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Abstract t 

Thee peroxisome biogenesis disorders (PBD), which comprise Zellweger syndrome, 
neonatall  adrenoleukodystrophy and infantile Refsum disease, are caused by mutations in 
onee of at least 12 different PEX genes, encoding proteins involved in the biogenesis of 
peroxisomes.. The absence of peroxisomes in PBD patients leads to defects in the 
peroxisomall  metabolic pathways, including peroxisomal f$-oxidation, plasmalogen 
biosynthesis,, and phytanic acid a-oxidation. Laboratory diagnosis of a PBD is performed 
byy metabolite analysis in plasma and erythrocytes of patients, followed by detailed 
peroxisomall  studies in cultured skin fibroblasts, including catalase immunofluorescence 
microscopyy to determine the presence of catalase-containing peroxisomes. In this study we 
describee an alternative technique to determine the presence or absence of peroxisomes in 
patientt cells, which is rapid and non-invasive: immunofluorescence microscopy analysis 
inn lymphocytes, which can be isolated from the same blood samples as used for metabolite 
analyses.. Our results show that blood samples can be stored for at least four days at room 
temperaturee without any negative effect on the results. In some mild cases, 
immunofluorescencee microscopy results in lymphocytes were less ambiguous than in 
culturedd skin fibroblasts, which wil l aid in a more clear and firm diagnosis. 

Introduction n 

Thee peroxisome biogenesis disorders (PBDs), which include Zellweger syndrome (ZS), 
neonatall  adrenoleukodystrophy (NALD) and infantile Refsum disease (IRD), represent a 
spectrumm of disease severity with ZS being the most, and IRD the least severe disorder. 
Commonn to all three PBDs are liver disease, variable neurodevelopmental delay, 
retinopathyy and perceptive deafness.1 Patients with ZS are severely hypotonic from birth 
andd die before one year of age. Patients with NALD experience neonatal onset of 
hypotoniaa and seizures and suffer from progressive white matter disease and usually die 
inn late infancy.2 Patients with IRD may survive beyond infancy and some may even reach 
adulthood.33 Clinical differentiation between these disease states is not very well-defined 
andd patients can have overlapping symptoms.4 

Thee PBDs are caused by genetic defects in PEX genes, encoding proteins called 
peroxins,, which are required for the biogenesis of peroxisomes and function in the 
assemblyy of the peroxisomal membrane or in the import of enzymes into the peroxisome.5 

Afterr synthesis on free polyribosomes, peroxisomal matrix proteins carrying either a 
carboxy-terminall  peroxisomal targeting sequence 1 (PTS1) or a cleavable amino-terminal 
PTS22 signal are translocated across the peroxisomal membrane.5 A defect in one of the 
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peroxinss of the peroxisomal import machinery leads to failure of protein import via the 
PTS1-- and/or PTS2-dependent import pathway and, consequently, to functional 
peroxisomee deficiency. 

Thee absence of functional peroxisomes in patients with a PBD leads to impairment in a 
varietyy of metabolic functions among which 1) f5-oxidation of very-long chain fatty acids 
(VLCFA),, the branched chain fatty acid pristanic acid and the bile acid intermediates di-
andd trihydroxycholestanoic acid, 2) etherphospholipid biosynthesis, 3) phytanic acid a-
oxidationn and 4) L-pipecolic acid oxidation.1 

Laboratoryy diagnosis of a PBD is usually made by investigations in plasma 
(concentrationss of VLCFAs, pristanic acid, phytanic acid, bile acid intermediates, poly-
unsaturatedd fatty acids and L-pipecolic acid) and erythrocytes (plasmalogens).6 This is 
usuallyy followed by the measurement of various parameters in cultured skin fibroblasts 
(VLCFAA concentration, C26:0 and pristanic acid B-oxidation, phytanic acid a-oxidation, 
dihydroxyacetonephosphate-acyltransferasee activity and immunoblot analysis). The most 
decisivee parameter to the diagnosis of a PBD is the absence of peroxisomes as shown by 
immunofluorescencee microscopy analysis using antibodies against the peroxisomal 
enzymee catalase. 

Inn this study we describe an alternative technique to determine the presence of 
peroxisomess in patient cells: immunofluorescence microscopy analysis in lymphocytes. 
Sincee clinical suspicion of a peroxisomal disorder in a particular patient requires full blood 
forr analysis of peroxisomal metabolites, direct analysis of peroxisomes in lymphocyte 
isolatess from the same sample allows rapid and unequivocal identification of a peroxisome 
biogenesiss disorder. Furthermore, we show that in some cases, immunofluorescence 
microscopyy results in lymphocytes are less ambiguous than in cultured skin fibroblasts. 

