphadenopathy in
patients with FLD has seldom been reported4.

M Fish eye disease (FED)

FED is a milder phenotype with predominant corneal
involvement, without anaemia or CKD. Since there is
only deficiency of a-LCAT activity with preserved 3-LCAT
activity, the cholesterol esterification rate and the per-
centage of esterified cholesterol are normal, and there
is no Lp-X renal accumulation26, As in FLD, the plasma
levels of HDL and apoA-I are decreased, and triglycer-
ides are normal to increased?0.
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M Intermediate phenotypes

The diagnosis of FLD may be especially difficult to
recognize in patients with atypical phenotypes. We
have recently described an incomplete FLD phenotype
in two Portuguese brothers apparently homozygous
for a novel missense LCAT gene mutation, who pre-
sented with CKD and nephrotic proteinuria, progress-
ing to ESRD in the 4t to 5t decade of lifell. The his-
topathological diagnosis of membranous nephropathy
in the kidney biopsy of one of the sibs, the absence
of haemolytic anaemia, and the late development of
corneal opacification, only several years after the start
of renal replacement therapy (RRT), significantly
delayed the recognition of the underlying metabolic
disorder. Such clinical presentations pose a diagnostic
challenge to nephrologists, which will have to rely on
accurate appraisal of the lipid profile abnormalities
and a high index of suspicion in order to arrive at the
right diagnosis.

ATHEROSCLEROSIS IN LCAT
DEFICIENCY SYNDROMES

Because HDL levels are an inverse predictor of car-
diovascular events’, it might be expected that individu-
als with LCAT deficiency have an increased cardiovas-
cular risk, as observed in other diseases characterized
by markedly reduced HDL, such as Tangier disease and
apoA-| deficiency?’. However, whether LCAT deficiency
syndromes are associated with an increased cardiovas-
cular risk is still a controversial issue, despite the numer-
ous studies that have addressed the possible role of
LCAT in the pathogenesis of atherosclerosis.

Experimental animal studies have yielded inconsistent
results. In most mouse models, overexpression of LCAT
was found to be pro-atherogenic despite the significant
increase in HDL levels, while studies in rabbits and non-
human primates indicate that LCAT is likely atheroprotec-
tive. These contradictory outcomes were attributed to
the absence of CETP in mice, as opposed to rabbits and
humans3-26. Overall, these data suggest that the LCAT
role in the pathogenesis of atherosclerosis is dependent
on additional factors, such as diet and other genes
involved in the reverse cholesterol transport2®.

The available evidence from observational human
studies addressing the risk of atherosclerosis in LCAT
deficiency syndromes is also conflicting®2®. No vascular
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events or deaths were reported over a 25-year follow-up
of a large Canadian kindred with FLD, including two
homozygous patients with no residual LCAT activity and
9 heterozygous relatives?®, and development of detect-
able atherosclerotic plaques on carotid ultrasound imag-
ing only occurred in four of the heterozygotes?. A fur-
ther, particularly interesting, observation is that
premature coronary heart disease (CHD) has been more
frequently reported in patients diagnosed with FED than
in those with FLD?. Other worth mentioning cross-sec-
tional studies that have used the ultrasound measure-
ment of carotid intima-media thickness (cIMT) as a sur-
rogate marker for atherosclerosis have contrastingly
reported either a modest increase in average cIMT in
heterozygous carriers of LCAT mutations as compared
to unaffected subjects39, or a lower average cIMT in
carriers than in healthy controls, with the inheritance of
a mutated LCAT genotype exerting a remarkable gene-
dose dependent effect in reducing cIMT31, indicating
that LCAT deficiency does not enhance preclinical ath-
erosclerosis, despite its notable HDL lowering effect.
These findings are explainable by the accumulation of
pre-B-HDL particles in plasma, associated with defective
LCAT function, enhancing the efflux of cholesterol from
macrophages?, as well as by the low plasma levels of
LDL and apoB present in homozygous LCAT-deficient
patients2®. Further studies in larger cohorts are war-
ranted to clarify the cardiovascular risk associated with
genetic LCAT deficiency, and would be of substantial help
in defining the role of LCAT in CHD development?.

