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Abstract Syndromes associated with LCAT defi-
ciency, a rare autosomal recessive condition, include
fish-eye disease (FED) and familial LCAT deficiency
(FLD). FLD is more severe and characterized by early
and progressive chronic kidney disease (CKD). No
treatment is currently available for FLD, but novel
therapeutics are under development. Furthermore,
although biomarkers of LCAT deficiency have been
identified, their suitability to monitor disease pro-
gression and therapeutic efficacy is unclear, as little
data exist on the rate of progression of renal disease.
Here, we systematically review observational studies
of FLD, FED, and heterozygous subjects, which sum-
marize available evidence on the natural history and
biomarkers of LCAT deficiency, in order to guide the
development of novel therapeutics. We identified 146
FLD and 53 FED patients from 219 publications,
showing that both syndromes are characterized by
early corneal opacity and markedly reduced HDL-C
levels. Proteinuria/hematuria were the first signs of
renal impairment in FLD, followed by rapid decline
of renal function. Furthermore, LCAT activity to-
ward endogenous substrates and the percentage of
circulating esterified cholesterol (EC%) were the best
discriminators between these two syndromes. In FLD,
higher levels of total, non-HDL, and unesterified
cholesterol were associated with severe CKD. We
reveal a nonlinear association between LCAT activity
and EC% levels, in which subnormal levels of LCAT
activity were associated with normal EC%. This
review provides the first step toward the identifica-
tion of disease biomarkers to be used in clinical trials
and suggests that restoring LCAT activity to sub-
normal levels may be sufficient to prevent renal
disease progression.
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Familial LCAT deficiency (FLD) is an ultrarare
autosomal recessive disorder that causes progressive
chronic kidney disease (CKD) and early end-stage renal
disease (ESRD), usually by the fourth decade of life (1).
It is caused by pathogenic variants in the gene encoding
for LCAT, an enzyme mainly secreted by the liver that
is solely responsible for the esterification of cholesterol
in plasma lipoproteins (2). Its preferential substrate is
HDL (2), and LCAT activity targeted toward HDL
(alpha activity) is especially important for the normal
maturation and metabolism of HDL; however, it can
also esterify cholesterol in apolipoprotein B (apoB)-
containing lipoprotein (beta activity) (2).

Biallelic mutations in the LCAT gene that reduce
LCAT secretion or function result in LCAT deficiency,
which manifests as two related but different syn-
dromes: FLD and fish-eye disease (FED) (Orphanet: an
online database of rare diseases and orphan drugs;
http://www.orpha.net; accession numbers: ORPHA:
79293 and ORPHA: 79292). Both are characterized by
very low levels of HDL-C and corneal opacities because
of deposition of unesterified cholesterol (UC) in the
cornea. Notably, FLD patients, but not FED patients,
develop early and progressive CKD leading to ESRD,
which is the main cause of morbidity and mortality in
this population (1). Heterozygous subjects display a
semidominant lipid phenotype and no ocular or renal
manifestations. Risk of developing atherosclerotic car-
diovascular disease (ASCVD) is variable and still
debated (3–6).

The difference in phenotype between FLD and FED
has been attributed to the extent of residual LCAT
activity, with variants associated with complete (alpha
and beta) loss of activity causing FLD and variants
associated with partial loss of alpha and beta activity, or
complete loss of only alpha activity, but with preserved
beta activity causing FED (7).

Although the molecular bases of FLD are well un-
derstood (7), the etiology of renal damage is still un-
clear. An abnormal lipoprotein (lipoprotein X [LpX])
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has been frequently observed in FLD, and some evi-
dence suggests that this particle enriched in UC is
directly nephrotoxic (1, 8). However, little data are
available to exclude its presence in FED. Clinical pre-
sentation of the renal disease is that of nephrotic syn-
drome, and histological characteristics include
segmental glomerular sclerosis, together with mesan-
gial deposits and thickening of the glomerular base-
ment membrane (1).

Current treatment for FLD is limited to preserving
residual renal function, with no treatment specifically
targeting the underlying disease process. However, this
approach is not sufficient, and FLD patients often
progress to ESRD requiring renal replacement therapy,
namely dialysis and kidney transplantation, by the third
or fourth decade of life. In recent years, several po-
tential therapeutic approaches have been investigated
and provided promising results. These include enzyme
replacement therapy, liver-directed LCAT gene therapy,
engineered-cell therapy, and LCAT activators (9).

Pivotal to the further development of such treat-
ments is the knowledge of the natural history of the
disease and the evaluation of diagnostic and prognostic
biomarkers to be used in clinical trials (10). In the
context of FLD, more information on the progression
of renal disease and the identification of biomarkers
that can be used to assess treatment efficacy beyond an
effect on lipid levels are particularly needed.

Here, we present a comprehensive, up-to-date, sys-
tematic review of the published literature on LCAT
deficiency disorders. The primary motivation for this
review was to summarize evidence on proposed bio-
markers that can be used to diagnose FLD or FED,
assess renal disease progression, and identify possible
disease modulators. The results of this study provide an
important step in gathering the necessary information
for the further development of novel therapeutics.

MATERIALS AND METHODS

Search strategy
We searched the PubMed database from the date of the

first case description (1967) to April 22, 2020 for records in
English language, describing cases of LCAT deficiency and
the biochemical characterization of causative variants. The
search was conducted following the guidelines of the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement (11). Records were first screened based on
titles and abstracts. At this level, we excluded records unre-
lated to LCAT deficiency, not in English, animal-only studies,
studies on secondary LCAT deficiency, books, abstracts,
webpages, dissertations, articles in press, and personal com-
munications. Records that passed the first screening were
retrieved in full text. At this stage, in addition to the criteria
listed previously, we also excluded records that reported
outcomes not captured by this study (noneligible outcomes),
presented in a nonextractable form, or records for which we
were unable to retrieve the full text. In order to maximize our
ability to capture potentially relevant studies, we also screened

all the records cited in the reference section of articles
included in the analysis. Additional information, including
the electronic search strategy and outcome definitions, are
provided in the supplemental methods section.

Assessment of quality and risk of bias
Given the rarity of LCAT deficiency, there are few pub-

lished reports; most of them are case reports and family
studies. The selected studies showed a high degree of het-
erogeneity in the data described. However, all studies that met
our screening criteria were included in the study, to maximize
the limited data available. A formal quality assessment of the
studies was not possible.

Data synthesis and analysis
Patients with a clinical diagnosis of FLD and FED, and

heterozygous carriers of variants identified in homozygous
FLD and FED patients (FLD-Het and FED-Het, respectively),
were analyzed using a quantitative method. Heterozygous
carriers of variants that could not be conclusively identified as
FLD or FED causing were not included in the analysis. Sub-
jects who presented with atypical clinical and genetic features
are presented separately in supplemental Table S4 and were
not included in the quantitative analysis. Subjects with no FLD
or FED clinical phenotype and unknown genotype were
excluded from analysis. The detailed criteria for the classifi-
cation of subjects into categories are presented in the
supplemental methods section. Data on the biochemical
characteristics of variants identified in FLD and FED patients
were summarized descriptively.

