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Abstract

The corneocyte lipid envelope (CLE), a monolayer of ω-hydroxyceramides whose function(s) 

remain(s) uncertain, is absent in patients with autosomal recessive congenital ichthyoses with 
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mutations in enzymes that regulate epidermal lipid synthesis. Secreted lipids fail to transform into 

lamellar membranes in certain autosomal recessive congenital ichthyosis epidermis, suggesting 

the CLE provides a scaffold for the extracellular lamellae. However, because cornified envelopes 

are attenuated in these autosomal recessive congenital ichthyoses, the CLE may also provide 

a scaffold for subjacent cornified envelope formation, evidenced by restoration of cornified 

envelopes after CLE rescue. We provide multiple lines of evidence that the CLE originates as 

lamellar body-limiting membranes fuse with the plasma membrane: (i) ABCA12 patients and 

Abca12−/− mice display normal CLEs; (ii) CLEs are normal in Netherton syndrome, despite 

destruction of secreted LB contents; (iii) CLEs are absent in VSP33B-negative patients; (iv) 

limiting membranes of lamellar bodies are defective in lipid-synthetic autosomal recessive 

congenital ichthyoses; and (v) lipoxygenases, lipase activity, and LIPN co-localize within putative 

lamellar bodies.

INTRODUCTION

The corneocyte-bound lipid envelope (CLE), a monolayer enriched in ω-hydroxyceramides, 

replaces the plasma membrane during epidermal terminal differentiation (Akiyama, 2017; 

Elias et al., 2014; Gruber et al., 2017; Kihara, 2016; Uchida and Holleran, 2008). The CLE 

is covalently bound to peptides in the outer surface of the cornified envelope (CE) (Candi et 

al., 2005; Matsui and Amagai, 2015; Steinert and Marekov, 1999) (Figure 1b). Although its 

functions remain unknown, it has been speculated that it mediates intercorneocyte cohesion 

(Wertz et al., 1989), stratum corneum hydration (Elias et al., 2014), and/or permeability 

barrier homeostasis (Akiyama, 2017; Behne et al., 2000; Elias et al., 2014; Meguro et al., 

2000; Takagi et al., 2004).

Mutations in enzymes of epidermal fatty acid or ceramide metabolism account for several 

of the autosomal recessive congenital ichthyoses (ARCIs), in which the generation of ω-O-

acylceramides destined for the CLE (Akiyama, 2017; Elias et al., 2014; Kihara, 2016) is 

compromised, paralleled by defective extracellular lamellar membranes (Akiyama, 2017; 

Behne et al., 2000; Elias et al., 2010). Two hypotheses have been advanced to explain the 

pathogenesis of these ARCIs. One proposes that the dermatoses in these patients reflects 

a failure to generate oxidized linoleic acid metabolites, that is, hepoxilins, which in turn 

regulate epidermal homeostasis (Brash, 1999; Brash et al., 2007; Fischer, 2009; Krieg et al., 

2013; Munoz-Garcia et al., 2014; Yu et al., 2007). Alternatively, or additionally, absence of 

the CLE could contribute to disease pathogenesis if it fails to provide a scaffold required to 

support lamellar membrane formation.

We introduce the term lipid synthetic ARCI (shown in Figure 2m) to distinguish these 

disorders from other ARCIs such as Netherton syndrome, harlequin ichthyosis, and TG1-

deficient or ABCA12-deficient lamellar ichthyosis. These ARCIs represent experiments of 

nature that could clarify the functions and origin of the CLE. Because the CLE represents 

a structural end product of epidermal fatty acid and ceramide synthesis, its absence could 

contribute to the pathogenesis of these disorders (Akiyama, 2017; Elias et al., 2014).
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Absent CLEs in lipid synthetic ARCI

CLEs reportedly are defective, and bound ceramides are largely absent, in patients with 

several lipid synthetic ARCIs and in essential fatty acid-deficient mice (Akiyama, 2017; 

