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TO THE EDITOR

The intracellular lipid matrix of the
stratum corneum is critical for the skin
barrier function and consists mainly of
cholesterol, fatty acids, and ceramides
(Kihara, 2016). Ceramides represent a
heterogeneous class of lipids with
varying headgroups, carbon chain
lengths, and degree of unsaturation
(Kawana et al, 2020; Supplementary
Figure S2). The composition of the cer-
amide fraction is altered in atopic
dermatitis (AD), psoriasis (PSO), and
ichthyosis (ICHT), among other derma-
toses (Kihara, 2016). In this study, we
aimed to characterize the similarities
between the stratum corneum ceramide
profile in these indications using a sys-
tematic search strategy and meta-
analysis.

A search was performed according to
the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analysis
guidelines for studies that evaluated
the stratum corneum ceramide profile
and returned 40 articles with 849 pa-
tients for AD, 10 articles with 85 pa-
tients for PSO, 13 articles with 121
patients for ICHT, and 55 articles with
852 healthy controls (Supplementary
Figure S1). From this selection,
changes compared with healthy con-
trols were listed in Table 1, and com-
plete ceramide profiles were further
visualized by synthesis of a weighted
average and relative ceramide profile
after extraction of the profiles from ar-
ticles. Supplemental Materials and
Methods provides a more extensive
description of the methods, Preferred
Reporting Items for Systematic Reviews
and Meta-analysis flow chart, ceramide
classification used, and descriptive

review of the observed alterations
compiled in Table 1.

As shown in Table 1, all 3 diseases
show conclusive decreases in the Cer
[NP] abundance and an increased
abundances of Cer[NS] with 34 car-
bons in lesional skin. A conclusive
decrease in ceramide carbon chain
length was observed in lesional AD
and PSO but not always in ICHT.
Although increased Cer[NS] and Cer
[EOS] abundances are also observed in
PSO, AD, and ICHT, these alterations
seemed less consistently observed
because several articles report no sig-
nificant change in these abundances
compared with controls. Notably, al-
terations in the nonlesional skin of AD
and PSO were much less apparent than
in lesional skin of AD and PSO. This is
confirmed by the overlap in the
weighted average ceramide profile of
nonlesional skin and controls as shown
in Figure 1. Lesional AD, lesional PSO,
and ICHT show an evident decrease in
the abundance of Cer[NP] (AD: —6.1
+ 2.3%, PSO: —-123 <+ 1.7%,
ICHT: —8.2 £ 4.4%) amounting to
percentage reductions in the relative
abundance of Cer[NP] of 26% for AD,
52% for PSO, and 35% for ICHT
compared with that of controls.
Although changes in the Cer[NS]
abundances in lesional skin seem
smaller as a result of its overall lower
abundance, the percentage change is
even more drastic (AD: +2.7 + 4.9%
[+37%], PSO: 49.3 + 0.2% [+127%],
ICHT: +7.7 &+ 4.9% [+105%]). Simi-
larly, ceraminde AS seems affected in
lesional skin, with a 2.2 + 4.2%
(+42%), 11.0 + 3.2% (+207%), and
6.5 £ 5.2% (+123%) increase for AD,

Abbreviations: AD, atopic dermatitis; ICHT, ichthyosis; PSO, psoriasis
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PSO, and ICHT, respectively. The sys-
tematic search also returned articles
indicating alterations in the ceramide
profiles of acne vulgaris, palmoplan-
tar hyperkeratosis, dandruff, pruritus,
melasma, scarring, and hypohidrotic
ectodermal dysplasia, but the number
of articles were low, and these lacked
sufficient detail to enable their inte-
gration into the table and meta-
analysis. However, a comprehensive
description has been included with
the Supplementary Materials and
Methods.