Statistics
For continuous variables, medians and interquartile ranges

(IQRs) were calculated, and differences between groups were
assessed usingWilcoxon rank sum test. For categorical variables,
data were expressed as absolute numbers of observations/
category and as percentage of total entries. Statistically signifi-
cant differences between the expected frequencies and the
observed frequencies were assessed with Chi-squared (sample
size >5) or Fisher's exact tests (sample size <5), as appropriate.

Change of annual rate of estimated glomerular filtration
rate (eGFR) refers to the slope that was obtained for patients
with two or more eGFR values, by linear regression analysis of
eGFR and age.

Effect of biological covariables on clinical outcomes was
assessed using multivariate linear regression (continuous
dependent variables) or logistic regression (categorical
dependent variables) models. Additional information on the
regression analyses performed are reported in the
supplemental methods section. Analyses were performed us-
ing SAS 9.4 (SAS Institute, Inc). An alpha of 0.05 determined
statistical significance.

RESULTS

Search and study selection
We searched the PubMed database for records

related to LCAT deficiency. We identified 639 unique
records; 1,580 additional records were identified
through a manual search of reference lists of all
included articles. Of the 219 articles that met the in-
clusion criteria for our review, 207 studies reported
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information on human patients with primary LCAT
deficiency and 12 studies reported information on the
biochemical properties of FED-causing and FLD-
causing variants (Fig. 1 and supplemental Table S1).

Classification of studied subjects
The article review returned a total of 564 subjects.

Because one of the main goals of this systematic review

was the evaluation of diagnostic and prognostic bio-
markers, we based our primary classification solely on
clinical and genetic characteristics and retrospectively
analyzed the relationship between biochemical mea-
surements and clinical classification.

Subjects were classified as FED patients if they had
corneal opacity and HDL-C levels below the reference
threshold or, in the absence of HDL-C levels, alpha-

Fig. 1. Flowchart of record screening and selection. The flowchart has been compiled according to the guidelines of the PRISMA
statement (11). A list of eligible publications and their characteristics is presented in supplemental Table S1.
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LCAT enzymatic activity <60% of the value in healthy
controls described in the same report. Subjects were
classified as FLD patients if, in addition to the criteria
for FED, they also had renal abnormalities, were ho-
mozygous carriers of a variant previously reported to
be FLD causing, or were identified within the same
family of an FLD patient. A diagram summarizing the
classification of subjects into categories is presented in
the supplemental methods section. About 146 patients
met the criteria for FLD, and 53 patients met the
criteria for FED classification (Table 1). The clinical
diagnosis was complemented by genetic testing in 153
of the 199 FLD and FED cases. Collectively, FLD and
FED patients carried 89 different variants
(supplemental Tables S2 and S3).

Heterozygous subjects were classified based on the
variant carried: 195 subjects carried variants previously
identified in homozygous FLD patients (FLD-Het) and
100 subjects carried variants previously identified in
homozygous FED patients (FED-Het) (Table 2 and
supplemental Table S2). Additional 54 heterozygous
subjects had variants that could not be definitively
classified as either FLD or FED causing and were not
included in the analysis (supplemental Table S3).
Finally, 16 subjects could not be classified because of
unusual clinical and genetic features and are described
separately in the supplemental data (supplemental
Table S4).

Demographic and clinical characteristics
The majority of reported FLD and FED cases were

from European countries, and FLD cases were pre-
dominantly male (Table 1 and supplemental Fig. S1).
The geographical distribution of heterozygous subjects
mirrors that found in FED and FED patients (Table 2).
Interestingly, the gender distribution of heterozygous
subjects showed a comparable proportion of males and

females in heterozygous subjects of FED-Het and FLD-
Het.

Corneal opacity is often the first clinically recognized
sign of LCAT deficiency and was present in all FLD
and FED patients at the time of report (Table 3). HDL-C
levels were uniformly low in both FLD and FED pa-
tients, with most patients having levels <10 mg/dl (third
quartile = 13 and 9.4 mg/dl, respectively; Table 4). FLD
patients had a significantly higher prevalence of ane-
mia compared with FED patients (Table 3).

Renal disease
For this systematic review, cases were classified as

FLD if they presented with corneal opacity, low HDL-C,
and renal disease or if they presented with corneal
opacity, low HDL-C, were homozygous carriers of var-
iants previously reported to be FLD causing, or were
identified within the same family of an FLD patient.
Accordingly, none of the FED patients had renal dis-
ease, and 15 FLD patients were still asymptomatic for
signs of renal disease at the time of the case report.
Proteinuria and hematuria were the first signs of renal
impairment, and 55 (53.4%) of the patients eventually
developed CKD stage III–V, 34 of whom reached ESRD
(median age = 39.5 years; IQR: 33–48) by the time their
case was published (Table 3). Twenty patients under-
went kidney transplantation (supplemental Table S5).
Subsequent kidney failure or rejection has been re-
ported on four of them. One patient received a second
transplanted kidney, when the first one failed. Ten of
12 transplanted kidneys for which histology was re-
ported displayed signs consistent with the recurrence of
the renal damage, and one displayed unclear results.

TABLE 1. Demographic characteristics of FED and FLD patients

Characteristic

Patient's Clinical
Phenotype

PaFLD FED

Total number of subjects, n (%)b 146 53
Sex, n (%)b 0.0447
Male 92 (63.0) 25 (47.2)

Region of provenience, n (%)b 0.0021
Asia 22 (15.1) 6 (11.3)
Australia 2 (1.4) 1 (1.9)
Canada/USA 22 (15.1) 6 (11.3)
Europe 79 (54.1) 31 (58.5)
Latin America 0 (0.0) 3 (5.7)
Middle East 12 (8.2) 2 (3.8)
North Africa 3 (2.1) 3 (5.7)
South Asia 6 (4.1) 1 (1.9)

Genetic confirmation of
clinical diagnosis, n (%)b

106 (72.6) 47 (88.7) 0.0174

aChi-squared test (sex, genetic confirmation of clinical diag-
nosis, and sample size >5) or Fisher's exact tests (ethnicity, sample
size <5).

bCategorical variables are expressed as count (percent of total
count).