Materiall and Methods 

ImmunofluorescenceImmunofluorescence microscopy in lymphocytes 
Lymphocytess were isolated from heparin or EDTA-blood using Lymphoprep density 
gradientt medium (Axis-Shield PoC, Oslo, Norway) in Leucosep rubes (Greiner Bio-one, 
Frickenhausen,, Germany). After isolation, lymphocytes were washed once with 0.9% 
NaCl,, and once with RPMI1640 medium (Invitrogen, Carlsbad, CA) containing 10% foetal 
calff  serum (RPMI-FCS). Cells were resuspended in a small volume of RPMI-FCS and 
pipettedd on to microscope slides coated with Poly-L-lysine solution (0.1% w/v) (Sigma, St. 
Louis,, MO) containing two frame-seal chambers (Biozym, Germany) placed on top of each 
other.. Cells were incubated for 30 min at 37°C, after which cells were spun down to adhere 
too the microscope slides by a short period of centrifugation (10 sec) in a centrifuge suitable 
forr micro-titer plates (max. 350 x g). Cells were washed, fixed, permeabilized, and 
incubatedd with antibodies as described for fibroblasts.7 

Resultss and Discussion 

Inn this study we have developed a novel method to determine the presence of 
peroxisomess in lymphocytes using immunofluorescence microscopy as a rapid, non-
invasivee alternative for a similar procedure developed for cultured skin fibroblasts. Figure 
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Figuree 1 Catalase and DBP 
immunofluorescencee microscopy in 
lymphocytess from a control and a PBD 
patient. . 

11 shows the results of immunofluorescence microscopy using antibodies against catalase 
andd the peroxisomal P-oxidation enzyme D-bifunctional protein (DBP) in control 
lymphocytess and lymphocytes from a PBD patient with a defect in the PEX1 gene 
(GenBankk accession no. AF030356). This patient is compound heterozygous for the two 
commonn PEX1 mutations c.2528G>A (p.G843D) and c.2097_2098insT.810 Control 
lymphocytess show a punctate pattern of peroxisomal labeling with both anti-catalase and 
anti-DBPP antibodies, whereas the cells from the PBD patient show a diffuse cytosolic 
staining. . 

Too investigate whether this method is also useful for older blood samples, EDTA blood 
fromm a control subject was left at room temperature for 0, 1, 2 and 4 days, prior to the 
isolationn of lymphocytes. Subsequent catalase and DBP immunofluorescence microscopy 
analysiss in the lymphocytes shows that blood can be stored for at least four days without 
anyy negative effect on the results (figure 2). It should be noted, however, that the isolation 
off  lymphocytes becomes more difficult after this period. 
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Figuree 2 Time-dependency of catalase and DBP immunofluorescence microscopy in control 
lymphocytess after incubation at room temperature for 0, 1, 2 and 4 days prior to isolation. 
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Itt is known that catalase has a divergent PTS1 (KANL instead of SKL or one of its conserved 
variants),111 which results in a less efficient import of catalase into peroxisomes as compared 
too other PTS1 or PTS2 proteins.1213 Immunofluorescence microscopy with antibodies against 
catalasee in fibroblasts from PBD patients homozygous for the p.G843D mutation in PEX1, 
whichh are known for their mild biochemical and clinical phenotype,14 shows a virtually 
completee cytosolic labeling, as shown in figure 3. Immunofluorescence microscopy with 
antibodiess against DBP (carrying a conserved PTS1 variant AKL) in these cells, however, 
showss labeling of peroxisomes, although their numbers are less than in control fibroblasts. 
Whenn catalase and DBP immunofluorescence microscopy analysis was performed in 
lymphocytess from two siblings homozygous for the p.G843D mutation, neither catalase-
positivee particles, nor DBP-positive particles were present (figure 3). These results indicate 
thatt catalase immunofluorescence microscopy in lymphocytes can also be used for the 
diagnosiss of patients suffering from a mild form of PBD. Moreover, the results with the DBP 
antibodiess indicate that immunofluorescence microscopy in lymphocytes may give less 
ambiguouss results than in cultured skin fibroblasts. This may aid in the diagnosis of patients 
withh an even milder biochemical defect than the p.G843D homozygous patients, 

catalasee DBP 

Figuree 3 Catalase and DBP 
immunofluorescencee microscopy in 
fibroblastss and lymphocytes from a PBD 
patientt homozygous for the p.G843D 
mutationn in PEX1. 

Immunolocalizationn studies in patient material other than cultured skin fibroblasts have 
beenn described before. As an alternative for immunolocalization in highly-invasive liver 
biopsies,, Shimozawa et al. described immunolocalization in less, but still invasive rectal 
mucosaa biopsies.15 Santos et al. performed experiments in lymphoblasts16 because of their 
unlimitedd life-span and high efficiency of transformation and transfection with DNA. 
Moreover,, both Suzuki et al.17 and Zhang et al.18 have applied immunofluorescence 
microscopyy to buccal smears, which can be obtained rather easily. The method we 
describee here makes use of lymphocytes, which can be collected from the same samples 
alreadyy used for plasma and erythrocyte analysis. Furthermore, results obtained in 
lymphocytess may well be more physiological, as compared with buccal cells, fibroblasts 
andd lymphoblasts. A disadvantage of immunofluorescence microscopy in lymphocytes 
comparedd to fibroblast immunofluorescence microscopy is that for each patient sample the 
immunofluorescencee procedure must be carried out within a few days after collection of 
thee material. In skin fibroblasts, cells can be kept in culture until material of more patients 
iss collected. For standard diagnostic purposes where fibroblast material is also available, 
immunofluorescencee microscopy in lymphocytes might therefore be more time-
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consuming.. However, in cases in which a fast diagnosis is required, this new technique 
wil ll  be preferable. 
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