
The American Journal of Pathology, Vol. 185, No. 4, April 2015
EPITHELIAL AND MESENCHYMAL CELL BIOLOGY

ajp.amjpathol.org
Sebaceous Gland, Hair Shaft, and Epidermal
Barrier Abnormalities in Keratosis Pilaris with

and without Filaggrin Deficiency
Robert Gruber,* Jeffrey L. Sugarman,y Debra Crumrine,z Melanie Hupe,z Theodora M. Mauro,z Elizabeth A. Mauldin,x

Jacob P. Thyssen,{ Johanna M. Brandner,k Hans-Christian Hennies,** Matthias Schmuth,* and Peter M. Eliasz
From the Department of Dermatology and Venereology* and the Center for Dermatogenetics,** Division of Human Genetics, Innsbruck Medical University,
Innsbruck, Austria; the Department of Dermatologyy and the Dermatology Service,z Department of Veterans Affairs Medical Center, University of California,
San Francisco, California; the Department of Pathobiology,x School of Veterinary Medicine, University of Pennsylvania, Philadelphia, Pennsylvania; the
Department of Dermato-Allergology,{ Gentofte University Hospital, University of Copenhagen, Hellerup, Denmark; and the Department of Dermatology and
Venereology,k University Hospital Hamburg-Eppendorf, Hamburg, Germany
Accepted for publication
C

P

h

December 17, 2014.

Address correspondence to
Robert Gruber, M.D., Depart-
ment of Dermatology, Inns-
bruck Medical University,
Anichstr. 35, 6020 Innsbruck,
Austria. E-mail: r.gruber@
i-med.ac.at.
opyright ª 2015 American Society for Inve

ublished by Elsevier Inc. All rights reserved

ttp://dx.doi.org/10.1016/j.ajpath.2014.12.012
Although keratosis pilaris (KP) is common, its etiopathogenesis remains unknown. KP is associated
clinically with ichthyosis vulgaris and atopic dermatitis and molecular genetically with filaggrin-null
mutations. In 20 KP patients and 20 matched controls, we assessed the filaggrin and claudin 1 genotypes,
the phenotypes by dermatoscopy, and the morphology by light and transmission electron microscopy.
Thirty-five percent of KP patients displayed filaggrin mutations, demonstrating that filaggrin mutations
only partially account for the KP phenotype. Major histologic and dermatoscopic findings of KP were
hyperkeratosis, hypergranulosis, mild T helper cell type 1-dominant lymphocytic inflammation, plugging
of follicular orifices, striking absence of sebaceous glands, and hair shaft abnormalities in KP lesions but
not in unaffected skin sites. Changes in barrier function and abnormal paracellular permeability were
found in both interfollicular and follicular stratum corneum of lesional KP, which correlated ultrastruc-
turally with impaired extracellular lamellar bilayer maturation and organization. All these features were
independent of filaggrin genotype. Moreover, ultrastructure of corneodesmosomes and tight junctions
appeared normal, immunohistochemistry for claudin 1 showed no reduction in protein amounts, and
molecular analysis of claudin 1 was unremarkable. Our findings suggest that absence of sebaceous glands
is an early step in KP pathogenesis, resulting in downstream hair shaft and epithelial barrier abnormal-
ities. (Am J Pathol 2015, 185: 1012e1021; http://dx.doi.org/10.1016/j.ajpath.2014.12.012)
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Keratosis pilaris (KP) is a disorder of keratinization, charac-
terized by prominent keratinous plugging of follicular orifices,
and various degrees of perifollicular erythema.1e3 Although
the proximal extremities are a common area of involvement,
other sites of predilection include the buttocks, trunk, and
face.1,2 The onset of KP usually occurs during the first two
decades of life with a peak at puberty,4 followed by either
improvement with increasing age in 35%, persistence into
adulthood in 43%, or worsening in 22% of the patients.5

Prevalence estimates for KP range between 4% and 34%,6,7

and earlier studies report a prevalence up to 80% in British
girls,8 demonstrating that the KP phenotype is common.