TABLE 2. Demographic characteristics of heterozygous subjects

Characteristic

Predicted Effect of the
Variant on Clinical

Phenotype

Pa
FLD-Causing

Variant
FED-Causing

Variant

Total number of subjects, n (%) 195 100
Sex, n (%)b 0.0562

Male 92 (47.2) 61 (61.0)
Female 95 (48.7) 39 (39.0)
Not reported 8 (4.1) 0 (0)

Region of provenience, n (%)b <0.0001
Asia 22 (11.3) 3 (3.0)
Australia 0 (0.0) 3 (3.0)
Canada/USA 19 (9.7) 8 (8.0)
Europe 144 (73.9) 79 (79.0)
Latin America 0 (0.0) 3 (3.0)
Middle East 0 (0.0) 0 (0.0)
North Africa 3 (1.5) 4 (4.0)
South Asia 7 (3.6) 0 (0.0)

Genetic confirmation of
clinical diagnosis, n (%)b

195 (100.0) 100 (100.0) —

aChi-squared test (sex, sample size >5, not including the fre-
quency of nonreported) or Fisher’s exact tests (ethnicity, sample size
<5).

bCategorical variables are expressed as count (percent of total
count).
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Renal biopsies from 57 patients shared several his-
topathological features showing glomerular changes.
Together with segmental glomerular sclerosis, notable
findings included expansion and vacuolization of the
mesangial area with electron microscopy revealing
high-density lipid deposits, depositions of foamy ma-
terial in the glomerular basement membrane leading to
irregular thickening, and capillary loops distended with
foamy material. Podocyte foot processes were
described as fused or effaced. Immunofluorescence
results were mixed. Among the biopsies that provided
immunofluorescence data, 62.5% stained positive for

complement protein C3 and 53.3% for immunoglobulin
M (Table 5 and supplemental Table S6).

The eGFR at presentation in FLD and FED patients
was comparable, although the age at determination
was significantly lower in FLD compared with FED
patients (Table 6). For 54 of the FLD patients, eGFR
from only one time point was available and showed a
high variability in the degree of renal function
impairment with median eGFR of 77.5 ml/min/
1.73 m2 (IQR: 14.0; 92.5). For the remaining 46 FLD
patients, two or more eGFR determinations were re-
ported. In this subgroup, the median eGFR at first

TABLE 3. Clinical characteristics of FED and FLD patients

Clinical Trait

Patient's Clinical Phenotype

FED Versus FLD PaFLD FED

Clinical trait (prevalence)
Corneal opacity, n/N (%)b 146/146 (100) 53/53 (100) —
Anemia, n/N (%)b 109/119 (91.6) 8/33 (24.2) <0.0001
Proteinuria, n/N (%)b 119/136 (87.5) 0/49 (0) —
Hematuria, n/N (%)b 44/46 (95.7) 0/2 (0) —
CKD stage III–V, n/N (%)b 55/103 (53.4) 0/16 (0) —
CVD, all types, n/N (%)b 16/74 (21.6) 14/45 (31.1) 0.2477
Clinically significant ASCVD, n/N (%)b 7/68 (10.3) 12/45 (26.7) 0.0227
Asymptomatic ASCVD, n/N (%)b 5/30 (16.7) 1/12 (8.3) 0.3260
CVD, other nature, n/N (%)b 9/20 (45.0) 2/4 (50.0) 0.4037

Age at diagnosis/first report of clinical trait
Corneal opacity (years) 0.0869
Median 29.5 33.0
IQR 16.5–37.0 18.0–54
N 144 50

Anemia (years) 0.1289
Median 33.0 44.5
IQR 25.0–44.0 34.0–52.5
N 107 8

Proteinuria (years) — NA
Median 30.5
IQR 24.0–38.0
N 118

Hematuria (years) — NA
Median 31.5
IQR 24.0–36.0
N 40

CKD stage III–V (years) — NA
Median 38.0
IQR 30.0–45.0
N 54

CVD, all types (years) 0.0879
Median 44.0 56.0
IQR 34.0–56.5 43.0–61.0
N 16 14

Clinically significant ASCVD (years) 0.8687
Median 55.0 56.0
IQR 48.0–61.0 43.5–61.5
N 10 12

Asymptomatic ASCVD (years) 0.2278
Median 40.0 62.0
IQR 40.0–53.0 NA
N 5 1

CVD, other nature (years) 0.0442
Median 33.5 52.0
IQR 27.0–36.0 43.0–61.0
N 6 2

NA, not available.
aComparison between frequencies: Chi-squared test (sample size >5) or Fisher's exact tests (sample size <5). Comparison between ages:

Wilcoxon rank sum test.
bCategorical variables are expressed as count/total count of available entries, percent of total count (%).
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report was normal (82 ml/min/1.73 m2) but declined
rapidly over time, with a median annual change in
eGFR of −6.18 ml/min/1.73 m2 (Table 6).

Cardiovascular disease
Data from the limited number of records describing

individual patients suggest that FLD patients have
lower prevalence of ASCVD, compared with FED pa-
tients, but comparable prevalence of preclinical
ASCVD and CVD of other nature (Table 3). Additional
studies reporting on ASCVD risks in larger groups of
carriers of LCAT variants are listed in supplemental
Table S7. These studies could not be included in the
quantitative analysis because the study populations
were genetically heterogenous and partially redundant
across studies. Overall, data from the latter studies
suggest that populations enriched in carriers of FED-
causing variants display similar or increased risk of
ASCVD as compared with noncarriers, whereas those
enriched in carriers of FLD-causing variants display a
decreased risk of ASCVD.

Lipid profile and LCAT-related parameters
In order to evaluate potential diagnostic and prog-

nostic biomarkers, we tested the association of lipid and
LCAT-related parameters with the clinical/genetic
phenotype.

As expected, HDL-C and Apo A–I, the primary HDL
proteins, were markedly decreased in both FLD and
FED patients (Table 4). Triglyceride (TG) levels were
elevated in both groups. LDL-C and apoB levels were
significantly lower in FLD compared with FED. Addi-
tional lipid and lipoprotein parameters for which data
were available for less than 25% of the studied FLD and
FED patients are shown in supplemental Table S8.
Interestingly, levels of ApoA-II, another HDL protein,
were also markedly reduced. The presence of LpX was
reported in 32 of the 36 FLD patients where measured.

We extracted data for LCAT plasma concentration
and activity. The “LCAT activity toward exogenous
substrate” measures the ability of LCAT to esterify
cholesterol in HDL-like particles, and it is therefore a
marker of alpha activity. The “LCAT activity toward
endogenous lipoproteins” measures the ability of
LCAT to esterify cholesterol in all plasma lipoproteins,
thus representing a combined measurement of both
alpha and beta activity (total LCAT activity). Given the
wide range of method used, we reported LCAT protein
concentration and activities as percent of control values
(Table 4).

Plasma LCAT concentration was reduced in both
FLD and FED, albeit more markedly in FLD. LCAT
activity toward exogenous substrate (alpha activity) was
1.4% (IQR: 0; 4.8) and 5.8% (IQR: 2.1; 9.5) of control
values in FLD and FED, respectively (Table 4). LCAT
activity toward endogenous lipoproteins (total, alpha,
and beta activities) was virtually absent in FLD and
53.6% (IQR: 41.5; 69.6) of control levels in FED. These
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latest results were reflected in the levels of markers of
plasma cholesterol esterification, namely the absolute
levels of plasma UC (substrate of LCAT reaction) and
the relative amount of EC (product of LCAT reaction)
compared with total cholesterol (TC) (EC%).