Elias et al., 2014; Grond et al., 2017a, 2017b; Hirabayashi et al., 2017; Jennemann et 

al., 2012; Kihara, 2016). To further clarify whether the mutated enzymes in this pathway 

universally compromise CLE formation, we assessed its status in several additional ARCIs 

and their canine/mouse analogues. Extracellular lamellar membranes again were defective in 

all of these additional diseases/animal models (Figure 1c, f, and i vs. 1a) (see also Elias et 

al., 2010, 2014; Grond et al., 2017a, 2017b; Zhang et al., 2016), expanded to now include 

(i) ichthyosis prematurity syndrome, (ii) transgenic mice with epidermal targeted deletion 

of Fatp4, (iii) NIPAL4 (ichthyin)-deficient canines (Mauldin et al., 2018), and (iv) PNPLA1-

deficient canines (Grond et al., 2017a; Hirabayashi et al., 2017). Moreover, in many of these 

ARCI, biochemical studies have shown parallel reductions in bound ω-hydroxyceramide, 

often with concurrent elevations in unesterified free fatty acids (Grond et al., 2017a, 2017b; 

Jennemann et al., 2012; Uchida et al., 2010; Zheng et al., 2011). Thus, epidermal fatty acid 

and ceramide metabolism generate the ω-hydroxyceramide required to form the CLE.

CLEs provide a bidirectional scaffold also necessary for normal CE formation

To assess the potential scaffold role(s) of the CLE, we examined tissue samples from 

several patients and animal models with lipid synthetic ARCI (Table 1). Not only were 

lamellar membranes defective, but CEs also were attenuated in these ARCI (Figure 1c 

and d), suggesting that the CLE could provide a template for the formation of underlying 

replete CEs. To solidify this possible function, we assessed (and showed that) topical ω-O-

acylceramide treatment normalized CE dimensions in ichthyin-deficient canines (Mauldin 

et al., 2018) (Figure 1e) and that transgenic rescue of the CLE in Fatp4-deficient mice 

normalized CEs (Figure 1g vs. f). Hence, the CLE provides a bidirectional scaffold that 

supports both the lamellar membranes and the formation of replete CEs.

The CLE, rather than the CE, is required for the transformation of secreted lipids into 
lamellar membranes

To address more specifically how the CLE supports the generation of the extracellular 

lamellar membranes, we next examined lamellar membranes in mice with transgenic 

knockout of 12RLox, one of the two lipoxygenase enzymes. In the ALOXs, the defect 

in the CLE synthetic pathway occurs distal to loading of glucosylceramide and acyl 

glucosylceramide into lamellar bodies (LBs) (Figure 2m). Here again, CLEs were absent 

and CEs attenuated (Figure 1i), although LB production appeared unimpaired (Figure 1h). 

However, newly secreted LB contents failed to transform into lamellar membranes (Figure 

1i).

In contrast, the CE is not required for the generation of lamellar membranes, because 

CLEs and bound ω-hydroxyceramide (Paige et al., 1994) are normal in TG1-negative 

lamellar ichthyosis and in loricrin keratoderma, despite markedly abnormal CEs (Elias et 

al., 2002; Schmuth et al., 2004). However, secreted lamellar contents subsequently become 

disorganized in both of these disorders, suggesting that the CE mediates a separate scaffold 
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function, that is, maintenance of the supramolecular architecture of the extracellular lamellar 

membranes.

The CLE originates with exocytosis of LBs

The ω-hydroxyceramides that form the CLE could originate from either a pool of 

secreted acylglucosylceramides (Kalinin et al., 2001) or with insertion of LBs into the 

plasma membrane during their exocytosis late in epidermal terminal differentiation. We 

had long suspected the latter, because normal-appearing CLEs were present in biopsy 

samples from patients with clinical features of harlequin ichthyosis, obtained during the pre-

genotyping era (Elias et al., 2000). To address more definitively whether the CLE originates 

from a secreted pool of acylglucosylceramides or with insertion of organelle-limiting 

membranes during terminal differentiation, we next examined a cohort of genetically 

characterized harlequin ichthyosis patients and Abca12−/− mice (Zhang et al., 2016). In 

both genotyped humans and Abca12−/− mice, CLEs were present, although extracellular 

lamellar membranes were largely absent (Figure 2a and b), despite unabated secretion of 

myriad forme fruste LBs (Chan et al., 2015; Zhang et al., 2016), likely accounting for the 

ongoing generation of CLEs in both harlequin ichthyosis patients and Abca12−/− mice.