The table and meta-analysis show a
high amount of similarity between the
lesional skin of different indications. It
highlights that ceramide subclass syn-
thesis is skewed and that lipid elonga-
tion is impaired in a similar way despite
the different immunological back-
ground of AD and PSO and extent past
the well-defined causative genetic al-
terations that underly ICHT (Guttman-
Yassky and Krueger, 2017; Takeichi
et al, 2022). The mechanistic basis for
the altered subclass profile remains
unclear but might be caused by dysre-
gulated B-glucocerebrosidase and acid-
sphingomyelinase,  responsible  for
conversion of sphingomyelins and glu-
cocylceramide into ceramides (Danso
et al, 2017). Further downstream,
aberrant expression of dihydroceramide
desaturase-1 and -2, involved in Cer
[xdS] to Cer[xS] or Cer[xP] conversion,
might further contribute to the observed
alterations (Del Duca et al, 2024;
Kihara, 2016). In addition, an altered
expression of fatty acid elongases and
ceramide synthases involved in cer-
amide elongation might lead to a
decreased ceramide carbon chain
length and increased Cer[NS] with 34
carbons (Danso et al, 2017; Ito et al,
2017). Considering the different back-
grounds between these diseases but
similarities in ceramide profiles, it
might be plausible that alterations in
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Table 1. Alterations in the Ceramide Profile in Disease, with Increases (1), Decreases (|), or No Significant Differences (<) Indicated Compared with
Controls, with the Fraction of Articles Showing Similar Changes Reported

Articles Patients  Total Bound Conclusive Evidence
(n) (n)  Ceramide [NS] [NdS] [NP] [NH] [AS] [AdS] [AP] [AH] [EOS] [EOdS] [EOP] [EOH] [EOx]  Other CCL  [NSc34] muCer Lipids >3 Sources
Lesional 13/29 176/575 4/4 \'* 5/8 1" 3/4 | "** 55 331 461770 34 2407 230 g8t 121" 551 44 221" 11[0S] 10101 991" 221 126 ° 1C34
atopic 5-8 1/4 - 9 1,2,4,8,9 2,4 2/6 - 4,9 1,2,9 2/4 l 4,9 1/392 8-10 1/2 1,2,4,8,9 1,2,4,8 l 9 1—6, —8,14 10,14 -]/2 l 15 l Tota[
dermatitis 3/8 © 1/4 | * o b 11 [Op] 891213 1 INP]
2,4,9 o9 | [EOS]
1/1 [OH] | [EOP]
o9 1 [EOH]
1/1 8] | ccL
T 1
1/1 [dS]
T 11
Nonlesional 17/28 295/529 2/5 < 7/8 & 44 < 47 o 24 o 66 o 4o 77 o 5/5 < 6/12 | 11 33 56< 33| 11[0S 57| 221 111 33 < < [NdS]
atopic 3,16 2,7,9,16, 2,9,20,21 9,16,21,22 20,22 2,7,9,18,20,21 2,9,20,21 2,9,16,18, 2,16,18,20,21 1,5,10,18,21,23 - 20 2,9,20 2,16, 7,19,20 - 9 8,17,19,21,23 1,19 10 10,15,23 P [AS]
dermatitis 15 | 1620 217 | 22° 2/4 | 2022 6/12 < 2022 1/1 [OP] 2/7 < "% © [AdS]
117 1/8 T 21 1/7 T 18 2,21 2,3,9,16,20,22 ]/6 T 18 P 9 P [AP]
1/5 ¢ '8 1/1 [OH] < [AH]
o’ < [EOP]
Lesional 6/9 57/79 23 o 441 1217 44| 23 o 33 1 12124 33 172 124 34 1270 22 231 231 6/6 | 2/2 1 1 INS]
psoriasis 24,25 24-27 1/2 T 24 24-27 24,27 24-26 1/2 P 26 24-26 1/2 1« 26 1/4 T 28 - 24,27 24,26 24,26 12,13,24, 24,26 T [ASI
13 | 26 13 | 26 1/3 1 28 q9/3 i 28 26—28 1 INP]
1 [AP]
Nonlesional ~ 4/5 37/47 22 o 23 e 1o 283 e 1217 11 11 o 22 22 e 1020 23 & 1020 12 o °° 23 & 12 <2 11 & Inconclusive
psoriasis 16,26 16,26 16,26 12 16,26 1/3 1 28 12 1 28 16,26 1217 26
1/3 %7 173 | %7 2 1/3 128
Ichthyosis ~ 11/13  38/121  4/5 | 7/9 1 6/7 < 770 67 4/8 1 3/6 < 3/6 ] 3/6 | 7/9 | 350 7/81 781 5/51 331081 7/9 | 331 111 35 e 1C34
29-32 30,31, 30,31,33,35, 29-31, 30,31,34, 33—35,37 31,33,35 30,31,36 30,31,34 29-31,34, 29,34,38 29-31, 29-31, 29,30,34,35, Tm,u,w 29-31, 29,31,34 29 30,34,38 1 INP]
1/5 P 33 33-37 36,38 34,35, 36—38 4/8 - 2/6 l 2/6 P 3/6 - 37-39 2/5 - 33,34,37,38 33,34,36,37 38 1/1 [OP] 34-36,38 2/5 i
2/9 & 1/7 1 34 37,38 17 o 30,31,38,39 30,38 33,35,38 33,35,38 1/9 1 33 34,35 1/8 & 35 178 & 35 1 30 2/9 & 33,36,40
38,39 33 1/6 T 34 1/6 T 34 1/9 o 35 »[/-I [O] 32,33
P 36