Plasma UC was approximately 2-fold higher than
the reference threshold in FLD patients (118.5 [IQR: 87;
161.7], reference <60 mg/dl) and approximately 1.2-
fold higher in FED patients (74 [IQR: 61.2; 88.9],
reference <60 mg/dl) (Table 4). Plasma EC% (percent
of EC:TC) was approximately 5.4-fold below the lowest
limit of the reference range in FLD (11, [IQR: 7.2; 16.2],
reference: 60–80%) but only approximately 1.1-fold
below the reference values in FED (54 [IQR: 43; 61.1],
reference: 60–80%) (Table 4). All esterification markers
were significantly different in FLD compared with
FED, also after adjustment for plasma LCAT concen-
tration (supplemental Table S9). Thus, in FLD, the
complete loss of LCAT activity is explained by the

presence of inactive LCAT and not only by reduced
LCAT levels.

FLD and FED heterozygous subjects displayed a
semidominant trait in respect to the major lipoprotein
classes, and their levels of LCAT activities are some-
what lower than those of controls; however, the
markers of plasma cholesterol esterification, absolute
UC levels, and EC% were within normal limits (Table 4).

Because EC% was the most differentiating indirect
biomarker of cholesterol esterification, we evaluated its
association with LCAT activity measurements. EC%
displayed a nonlinear association with both LCAT ac-
tivity toward endogenous (total, alpha, and beta activ-
ities) and exogenous substrates (alpha activity) across all
subjects included in this study (Fig. 2A,C and B,D,
respectively). Specifically, it shows a rapid increase in
the lower range of LCAT activity, that tapers and rea-
ches a plateau at higher levels of LCAT activity, so that
47.6% of enzymatic activity toward exogenous substrate
and 65.7% toward endogenous substrate, respectively,
were sufficient to achieve EC% levels of 70%, corre-
sponding to the mean value of the reference range.

Concordance between clinical and biochemical
diagnosis

We examined the association between variants, clin-
ical phenotype, and enzymatic activity in homozygotes
and compound heterozygous subjects with the intent to
assess the concordance between the clinical and
biochemical diagnoses (supplemental Tables S10 and
S11). Variants associated with the FLD phenotype were
associated with complete loss of patient's plasma enzy-
matic activity in 80.4% of the cases and with partial
enzymatic deficiency in 3.6% of the cases.

In contrast, variants associated with the FED pheno-
type were associated with complete enzymatic defi-
ciency in 14.3% of cases and partial enzymatic
deficiency in 60.7% of cases. For the remaining variants,
there were not sufficient data for this assessment.
When available, expression of variants in in vitro cell
systems mostly recapitulated the biochemical diagnosis
obtained by testing the patient's plasma (supplemental
Tables S10 and S11). These results are in line with the
known presence of a broad phenotypic variability and
overlap between the two syndromes and highlight the
need of further studies to identify potential modulators
of the clinical course of these conditions.

Biomarkers of renal disease severity and eGFR
decline in FLD patients

We used multivariate regression analyses to test
whether markers of LCAT activity or altered lipid
metabolism were associated with the prevalence of se-
vere renal disease (CKD stage III–V/ESRD) in FLD
patients (Table 7). For the small subset of FLD patients
for whom two or more eGFR determinations were
available, we also estimated the potential association of
candidate biomarkers with eGFR change (Table 7).

TABLE 5. Kidney histologic findings in FLD patients

Histologic Finding Prevalence (n/N, %)a

Glomeruli
Global and/or segmental
glomerular sclerosis

18/20 (90.0)

Vacuolization of glomerular Cells 6/8 (75.0)
Foam cell infiltration 20/25 (80.0)
Macrophage infiltration 3/7 (42.9)
Mesangial matrix expansion 26/29 (89.7)
Mesangial deposits 26/26 (100.0)
Vacuolization of mesangial area 13/13 (100.0)
Mesangial foam cell infiltration 6/8 (75.0)
Thickening of the GBM 24/24 (100.0)
Duplication of the GBM 6/9 (66.7)
Vacuolization of GBM 26/29 (89.7)
Lipid deposits in GBM 14/15 (93.3)
Thickened capillary walls 12/13 (92.3)
Pericapillary depositions 9/9 (100.0)
Effacement of podocyte foot processes 9/9 (100.0)

Tubules/interstitial space
Tubulointerstitial changes 4/7 (57.1)
Tubular atrophy 13/15 (86.7)
Interstitial fibrosis 10/13 (76.9)
Tubular cell vacuolization 3/6 (50.0)
Thickening of TBM 3/3 (100.0)
TBM vacuolization 3/7 (42.9)
Interstitial inflammation 5/7 (71.4)
Interstitial edema 1/7 (14.3)
Interstitial macrophages 6/6 (100.0)

Vessels
Intimal thickening 4/6 (66.7)
Hyalinosis 9/10 (90.0)
Pseudothrombi 6/9 (66.7)
Subendothelial deposits 7/7 (100.0)

Immunofluorescence/immunohistochemistry
IgA 0/14 (0.0)
IgG 1/15 (6.7)
IgM 8/15 (53.3)
C3 10/16 (62.5)
C4 3/12 (25.0)
C1q 5/11 (45.5)

C1q, complement protein C1q; C3, complement protein C3; C4,
complement protein C4; GBM, glomerular basement membrane;
IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immuno-
globulin M; TBM, tubular basement membrane.

aCategorical variables are expressed as count/total count of
available entries, percent of total count (%).

8 J. Lipid Res. (2022) 63(3) 100169



After controlling for sex and age, higher levels of TC,
non-HDL-C, and UC were significantly associated with
higher prevalence of severe renal disease, and higher
LDL-C levels were associated with a more pronounced
eGFR decrease. Levels of EC% were not associated with
prevalence of severe renal disease or eGFR decline.

DISCUSSION

We present an up-to-date comprehensive systematic
review of patients with partial and complete LCAT
deficiency. We reviewed reports published from 1967
until April 22, 2020 with the goal of gathering data on
the natural history of FLD, with particular attention to
the progression of renal disease and the evaluation of
previously proposed biomarkers that could be used for
diagnosis, assessing prognosis, and evaluating the effi-
cacy of therapeutic interventions. The assessment of
such biomarkers in a larger number of subjects is

necessary to further the research toward the develop-
ment of targeted therapeutic strategies.

The majority of the FLD and FED cases reported in
the literature are from Europe. Although this obser-
vation may underlie a genuine enrichment in muta-
tion frequency in certain populations (12), it likely
reflects reporting, publication, and search bias. In
recent years, new cases have been identified in Asian
and South American countries (13–19), suggesting that
this disease may be underdiagnosed, especially in
isolated communities (13). The gender distribution of
FLD cases is also imbalanced, with FLD patients being
predominantly male. Although we cannot exclude a
biological explanation for this outcome, the absence
of such imbalance in the heterozygous subjects does
not indicate an obvious sex-related pattern of inher-
itance. It is, nevertheless, possible that male sex may
constitute an additional risk factor for progression to
ESRD (20).