Further evidence for the role of LB exocytosis in the formation of the CLE came from 

patients with autosomal recessive keratoderma-ichthyosis-deafness syndrome (i.e., ARKID) 

syndrome due to VPS33B mutations, in which LB exocytosis is impeded (Gissen et al., 

2004; Gruber et al., 2017; Hershkovitz et al., 2008) and CLEs again appeared to be absent 

(Figure 2i and j).

To further ascertain whether the CLE originates from a pool of secreted 

acylglucosylceramides or during fusion of LB-limiting membranes during exocytosis, we 

examined CE/CLE structure in Netherton syndrome, in which LB contents form normally 

and secretion accelerates (Figure 2c), but secreted LB contents are rapidly degraded 

(Fartasch et al., 1999; Hachem et al., 2006). Accordingly, both CE and CLE structure and 

dimensions appeared unaltered in Netherton syndrome (Figure 2d).

If fusion of LBs generates the CLE, the limiting membranes of LBs should be defective 

in the lipid synthetic ARCI. Indeed, LB-limiting membranes appeared defective in all 

lipid-synthetic ARCIs examined to date (note discontinuities in membranes in Figure 2e–h). 

Finally, should fusion of LB-limiting membranes generate CLEs, the lipoxygenase enzymes 

necessary to generate the requisite oxidized ω-hydroxyceramides should localize to LBs. 

Accordingly, using polyclonal antibodies with specificity against either murine eLOX3 

or arachidonate 12-lipoxygenase displayed a prominent, vesicular immunostaining pattern, 

comparable to the immunolocalization of a standard LB marker, LAMP1 (Figure 2l).

The penultimate step in CLE formation requires lipolysis of the oxidized linoleate 

moiety from acylglucosylcer-amide before the transesterification of the newly liberated 

ω-hydroxyglucosylceramides to the CE. Accordingly, LBs contain abundant acidic lipase 

activity, which remains segregated within the stratum corneum interstices after organelle 

secretion (Figure 2j, insert) (Menon et al., 1986, 1992). Although properly positioned 

to remove oxidized, ω-esterified linoleic acid residues from acylglucosylceramide, the 
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responsible protein is not known. Because a small subset of ARCI patients who show 

mutations in LIPN (Israeli et al., 2011), this epidermal-localized member of the acidic 

lipase superfamily could account for the observed acidic lipase activity in normal epidermis. 

Like the lipoxygenases, LIPN displayed a vesicular distribution pattern that mirrored the 

localization of LBs in the outer epidermis (Figure 2l). Together, these studies suggest that 

the CLE originates during fusion of LBs with plasma membranes during epidermal terminal 

differentiation.

COMMENTS

Although abnormalities in permeability barrier homeostasis shape clinical phenotypes in the 

ichthyoses (Elias et al., 2010; Schmuth et al., 2007; Williams and Elias, 2000), how specific 

epidermal structures dictate these disease phenotypes is not always clear. Likewise, the 

function of these structures in normal epidermis can also remain uncertain. One distinctive 

structure, with still-obscure function(s) in normal epidermis, is the CLE, a monolayer 

enriched in ω-hydroxyceramides that coats the outer surface of the CE (Akiyama, 2017; 

Elias et al., 2014; Kihara, 2016; Wertz and Downing, 1986). The CLE replaces the 

plasma membrane during epidermal terminal differentiation, forming a broad lipid raft that 

envelopes nascent corneocytes. Although this structure physically bridges the CE to the 

extracellular lamellar membranes, its precise function(s) remain(s) speculative.