Abbreviations: CCL, ceramide chain length; HPTLC, high-performance thin-layer chromatography; muCer, monounsaturated ceramide.

Differences in CCL are defined on the basis of changed average CCL and changes in the abundance of short or long ceramide species. The total subjects and number of articles represent the fraction included in the
table of all literature identified through the systematic search. Note that in reference number 4 (Ito et al, 2017), comparison is with nonlesional skin of the same disease. Not all articles in the review have been
included in this overview because they lack comparisons with healthy controls (Angelova-Fischer, 2011; Dahnhardt et al, 2021; Ishida et al, 2020; Jungersted et al, 2011; Lee et al, 2021; Olah et al, 2017; Paslin
and Wertz, 2006), present data in wrong format (Chiba et al, 2019; Yokose et al, 2020), or are prospective biomarker studies (Berdyshev et al, 2023; Rinnov et al, 2023; Sho et al, 2022). Please note that studies
performed using HPTLC are excluded from the table (Di Nardo et al, 1998; Imokawa et al, 1991; Lavrijsen et al, 1995; Matsumoto et al, 1999; Motta et al, 1994; Paige et al, 1994; Yamamoto et al, 1991). A list of
numbered references, as used in this table, is as follows: 'Boer et al (2020); ?Ishikawa et al (2010); 3Kim et al (2023); *Ito et al (2017); 5Berclyshev et al (2022); 6Berdyshev et al (2018); “Danso et al (2017); 8van
Smeden et al (2014a); °Chu et al (2023); '°Boiten et al (2020); "' Toncic et al (2020); '*Tawada et al (2014); "3Pilz et al (2020); Moo et al (2015); "5Macheleidt et al (2002); '®Farwanah et al (20052; VKim et al
(2017); ;jBleck et al (1 999%;819]anssens et al (2013); 2Ojanssens etal (2011); 2310Emmert et al (20231?; 22Jungersted et al (%910); 23Berdyshev et a&3(2021 ); 24Uchino et a|322023); 25I\Aotta et al (1 9‘3)53); 2 Koyano et al
(2010); 36Kim etal (2022); Tyrge7l| etal (2021); van3%meden et al (2014b); /§r9ai etal (2022); Mura4$0e et al (2020); ~“Takeichi et al (2018); ~~Takeichi et al (2020); = Yamamoto et al (2021); ~“van Smeden et al
(2020); ~ Takeichi et al (2022); ~"Ohno et al (2015); ~ Takahashi et al (2022); “"Pichery et al (2017); “Dick et al (2017). [NSc34] indicates ceramide [NS] species with a total carbon chain length of 34.
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Figure 1. Forest plot showing the change in the weighted relative ceramide profile in percentages compared with healthy controls, synthesized from articles
that report a ceramide profile that contain at least the 11 subclasses presented in this figure. The number of articles, subjects, and profiles included are
indicated in the table for each indication. Error bars represent the SD of the weighted mean for diseased skin, and the greay area represents the SD of the
weighted mean of the healthy controls. References included per indication are listed in Supplementary Table S1. L denotes lesional, and NL denotes
nonlesional. AD, atopic dermatitis; ICHT, ichthyosis; PSO, psoriasis.