TABLE 6. eGFR in FLD and FED patients

eGFR Parameters

Patient's Clinical Phenotype
FED Versus FLDa

PFLD FED

eGFR at presentation/first report (patients with one or more eGFR determinations)
eGFR at presentation/first report (ml/min/1.73 m2) 0.2737
Median 81.5 90.0
IQR 46.0; 98.0 84.0; 90.0
N 100 15

Age at presentation/first report (years) 0.0011
Median 34.5 55
IQR 26.5; 46.0 43.0; 62.0
N 100 15

eGFR in FLD patients with one eGFR determination
eGFR (ml/min/1.73 m2) — —
Median 77.5
IQR 14.0; 92.5
N 54

Age at presentation/first report (years) — —
Median 35.0
IQR 27.0; 48.0
N 54

eGFR and eGFR change in FLD patients with more than one eGFR determination
eGFR at presentation/first report (ml/min/1.73 m2) — —
Median 82
IQR 59.0; 100.0
N 46

eGFR at last report (ml/min/1.73 m2) — —
Median 14.0
IQR 14.0; 58.0
N 46

Age at presentation/first report (years) — —
Median 33.5
IQR 26.0; 45.0
N 46

Age at last report (years) — —
Median 41.3
IQR 33.0; 53.0
N 46

Annual rate of eGFR change (ml/min/1.73 m2/year) — —
Median −6.18
IQR −2.29; −8.93
N 46

Period of eGFR change (years) — —
Median 6.00
IQR 2.5; 12.0
N 46

aWilcoxon rank sum test.
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Diffuse corneal opacity, in association with
extremely low HDL-C levels, is pathognomonic for
both forms of LCAT deficiency. It is often first noted
during childhood or adolescence but frequently not
investigated until it requires surgical intervention or
until the first signs of renal disease appear (FLD).
Contributing to the late diagnosis is the low awareness
of LCAT deficiency as a monogenic cause of nephrotic
syndrome, possibly because of its rarity, because most
studies focus on pediatric or young adult cohorts
(21, 22), who are likely still asymptomatic for FLD-
induced renal disease, and because the LCAT gene
may not have sufficient coverage in the platforms used
(23).

Our data confirm that the first sign of renal disease
in FLD is proteinuria or hematuria, which may remain
as the only signs for several years before a rapid decline
of renal function is noted. About 53.4% of the FLD

cases reported in the literature developed CKD stage
III–V, by a median age of 38 years. This systematic re-
view confirms that the variability of the renal disease
progression was heterogenous across the FLD patients,
with 15 patients remaining asymptomatic at time of
publication and with some discordancy noted between
the clinical and biochemical diagnosis, suggesting that
other known and unknown factors, such as age, gender,
comorbidities, and lipid levels, may contribute to the
observed outcomes (supplemental Table S4). Further-
more, because of such variability, it is possible that some
subjects who were classified as FED in this systematic
review because of the reported phenotype may have
developed renal disease after the time of publication.
Nevertheless, in patients for whom we could calculate
eGFR changes over time, a rapid decline at a rate
of −6.18 ml/min/1.73 m2 was noted. This decline was
greater than that reported recently in one large Greek

Fig. 2. Association of LCAT activity on endogenous or exogenous substrates with EC%. A and B: Scatter plot representation of the
association between LCAT activity toward endogenous lipoproteins (A) or exogenous substrates (B) and EC%. For both activity
measures, levels are expressed as percent of the mean control value from the same study. Dashed lines indicate the limits of
reference range values for EC% in nonaffected subjects. Solid line indicates the mean value of the reference range (70%). C and D:
Linear regression analysis of the LCAT activity toward endogenous lipoproteins (C) or exogenous substrates (D) and EC%. Activity
levels (percent of control) were root-squared transformed, and EC% levels were logit transformed prior to analysis. Dashed lines
indicate 95% prediction limits, solid line indicates regression line, and area highlighted in gray represents 95% confidence limits. For
all panels, single points represent values from a single subject, and color code reflects their classification based on clinical/genetic
characteristics. Regression parameters were as follows: (C) number of subjects = 200, estimate equation: y = 0.3365 × −2.3594, R2 =
0.7616 (D) number of subjects = 214, estimate equation: y = 0.3729 × −2.2059, R2 = 0.6092.
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kindred (−3.56 ml/min/1.73), which is also included in
this study (24). It is possible that the overall eGFR data
reported in our review were collected in a more
advanced renal disease state compared with the cohort
observed in that study. Furthermore, the therapeutic
interventions, such as low-fat diet and angiotensin-
converting enzyme inhibitors, attempted in that
kindred may have somewhat mitigated disease pro-
gression. Nevertheless, the fast eGFR decline un-
derscores the tremendous unmet medical needs of a
condition that currently does not have effective diag-
nostic and therapeutic approaches to significantly alter
its course.

FLD also displays a higher prevalence of anemia,
although this observation was based on a very limited
number of cases. Anemia is thought to be directly
related to the deficiency of enzymatic activity. The
complete loss of cholesterol esterification impairs the
removal of UC from the membrane of erythrocytes,
thus causing increased fragility and hemolytic anemia
(25–28). Our data suggest that the presentation of ane-
mia almost coincides with the first signs of renal dis-
ease. Since anemia is often asymptomatic, it is unclear
whether the age at first report reflects its onset or the
date it was discovered through incidental laboratory
testing. Further studies are needed to better evaluate
the role of anemia as a biomarker of the condition.

This systematic review allows us to evaluate lipid
biomarkers in a bigger number of cases than before
reported. While most of these data are confirmatory,
other data provide useful information for the planning

of clinical trials. As expected, HDL-C was reduced to
similar levels in both FLD and FED patients, reflecting
the marked reduction in alpha activity in both
conditions.

TG levels were elevated in both FLD and FED pa-
tients. The reasons for this observation are not
completely understood. There have been reports of
impaired TG-lipase activity in these patients (29–32) as
well as observations that the abnormal lipid phenotype
is sensitive to dietary habits (33–37). It is also plausible
that the virtual absence (FLD) or significant reduction
(FED) of EC in the circulation may in turn impair the
transfer of TG and EC between lipoproteins (38).