We hypothesized that the lipid synthetic ARCIs comprise experiments of nature, much 

like knockout mice, that could pinpoint both the role(s) and the origin of the CLE. After 

assessing the structural consequences of mutations in multiple lipid synthetic ARCI and 

their animal analogues (Table 1), it seems clear that this pathway converges upon the CLE 

(Figure 2m) and that its absence (although not always confirmed by lipid biochemistry) 

compromises its function in these ichthyoses (Akiyama, 2017; Elias et al., 2014). However, 

we did not examine an alternate or additional possibility, that is, that failure to generate 

hepoxilin metabolites from oxidized linoleate could also contribute to disease pathogenesis 

(Brash et al., 2007; Fischer, 2009; Krieg and Furstenberger, 2014; Munoz-Garcia et 

al., 2014; Yu et al., 2007). Failure to generate these metabolites could compromise the 

generation of eicosanoid ligands of PPARs, which regulate epidermal homeostasis (Schmuth 

et al., 2008).

Although loss of the CLE likely contributes to the pathogenesis and clinical phenotype 

of the lipid synthetic ARCI, the question then becomes How? Based on the lack of 

identifiable extracellular lamellar membranes in Alox12b−/− mice, despite a demonstration 

of the ongoing bioavailability of secreted ceramides, the CLE likely supports the initial 

transformation of secreted lipids into the lamellar membranes that mediate the permeability 

barrier. In contrast, normal CLEs (and bound ω-hydroxyceramides) (Paige et al., 1994) 

are generated in both TG1-negative lamellar ichthyosis and loricrin keratoderma, despite 

prominent abnormalities in CE structure (Elias et al., 2002; Schmuth et al., 2004). In 

contrast to ALOX deficiency, however, extracellular lamellar membranes form initially 

in both lamellar ichthyosis and loricrin keratoderma, but they subsequently become 

disorganized, accounting for their associated permeability barrier abnormalities. Thus, the 
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CE, independent of the CLE, apparently supports a separate function, that is, maintenance of 

the supramolecular architecture of the extracellular lamellar membranes.

Unexpectedly, mutations in the lipid synthetic ARCI result not only in an absence of the 

CLE but also in attenuation of underlying CEs. To determine whether the CLE supports the 

formation of replete CEs, we assessed whether either topical replenishment of acylceramide 

or transgenic rescue reconstituted CLEs, while also normalizing underlying CEs. These 

unrelated approaches both restored CLEs and/or bound ω-hydroxyceramides in parallel with 

normalization of CE dimensions in (i) NIPAL4-deficient canines (Mauldin et al., 2018), (ii) 

Fatp4−/− mice (Moulson et al., 2007), and (iii) Pnpla1−/− mice (Grond et al., 2017a). Hence, 

the CLE provides a bidirectional scaffold required for both lamellar membrane formation 

and generation of a replete, underlying CE. However, additional replenishment or genetic 

rescue studies in other lipid-synthetic ARCI would help to solidify this paradigm.

Because a normal-appearing CLE is formed (Elias et al., 2002; Schmuth et al., 2004) and 

covalently bound ω-hydroxyceramides remain normal in TG1-deficient skin (Paige et al., 

1994), the transesterification of ω-hydroxyglucosylceramides to involucrin residues in the 

CE cannot be catalyzed by TG1 (as proposed by Nemes and Steinert, 1999). Instead, 

another transglutaminase isozyme (e.g., TG5) likely is up-regulated in these patients. 

The localization of lipoxygenase enzymes, acidic lipase, and LIPN protein to LBs shows 

that this cluster is positioned to potentially remove oxidized linoleate moieties from acyl 

glucosylceramide, and this lipid still remains anchored to the LB-limiting membranes. 

Lipolysis of the oxidized linoleate then would be followed by cross-linking of the newly 

liberated ω-hydroxyceramides to the CE by the putative alternate transglutaminase isomer.