TREATMENT

Currently, there is no specific treatment available.
Dietary changes are recommended, such as restriction
of dietary fat, but the efficacy of lipid-lowering medica-
tions is still unknown. Additionally, angiotensin Il recep-
tors blockers (ARBII) or angiotensin-converting enzyme
inhibitors (ACEl) are advisable for patients with pro-
teinurial®. There is a case report of successful remission
of proteinuria using low dose steroids in association
with ARBII and ACEI, arguably as a result of the anti-
inflammatory and immunosuppressive properties of
the steroids, which downregulates the activity of nucle-
ar factor kappa B (NF-kB)20.

RRT is required for patients who develop ESRD.
Despite the documentation of early graft recurrence
in biopsies performed even in the first weeks after
transplantation, renal transplantation is not contrain-
dicated, since there is a favourable long-term graft

survival?>32:33_sequential liver-kidney transplantation
from a living donor was attempted as a curative treat-
ment. In this case, the patient had no recurrence of
renal disease, despite the abnormal lipid profile com-
patible with LCAT deficiency34.

A recombinant human LCAT (rhLCAT) is being devel-
oped for the treatment of FLD patients with renal dis-
ease. In LCAT KO mice, injection of rhLCAT resulted in
normalization of lipid profile and transformation of Lp-X
in HDL-like particles3®. In a phase 1b study of patients
with CHD and low HDL plasma levels, treatment with
rhLCAT has shown acceptable safety and tolerability
profiles3®. Furthermore, during an 8-month course of
experimental rhLCAT treatment in a patient with FLD
and advanced CKD there were beneficial effects in sev-
eral clinical, biochemical and lipoprotein parameters,
although the improvement of renal function was only
slight and transitory37.

CONCLUSIONS

LCAT is a lipoprotein-associated enzyme which plays
a major role in the esterification of free cholesterol,
maturation of HDL particles and reverse cholesterol
transport. Primary LCAT deficiency is an ultra-rare auto-
somal recessive metabolic condition, underlying two
distinct clinical syndromes, FLD and FED, respectively
associated with complete and partial loss of LCAT activ-
ity. Regardless of the degree of residual enzyme activity;,
low HDL cholesterol levels are a biochemical hallmark
of LCAT-deficient patients.

The typical FLD clinical phenotype is characterized by
early-manifesting corneal opacities, haemolytic anaemia,
and proteinuria, commonly in the nephrotic range. Pro-
gressive CKD, eventually reaching ESRD by the 4th or 5t
decade, is a major cause of morbidity and mortality in
these patients. The pathogenesis of the renal involve-
ment in FLD is not completely understood, but the accu-
mulation of Lp-X on the kidneys may be the mostimpor-
tant contributing factor. Renal biopsy remains a critical
diagnostic tool: although in its early stages the FLD
nephropathy may be difficult to distinguish from mem-
branous nephropathy, based exclusively on the light
microscopy findings, electron microscopy will show large
numbers of lipid deposits in subepithelial, subendothe-
lial, intramembranous and mesangial locations.

In order to not miss the correct diagnosis, practicing
nephrologists should be aware of patients presenting
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with attenuated or incomplete FLD phenotypes, with-
out haemolytic anaemia but manifesting severe pro-
teinuria and progressive CKD many years before the
development of noticeable corneal clouding. In such
cases, unexplained low HDL levels are a major clue to
the diagnosis, which can be confirmed by molecular
genetic testing demonstrating homozygosity or com-
pound heterozygosity for pathogenic variants of the
LCAT gene. Furthermore, even in patients on RRT, the
development of noticeable corneal clouding should
prompt clinicians to consider the diagnosis of FLD.

Despite the low HDL levels, FLD patients do not
appear to be at high risk for cardiovascular events.
Further studies are needed to confirm whether rhLCAT
is effective in halting renal disease progression, when
started at an earlier stage of the disease. Until then,
renoprotective therapy by inhibition of renin-angioten-
sin-aldosterone system should be initiated as soon as
possible.
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