As previously reported, LDL-C and apoB levels were
significantly decreased in FLD compared with FED,
likely because of the absence of residual β-LCAT ac-
tivity in FLD but not FED patients. Although these
differences were statistically significant, the levels of
these parameters were very variable across subjects,
thus making them less suitable for diagnostic purposes.
However, the levels of ApoB-containing lipoproteins
may affect the risk of developing additional comor-
bidities, such as CVD. Indeed, our study suggests that
FLD patients have reduced prevalence of ASCVD,
compared with FED patients. These results are consis-
tent with studies performed on Italian subjects (mostly
FLD patients or FLD-heterozygous carriers), which
showed atheroprotection compared with controls (4, 39,
40). Conversely, studies performed in Dutch subjects
(mostly FED patients or FED-heterozygous carriers)
indicated increased risk of CVD in carriers compared

TABLE 7. Univariate and multivariate regression analyses of parameters associated with the prevalence of severe CKD or eGFR change in
FLD patients

Parameter

Univariate Analysis Multivariate Analysis

Estimate
Coefficient (SE), N P

Model 1 (Sex)

P

Model 2 (Sex and Age)

P
Estimate

Coefficient (SE), N
Estimate

Coefficient (SE), N

Logistic regression analysis of parameters
associated with CKD stage III–V/ESRD
(log odds ratios)a
TC (mg/dl) 0.0125 (0.0048), 78 0.0090 0.0120 (0.0046), 78 0.0090 0.0118 (0.0046), 78 0.0103
LDL-C (mg/dl) 0.0143 (0.0079), 45 0.0698 0.0165 (0.0084), 45 0.0503 0.0146 (0.0082), 45 0.0727
HDL-C (mg/dl) 0.0301 (0.0424), 67 0.4785 0.0325 (0.0427), 67 0.4467 0.0262 (0.0434), 67 0.5453
Non-HDL-C (mg/dl) 0.0148 (0.0059), 65 0.0125 0.0142 (0.0058), 65 0.0145 0.0138 (0.0058), 65 0.0184
UC (mg/dl) 0.0099 (0.0052), 57 0.0555 0.0105 (0.0052), 57 0.0443 0.0103 (0.0052), 57 0.0485
TGs (mg/dl) 0.0022 (0.0012), 77 0.0609 0.0020 (0.0011), 77 0.0800 0.0019 (0.0011), 77 0.1046
ApoB (mg/dl) −0.0005 (0.0122), 49 0.9685 −0.0023 (0.0125), 49 0.8563 −0.0104 (0.0140), 49 0.4576
EC (% of TC) 0.0188 (0.0240), 62 0.4333 0.0100 (0.0245), 62 0.6827 0.0105 (0.0245), 62 0.6683

Linear regression analysis of parameters
associated with eGFR changeb
TC (mg/dl) −0.0209 (0.0144), 40 0.1552 −0.0221 (0.0129), 40 0.0945 −0.0233 (0.0127), 40 0.0750
LDL-C (mg/dl) −0.0912 (0.0378), 19 0.0273 −0.0833 (0.0302), 19 0.0140 −0.0810 (0.0310), 19 0.0197
HDL-C (mg/dl) −0.0957 (0.3024), 33 0.7539 −0.0286 (0.2568), 33 0.9122 −0.1993 (0.2726), 33 0.4706
Non-HDL-C (mg/dl) −0.0329 (0.0209), 32 0.1252 −0.0229 (0.0181), 32 0.2166 −0.0278 (0.0178), 32 0.1290
UC (mg/dl) −0.0154 (0.0187), 26 0.4205 −0.0216 (0.0157), 26 0.1829 −0.0234 (0.0161), 26 0.1604
TGs (mg/dl) −0.0091 (0.0065), 40 0.1689 −0.0046 (0.0061), 40 0.4592 −0.0058 (0.0061), 40 0.3510
ApoB (mg/dl) 0.0330 (0.0980), 20 0.7406 0.0573 (0.0835), 20 0.5017 −0.0388 (0.0819), 20 0.6425
EC (% of TC) 0.1304 (0.2292), 26 0.5749 0.2340 (0.1941), 26 0.2402 0.2270 (0.1985), 26 0.2652

aNonstandardized regression coefficients refer to the change in log odds of CKD stage III–V/ESRD, per unit increase in the levels of
indicated parameters.

bNonstandardized regression coefficients refer to the change in eGFR, per unit increase in the levels of indicated parameters.
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with controls (5, 6, 41, 42). Notably, results from a recent
comparative study mainly focusing on heterozygous
carriers form these two cohorts showed that FLD-Het
had lower LDL-C and lower prevalence of preclinical
atherosclerosis compared with FED-Het and controls
(3). Although some carriers of biallelic variants (FLD
and FED patients) were included in the latter study,
their number was not sufficient to perform a compar-
ative analysis of ASCVD risk in FLD and FED patients
as separate groups (3).

For years, LCAT activity levels have been used to
perform the differential diagnosis of FLD and FED in
specialized research laboratories (7). Our data confirm
that LCAT-alpha activity is drastically reduced in both
FLD and FED and does not represent a differentiating
factor between the two syndromes. Conversely, total
LCAT activity (alpha and beta activity) is virtually ab-
sent in FLD patients, approximately half of normal in
FED patients, and minimally affected in heterozygous
subjects. These data confirm that the measurement of
total LCAT enzymatic activity measured using endog-
enous substrate represents the most discriminatory
diagnostic assay. Our data also provide for the first time
an estimate threshold of LCAT activity levels (toward
both endogenous and exogenous substrates) in FLD,
FED, and heterozygous subjects, which is based on a
large number of observations.

The measurement of LCAT activity can only be
performed in specialized research laboratories and is
not easily implemented in a clinical setting. We evalu-
ated whether other indirect markers of cholesterol
esterification, which are more easily measurable in a
clinical laboratory, could differentiate between phe-
notypes. Both UC and EC% are proportionally affected
by the number of mutated alleles. EC% is a measure of
the relative abundance of EC compared with TC. As
such, this measure showed the highest magnitude of
difference across clinical phenotypes, and it displayed a
significant correlation with total LCAT activity in
plasma. For example, the median levels of LCAT ac-
tivity toward endogenous substrate (percent of control
value) were increased by ∼54, 86, and 98 in FED, FLD-
het, and FED-Het, respectively, compared with FLD.
In parallel, the median levels of EC (percent of TC)
were increased by ∼43, 59, and 62 in FED, FLD-het, and
FED-Het, respectively, compared with FLD.

Conversely, absolute UC levels are influenced by
the levels of TC, and they show more overlapping
between FLD and FED patients. Therefore, based on
the data from this systematic review, EC% represents
the most promising diagnostic biomarker in the clin-
ical setting.

Interestingly, the correlation between LCAT activity
and EC% is nonlinear, and normalization of EC% levels
appear to be reached also in presence of subnormal
levels of enzymatic activity. Specifically, ∼66% of
normal LCAT activity toward endogenous substrate
(total, alpha, and beta activities) and ∼48% of LCAT

activity toward exogenous substrate (alpha activity)
were sufficient to achieve normal levels of EC%.

This observation suggests that restoring relatively low
levels of LCAT activity, perhaps comparable to those
seen in FED patients, may be sufficient to prevent renal
disease and poses the basis for the determination of a
“therapeutic” threshold of activity that may be used as
clinical endpoint.