Finally, we provide multiple lines of evidence that the CLE forms as the limiting membranes 

of LBs fuse with the apical plasma membrane of stratum granulosum cells (Figure 2k) 

rather than from a pool of secreted acyl glucosylceramide (Kalinin et al., 2001). This 

evidence includes our demonstration (i) that normal-appearing CLEs are present in both 

harlequin ichthyosis and Abca12−/− mice, where forme fruste LBs continue to be formed 

and secreted (Chan et al., 2015; Zhang et al., 2016); (ii) the presence of defective limiting 

membranes of LBs in lipid-synthetic ARCI; (iii) the persistence of normal CLEs (and 

CEs) in Netherton syndrome, where LB secretion accelerates but secreted LB contents are 

destroyed by unopposed kallikrein activity (Fartasch et al., 1999; Hachem et al., 2006); 

(iv) the absence of CLEs in autosomal recessive keratoderma-ichthyosis-deafness syndrome, 

where mutations in VPS33B compromise LB trafficking and secretion (Gissen et al., 2004; 

Gruber et al., 2017); and (v) the immunolocalization of lipoxygenase enzymes, LIPN 

protein. and acidic lipase activity to vesicular structures likely representing LBs. Although 

the lipoxygenases co-localize to vesicular organelles that also express LAMP1, a standard 

LB marker, LIPN apparently inhabits a separate pool of LAMP1-negative organelles (Figure 

2l). Although LIPN’s function is unknown, it is an epidermal-localized member of the 

acidic lipase superfamily (Hide et al., 1992; Holmes et al., 2010; Wong and Schotz, 2002). 

Because this protein immunolocalizes to LBs and because abundant enzyme activity is 

present in LBs (Menon et al., 1986, 1992), LIPN could account for this acidic lipase activity. 

Although these disparate observations provide robust evidence that the CLE forms during 
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the exocytosis of LBs, definitive proof of this hypothesis will require the lipid biochemical 

characterization of LB-limiting membranes.

METHODS AND MATERIALS

Patient material and animal models

We examined biopsy material from our library of genotyped patient samples and animal 

models, which included patient biopsy samples submitted to us from outside centers 

under a protocol approved by the UCSF Committee for Human Research no. 10–00944 

(Table 1). FATP4-knockout mice and rescued mice (FATP4 transgene under keratinocyte-

specific involucrin promoter) have been described (Moulson et al., 2007). Abdominal skin 

of 5-month-old sibling female canines with NIPAL4 mutations were treated daily with 

ω-esterified C18:2, as described (Mauldin et al., 2018).

Light microscopy and immunohistochemistry

Next, 6-µm skin punch biopsies were performed under local anesthesia, divided into flash-

frozen or formation-fixed samples, and processed for hematoxylin and eosin staining and 

immunohistochemistry. Paraffin-embedded sections from affected and wild-type control 

animals were incubated with either rabbit polyclonal anti-ichthyin (sc-133280; Santa Cruz 

Biotechnology, Dallas, TX), or rabbit polyclonal FATP4 antibody (Abcam, Cambridge, 

UK) (0.865 mg/ml). For immunodetection of ichthyin and FATP4, a LSAB2 kit (Dako, 

Carpinteria, CA) was used with 3,3′-diaminobenzidine and hematoxylin counterstaining.