the ceramide profile result from aber-
rant epidermal differentiation instead of
primary disease mechanisms such as
inflammation or causative mutations.
Indeed, epidermal differentiation has
been linked to skewing of the Cer[NS]
and Cer[NP] synthesis (Yokose et al,
2020). However, the role of inflam-
mation cannot be overlooked in this
process and might aggravate or insti-
gate these changes. Indeed, moni-
toring the effect of anti-inflammatory
treatment showed concurrent normal-
ization of the subclass composition
and ceramide carbon chain length
(Berdyshev et al, 2022).

Of note, the different ceramide pro-
files integrated in this review are ob-
tained using varying methods for
stratum corneum sampling methods,
sampling  preparation, and liquid
chromatography-mass  spectrometry.
This could have impacted the results
because sample preparation and factors
such as instrument settings, matrix ef-
fects, and internal standards used
during liquid chromatography-mass
spectrometry analysis can introduce
variation (Kawana et al, 2020). This has
been partly managed by only including

articles that directly contrast disease
profiles to controls in Table 1 and by
converting all profiles into relative
profile before inclusion in Figure 1.
Indeed, methodological differences
could explain why conflicting reports
are present in Table 1 on, for example,
the abundance of Cer[AS] in ICHT.
Overall, variation seems limited
because the control group which is
composed of 31 profiles shows an
acceptable SD. However, the ceramide
profile has shown to vary, among
others, between sampling locations and
over seasons, which should be consid-
ered when matching controls (Ishikawa
et al, 2013).

To conclude, with this systematic
review and meta-analysis, we show that
alterations in the ceramide profile of
AD, PSO, and ICHT have a high degree
of similarity. These changes are reliably
detected in disease and differentiate
from controls despite differences in
methodology. The ability of the cer-
amide profile to reflect changes in dis-
ease severity upon treatment as shown
in AD holds prospect for its use as a
disease-monitoring biomarker in PSO
and ICHT and might even be applied to

other dermatoses provided that the
ceramide profile has first been properly
characterized.
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TO THE EDITOR

Lipid nanoparticles (LNPs) have been
widely approved and used on a global
scale for delivery of mRNA. LNPs can
package and deliver mRNA-encoding
gene editors, including adenine base
editors, which convert AeT base pairs to
GeC base pairs without double-
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(Gaudelli et al, 2017). Adenine base
editor is a potential treatment approach
for the inherited blistering disease
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dystrophic epidermolysis bullosa; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; LFMM,
Lipofectamine MessengerMAX; LNP, lipid nanoparticle; sgRNA, single-guide RNA
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updates
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DOpen

collagen (C7), a major component of
anchoring fibrils that adhere the
dermal—epidermal junction , giving
stability to skin (Bardhan et al, 2020).
There is currently no cure for DEB;
however, ~90% of COL7AT variants
are single nucleotide variants, with
C>T single nucleotide variants ac-
counting for ~60% of variants (ClinVar
database; accessed August 2023).
These variants are targetable by
adenine base editors; our group and
others have demonstrated the utility of
adenine base editor in reverting patho-
genic variants and restoring C7
expression (Osborn et al, 2020; Sheriff
et al, 2022).
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