It has been proposed that the renal disease in FLD
patients is caused by abnormal circulating lipoproteins,
such as LpX and abnormal large LDL particles
(8, 43–47). LpX is an abnormal lipoprotein that is
believed to originate from the nonspecific assembling
of lipids (mostly phospholipids and UC) and proteins
derived from the catabolism and remodeling of other
circulating lipoproteins, such as chylomicrons and
VLDL (45, 46, 48). Our analysis shows that LpX is in fact
identified in 88.9% of the FLD patients tested for it. In
mice and cells, LpX was shown to be taken up by
glomerular endothelial cells, podocytes, and mesangial
cells and induce inflammatory response (8), supporting
a direct role for LpX in the development of renal
damage (8, 45, 46). However, there have been isolated
reports of patients with LpX and no renal disease
(49, 50) as well as patients with renal disease and no LpX
(47, 51). Furthermore, the presence of LpX in FED
subjects has been rarely investigated (47), thus making it
difficult to conclude whether this abnormal lipoprotein
is specific of FLD. Large LDL particles with peculiar
enrichment in TG and UC but distinct from LpX have
also been reported in FLD but not FED patients, sug-
gesting that these lipoproteins may also have a role in
the development of renal disease (47). The absence of a
reliable method for the detection of LpX and other
abnormal lipoproteins may explain the different re-
sults obtained in past investigations. More studies using
comparable LpX detection techniques (52) and
including both FLD and FED patients are needed to
conclusively determine the role of LpX and other
abnormal apoB-containing lipoproteins in the patho-
genesis and progression of renal disease. Interestingly,
an increased risk of nephropathy has been observed in
some heterozygous subjects in the context of other
comorbidity affecting the lipid profile, supporting the
importance of apoB-containing lipoprotein in modu-
lating the renal phenotype (24, 53).

We were interested in evaluating if an association
existed between any of the lipid parameters and the
prevalence of severe CKD (stage III–V/ESRD) and/or
eGFR decline in FLD patients. In the small number of
cases for which data were available, higher levels of TC,
UC, and non-HDL-C were significantly associated with
the higher prevalence of severe CKD, and higher LDL-
C levels were positively associated with eGFR decrease.
These results suggest that, although most of FLD pa-
tients eventually progresses to severe renal disease,
increased levels of TC, UC, non-HDL-C, and LDL-C
may contribute to and/or accelerate its progression.
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Although the association with serum TG levels did not
reach statistical significance in our analysis, the signif-
icant association with non-HDL-C levels suggests a
possible role of TG-rich lipoproteins in the progression
of renal disease (24). Interestingly, these data also show
that UC appears to be a better prognostic predictor of
CKD severity compared with EC%. It is worth noting
that because EC% closely reflects activity levels, it is
significantly and similarly low across the spectrum of
FLD patients. Therefore, small variations in EC% levels
across different FLD subjects may not be sufficient to
affect renal disease outcome.

Conversely, the absolute amount of UC proportion-
ally increases with the levels of TC and may vary
significantly across FLD patients. In line with these
findings, a recent follow-up study of a well-
characterized cohort of 18 FLD patients, included in
this review, found that higher UC levels were associated
with lower event-free survival (54). These data support
the rationale that the UC burden may be directly linked
to the pathogenesis of renal damage, possibly by pro-
moting the formation of LpX. These data are also
consistent with anecdotal reports that lipid-lowering
drugs improve the clinical phenotype of some pa-
tients (55, 56).

Renal biopsy reports showed heterogeneous findings,
likely explained by the variable stage of renal damage
across patients. Nevertheless, this systematic review
confirmed the presence of common features that are
unique to LCAT deficiency, such as the presence of
lipid infiltrates in the glomerular basement membrane,
pericapillary, and mesangial space and the sporadic
presence of pseudothrombi and nonspecific inflam-
matory changes. It is interesting to note that comple-
ment protein C3 and immunoglobulin M were noted in
more than 60% and 50% of biopsies with immunohis-
tochemistry analysis, respectively. Although the num-
ber of observations is limited, these data suggest a role
of the immune system in the pathogenesis of renal
disease in FLD and provides foundation to the anec-
dotal reports in LCAT-deficient patients of sudden
onset or worsening of nephrotic syndrome after flu-
like symptoms or infections (24, 50, 57–60).

Current treatment for FLD is limited to symptomatic
management of its sequelae, specifically targeted to
protect kidney function (34, 56, 61, 62). Although kidney
transplantation in some FLD patients restored their
kidney function, histological signs of the reoccurrence
of disease have been documented in most of the few
cases reported. Thus, FLD is a rare condition with
clearly unmet needs. Excitingly, several potential
treatments are at different stages of preclinical and
early clinical development (9). There is therefore an
urgent need to expand our knowledge of the natural
history of the disease and validate candidate bio-
markers that can predict disease occurrence and
severity and could potentially be used to monitor
treatment efficacy.

We recognize the limitations of this systemic review.
The selected studies were mainly case reports, family
studies, or small population studies, published over
53 years. Accordingly, there was variability in method-
ology and measurements, and longitudinal data on the
cases described were limited. Because of the scarcity of
the studies and limited cases, it was not possible to
perform a formal assessment of study quality and risk
of bias. In order to reduce the possibility of selection
bias, all the records that reported extractable outcomes
were included. Because of the nature of the study, the
classification of patients as FLD and FED was based on
clinical presentation and genetic information at the
time of report. We cannot exclude the possibility that
some FLD patients who were still asymptomatic for
renal disease at the time of publication may have been
misclassified as FED. The outcome definitions and ap-
proximations are reported in supplemental methods
(Section 2, Data extraction). Despite these limitations,
this systematic review is an important step in summa-
rizing the current evidence on the pathogenesis of this
condition, and it has several clinical implications.

Our findings confirm that the direct measurement
of total LCAT enzymatic activity and the assessment of
easy-to-measure indirect markers of LCAT function
(such as EC%) are suitable diagnostic biomarkers to
differentiate the FED and FLD syndromes. Our find-
ings also reinforce the concept that multiple biochem-
ical alterations associated with reduced LCAT function
may be involved in the pathogenesis of renal damage
and its progression: UC, TC, non-HDL-C, and LDL-C
seems to be potential prognostic mediators of renal
disease severity or progression, thus providing rationale
for their therapeutic management with existing lipid-
lowering therapies. Furthermore, other factors unre-
lated to LCAT such as concomitant infections may
precipitate the decline in kidney function in FLD and
should require particular attention.

Finally, the observation that there is a strong and
quantitative relationship between LCAT activity levels
and severity of clinical phenotype suggests that there is
a “therapeutic” level of enzymatic activity that may be
sufficient to slow the progression or even prevent the
onset of severe renal disease. These results offer
promise in guiding the development of novel thera-
peutic approaches for LCAT deficiency. These findings
will need to be confirmed in a larger natural history
study that, given the rarity of this condition, will require
a collaborative effort amongst the international com-
munity of LCAT researchers, clinicians, and patients.

Data availability
All the study data are contained within this article

and its supplemental data file.

Supplemental data
This article contains supplemental data (63–196).

A systematic review of primary LCAT deficiency 13



Acknowledgments
We thank Dr Michael C. Phillips for the helpful scientific

discussion, Debra Cromley, and Lina Crisostomo for their
support in reference retrieval and formatting and the
Biostatistics Analysis Center at the University of Pennsyl-
vania for the support provided in conducting part of the
data analysis.