For immunofluorescence, neonatal foreskins were fixed in 4% formalin, embedded in 

optimal cutting temperature compound and snap-frozen in liquid nitrogen. Next, 5-µm 

cryosections were postfixed in pre-chilled acetone at −20 °C for 10 minutes and washed 

in phosphate buffered saline/0.5% TritonX-100 (Millipore Sigma, St. Louis, MO). After 

blocking for 30 minutes in 1% bovine serum albumin/phosphate buffered saline plus 

5% cold-water fish gelatin, sections were incubated overnight at 4 °C with primary 

antibodies: anti-mouse arachidonate 12-lipoxygenase (Y14334), 1:100; anti-mouse el3.3 

(mouse epidermal lipoxygenase-3) (Y14885), 1:200, anti-human LIPN (Thermo Fisher 

Scientific, Waltham, MA), 1:50; and anti-human LAMP1 (Abcam), 1:25. Slides were 

washed and incubated with appropriate secondary antibodies (1:1,000) for 1.5 hours: 

anti-rabbit Alexa 555, anti-mouse Alexa 488, anti-guinea pig Alexa 594 (Thermo Fisher 

Scientific). Slides were mounted with Fluoroshield with DAPI (Sigma-Aldrich, St. Louis, 

MO), and imaged on a Zeiss (Oberkochen, Germany) confocal microscope using a 63X 

Plan-Apochromat lens; 5-µm Z stacks were obtained every 0.272 um, processed with Fiji 

(National Institutes of Health, Bethesda, MD), and displayed at maximum intensities.

Additional frozen human skin samples were cryoprotected in 30% sucrose, embedded 

in optimal cutting temperature compound, cryosectioned (5 µm), air-dried, washed with 

0.15 mol/L phosphate buffered saline and incubated for 18 hours with either (i) rabbit 

anti-ichthyin (Santa Cruz Biotechnology) (1:300) in Antibody Diluent Reagent Solution 

(Invitrogen, Waltham, MA), (ii) anti-LAMP1 (Alexa 488), (iii) anti-eLOX3 (guinea pig, 

Alexa 597), (iv) or anti-LIPN antibodies (Alexa 597/568) (1:500), followed by incubation 
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with Alexa 568 goat anti-rabbit IgG secondary antibody (Thermo Fisher Scientific). After 

being washed with phosphate buffered saline, slides were mounted in Vectashield with 

4′,6-dia-midino-2-phenylindole (DAPI; Vector Labs, Burlingame, CA).

Ultrastructural methods

For standard electron microscopy, skin biopsy samples were minced to smaller than 0.5-

mm3 fragments, rinsed three times in 0.1 mol/L cacodylate buffer, and prefixed in half-

strength Karnovsky’s fixative, followed by postfixation in (i) reduced osmium tetroxide 

and ruthenium tetroxide (Polysciences, Warrington, PA), followed by epoxy-Epon (Hexion, 

Columbus, OH) embedding (Hou et al., 1991). To quantify CE dimensions, 2-mm punch 

biopsy samples were flash frozen and thawed in absolute pyridine for 2 hours at room 

temperature (Lin et al., 2012), rinsed in 0.1 mol/L cacodylate buffer, and postfixed with 

reduced osmium tetroxide before imaging on a JEOL (Peabody, MA) 100CX electron 

microscope at 60 V, using a Gatan (Pleasanton, CA) Bioscan camera (model 792).

Ultrastructural quantitation

CE measurements were performed directly on the JEOL microscope at 29,000 with the 

Gatan camera by using a measuring tool in the camera’s software, calibrated using catalase 

crystals or a diffraction grating replica for higher and lower magnifications, respectively. 

Five images were taken of each sample, with 15 measurements obtained at the thinnest 

(most perpendicular) portions of CEs from each image (two or three different tissue 

samples).

Lipase ultrastructural cytochemistry

The delivery and secretion of LB contents was assessed by lipase ultracytochemistry, as 

previously described (Menon et al., 1986, 1992; Rassner et al., 1997). Tissue samples then 

were immersed in 0.1% lead nitrate for 10 minutes and postfixed as described for 1 hour in 

the dark, followed by dehydration and embedding.