Author contributions
C. V., A. B., D. J. R., and M. C. conceptualization; C. V., A. B.,

J. S., J. C., and M. C. methodology; C. V., J. S., and J. C. formal
analysis; C. V., A. B., C. N., K. S., and M. C. data curation; C. V.,
A. B., C. N., J. S., J. C., K. S., D. J. R., and M. C. writing–reviewing
and editing; M. C. supervision.

Author ORCIDs
Cecilia Vitali https://orcid.org/0000-0002-4519-0798
Archna Bajaj https://orcid.org/0000-0001-7397-6520
Christina Nguyen https://orcid.org/0000-0001-8549-9784
Kostas Stylianou https://orcid.org/0000-0003-3678-9421
Marina Cuchel https://orcid.org/0000-0001-6808-3824

Funding and additional information
This work was supported in part by the National Institutes

of Health grant P01-HL059407 (to M. C., D. J. R., and C. V.)
and American Heart Association grant 18POST34080184 (to
C. V.). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the
National Institutes of Health.

Conflict of interest
The authors declare that they have no conflicts of interest

with the contents of this article.

Abbreviations
apoB, apolipoprotein B; ASCVD, atherosclerotic cardio-

vascular disease; CKD, chronic kidney disease; EC, esterified
cholesterol; eGFR, estimated glomerular filtration rate;
ESRD, end-stage renal disease; FED, fish-eye disease; FLD,
familial LCAT deficiency; IQR, interquartile range; LpX,
lipoprotein X; TC, total cholesterol; TG, triglyceride; UC,
unesterified cholesterol.

Manuscript received October 6, 2021, and in revised from
December 16, 2021. Published, JLR Papers in Press, January
20, 2022, https://doi.org/10.1016/j.jlr.2022.100169

REFERENCES

1. Santamarina-Fojo, S., Hoeg, J. M., Assmann, G., and Brewer, H.
B., Jr. (2019) Lecithin cholesterol acyltransferase deficiency and
fish eye disease. In The Online Metabolic and Molecular Bases of
Inherited Disease. D. L. Valle, S. Antonarakis, A. Ballabio, A. L.
Beaudet, and G. A. Mitchell, editors. McGraw-Hill Education,
New York, NY. doi: 10.1036/ommbid.147

2. Jonas, A. (2000) Lecithin cholesterol acyltransferase. Biochim.
Biophys. Acta. 1529, 245–256

3. Oldoni, F., Baldassarre, D., Castelnuovo, S., Ossoli, A., Amato, M.,
van Capelleveen, J., Hovingh, G. K., De Groot, E., Bochem, A.,
Simonelli, S., Barbieri, S., Veglia, F., Franceschini, G., Kuiven-
hoven, J. A., Holleboom, A. G., et al. (2018) Complete and partial
lecithin:cholesterol acyltransferase deficiency is differentially
associated with atherosclerosis. Circulation. 138, 1000–1007

4. Calabresi, L., Baldassarre, D., Castelnuovo, S., Conca, P., Bocchi,
L., Candini, C., Frigerio, B., Amato, M., Sirtori, C. R., Alessan-
drini, P., Arca, M., Boscutti, G., Cattin, L., Gesualdo, L., Sampie-
tro, T., et al. (2009) Functional lecithin:cholesterol
acyltransferase is not required for efficient atheroprotection
in humans. Circulation. 120, 628–635

5. Duivenvoorden, R., Holleboom, A. G., van den Bogaard, B.,
Nederveen, A. J., de Groot, E., Hutten, B. A., Schimmel, A. W.,
Hovingh, G. K., Kastelein, J. J., Kuivenhoven, J. A., and Stroes, E.
S. (2011) Carriers of lecithin cholesterol acyltransferase gene
mutations have accelerated atherogenesis as assessed by carotid
3.0-T magnetic resonance imaging [corrected]. J. Am. Coll. Car-
diol. 58, 2481–2487

6. van den Bogaard, B., Holleboom, A. G., Duivenvoorden, R.,
Hutten, B. A., Kastelein, J. J., Hovingh, G. K., Kuivenhoven, J. A.,
Stroes, E. S., and van den Born, B. J. (2012) Patients with low
HDL-cholesterol caused by mutations in LCAT have increased
arterial stiffness. Atherosclerosis. 225, 481–485

7. Kuivenhoven, J. A., Pritchard, H., Hill, J., Frohlich, J., Assmann,
G., and Kastelein, J. (1997) The molecular pathology of lecithin:
cholesterol acyltransferase (LCAT) deficiency syndromes.
J. Lipid Res. 38, 191–205

8. Ossoli, A., Neufeld, E. B., Thacker, S. G., Vaisman, B., Pryor, M.,
Freeman, L. A., Brantner, C. A., Baranova, I., Francone, N. O.,
Demosky, S. J., Jr., Vitali, C., Locatelli, M., Abbate, M., Zoja, C.,
Franceschini, G., et al. (2016) Lipoprotein X causes renal disease
in LCAT deficiency. PLoS One. 11, e0150083

9. Freeman, L. A., Karathanasis, S. K., and Remaley, A. T. (2020)
Novel lecithin: cholesterol acyltransferase-based therapeutic
approaches. Curr. Opin. Lipidol. 31, 71–79

10. Bax, B. E. (2021) Biomarkers in rare diseases. Int. J. Mol. Sci. 22,
673

11. Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G. (2009)
Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. PLoS Med. 6, e1000097

12. Holleboom, A. G., Kuivenhoven, J. A., Peelman, F., Schimmel, A.
W., Peter, J., Defesche, J. C., Kastelein, J. J., Hovingh, G. K.,
Stroes, E. S., and Motazacker, M. M. (2011) High prevalence of
mutations in LCAT in patients with low HDL cholesterol levels
in The Netherlands: identification and characterization of
eight novel mutations. Hum. Mutat. 32, 1290–1298

13. Norum, K. R., Remaley, A. T., Miettinen, H. E., Strøm, E. H.,
Balbo, B. E. P., Sampaio, C. A. T. L., Wiig, I., Kuivenhoven, J. A.,
Calabresi, L., Tesmer, J. J., Zhou, M., Ng, D. S., Skeie, B., Kar-
athanasis, S. K., Manthei, K. A., et al. (2020) Lecithin:cholesterol
acyltransferase: symposium on 50 years of biomedical research
from its discovery to latest findings. J. Lipid Res. 61, 1142–1149

14. Tobar, H. E., Cataldo, L. R., Gonzalez, T., Rodriguez, R., Serrano,
V., Arteaga, A., Alvarez-Mercado, A., Lagos, C. F., Vicuna, L.,
Miranda, J. P., Pereira, A., Bravo, C., Aguilera, C. M., Eyher-
amendy, S., Uauy, R., et al. (2019) Identification and functional
analysis of missense mutations in the lecithin cholesterol acyl-
transferase gene in a Chilean patient with hypo-
alphalipoproteinemia. Lipids Health Dis. 18, 132

15. Posadas-Sánchez, R., Posadas-Romero, C., Ocampo-Arcos, W. A.,
Villarreal-Molina, M. T., Vargas-Alarcón, G., Antúnez-
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