Lipid extraction, fractionation, and quantitation of epidermal ceramides

Scale was acquired by surface scrapings from several ARCI patients and affected animal 

models (Table 1). Scale samples were homogenized in water, followed by extraction and 

quantitation of bound and unbound ceramides by gas liquid chromatography, coupled to 

electrospray ionization tandem mass spectrometry (i.e., LC-ESI-MS/MS), monitored in the 

positive ion mode (Eckl et al., 2013; Uchida, et al, 2010). Ceramide species were identified 

using internal ceramide standards (d17:1/C18:0) and were normalized to sample dry weight.
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Figure 1. Dual scaffold functions of CLEs in several ARCIs.
(a, c) Loss of both CLE (solid arrows) and attenuation of cornified envelopes (CE) 

(open arrows in ichthyin-deficient canines [ICH-C] vs. replete CLEs and CEs in normal 

littermates [N-C]). (b) Model of the relationship between CLE, CE, lamellar membranes, 

and corneocyte cytosol in normal stratum corneum. (d, e) Significant decline in CE 

thickness in several ARCI patients and animal models (mean ± standard error of the mean). 

(e) Normalization of CE in ichthyin-deficient canines treated with topical ω-O-acylceramide 

versus vehicle alone. (f) Loss of CLE in Fatp4 knockout (−/−) (solid arrows) and (g) 

reappearance of CLE (open arrows) after suprabasal transgenic rescue (Fatp4-R) (see 

Mauldin et al. [2018] for images of CLE in ichthyin-deficient canines]. (h) Despite replete 

lamellar body contents (solid arrows), (i) secreted contents fail to transform into lamellar 

membranes in Alox12b−/− mice (asterisk). Note also the loss of CLEs and attenuation of 

CEs in Alox12b−/− SC (i, open arrows). (c, g, i) osmium tetroxide postfixation. (a, f, m) 
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Ruthenium tetroxide postfixation after pyridine pretreatment. Scale bars = 100 nm in a; 

0.2 µm in c, f, g, and h; and 1 µm in i. ARCI, autosomal recessive congenital ichthyosis; 

CE, cornified envelope; CLE, corneocyte lipid envelope; Def, deficient; IPS, ichthyosis 

prematurity syndrome; RD, Refsum disease; SC, stratum corneum; SG, stratum granulosum; 

WT, wild type.
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Figure 2. Evidence that CLEs form during LB exocytosis.
(a, b) Intact CLEs (open arrows), but paucity of extracellular lamellar membranes in 

harlequin ichthyosis patients and Abca12−/− mice (asterisks). (c, d) Normal LBs and CLEs 

in Netherton syndrome. (e–h) Abnormal lamellar body-limiting membranes in different 

ARCI and animal models. Solid arrows point to defects in LB-limiting membranes. (c.f. 

Figure 1h for another example). (i, j) Paucity of secreted LB contents at the SG-SC interface 

(i, open arrows) and absence of CLEs (j, solid arrows) in patients with VPS33B mutation 

(i, open arrow). Note also blockade in secretion results in entombment of lipase activity in 

the corneocyte cytosol (j, open arrow). (j) (insert) Lipase activity in lamellar bodies and 

at the SG-SC interface in normal human epidermis (solid arrows). (k) Proposed model of 

CLE formation with fusion of LB-limiting membranes to plasma membrane in outer SG. 

(l) Immunolocalization of eLOX3 (EI303 antibody) and LAMP1 in vesicular structures 

and lamellar membranes in frozen sections of normal human epidermis (solid arrows). 

(m) Epidermal lipid synthetic pathway leading to formation of the CLE and extracellular 

lamellar membranes, as well as sites of enzyme blockade in the lipid synthetic ARCI. Scale 

bars in a, b, d, e, and j = 0.2 µm; in c, f, g, and h = 0.1 µm; in i = 0.5 µm; in j = 

0.25 µm; and in j, insert = l–10 µm. ARCI, autosomal recessive congenital ichthyosis; C, 

canine; CE, cornified envelop; CLE, corneocyte lipid envelope; HI, harlequin ichthyosis; 

ICH, ichthyin; IPS, ichthyosis prematurity syndrome; LB, lamellar body; M, transgenic 

mice; NS, Netherton syndrome; SC, stratum corneum; SG, stratum granulosum.
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