Although family studies suggest an autosomal dominant
pattern of inheritance,5 no single gene mutation has yet been
stigative Pathology.

.

linked to KP. KP is associated with atopic dermatitis in large
population samples,1,4,5,7 ichthyosis vulgaris, and hence
filaggrin (FLG) mutations.7,9e12

The clinical expression of KP is likely determined not
only by genetic predisposition but also by environmental
factors. Some persons with KP experience improvement
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Table 1 Demographic Characteristics

Characteristics

Keratosis
pilaris
patients Controls

Age, years, median (range) 31 (22e69) 33 (23e76)
Sex, n Z 20 12 females,

8 males
11 females,
9 males

Frequency of filaggrin mutations, % 35 5
Subjects with specific mutation, n
2282del4/2282del4 1
2282del4/wt 4
R501*/wt 2
R2447*/wt 1

Ultrastructure and Function in KP
during the summer, compared with winter months, suggest-
ing a role for reduced environmental humidity in disease
expression.4,5 A stronger association was found between FLG
mutations and KP in populations residing in colder and drier
temperate zones than in equatorial populations.13 An acquired
increase in the incidence of KP-like lesions is observed in
obesity, diabetes, pregnancy, menopause, and malnutrition,
particularly in association with vitamin A deficiency.14e18

Treatment of KP has focused on preventing excessive skin
dryness with moisturizers, softening and thinning the
follicular plugs with keratolytic agents, peelings, or topical
retinoids, and/or decreasing associated erythema with low-
potency topical steroids.2,19

The pathogenesis of KP remains unknown, and the litera-
ture about this topic is limited. Because both ichthyosis vul-
garis and atopic dermatitis are strongly associated with
KP,9e11 it is possible that the follicular abnormalities observed
in KP result from FLG deficiency. FLG, one major structural
protein of the epidermis, not only aggregates keratin filaments
into corneocytes but also is hydrolyzed into osmotically active
amino acids, forming approximately 50% of the natural
moisturizing factor of the stratum corneum (SC), and playing a
key role in photoprotection and acidifying the skin sur-
face.20,21 Null mutations in FLG result in reduced natural
moisturizing factor in the SC, leading to xerosis cutis and
epithelial barrier abnormality.20,22,23

In normal epidermis, the permeability barrier is formed by
corneocytes surrounded by the hydrophobic extracellular
lamellar bilayers of the SC, which derive from the secretion of
lamellar body (LB) contents, with an additional potential role
of tight junctions (TJs) of the subjacent stratum granulosum
(SG).24 Corneodesmosomes regulate the integrity and cohe-
sion of the SC.25 Together, these structures provide the
epidermis with a formidable barrier against the outward loss of
water and electrolytes, while also preventing transcutaneous
entry of exogenous xenobiotics.26e28

We assessed here the FLG genotype of 20 KP patients and
the morphology of KP skin by light and electron microscopy.
Furthermore, we asked whether KP is associated with changes
in epidermal structure and whether the putative barrier
impairment is only observed in KP patients with FLG null
mutations.

Materials and Methods

Human Subjects and Dermatoscopic Evaluation

The study was approved by the institutional review boards of
the Innsbruck Medical University and the University of Cali-
fornia, San Francisco, and complied with the Declaration of
Helsinki Principles. Twenty adult Caucasians with KP,
defined as rough folliculocentric keratotic papules on the
proximal upper arms, thighs, and buttocks, and 20 matched
healthy controls (all displayed Fitzpatrick skin pigment
phenotype I-II or II) were included between June and July
2011 (Table 1). All subjects provided written informed
The American Journal of Pathology - ajp.amjpathol.org
consent before enrollment. Ten subjects lived in coastal Cal-
ifornia and 10 patients in the temperate region of Austria.
Specifically excluded were persons with KP and ichthyosis
vulgaris and/or atopic dermatitis, endocrinologic disorders,
and patients receiving systemic immunosuppressives or reti-
noids. Skin examination and dermatoscopy, using PhotoMAX
Plus digital image capture device (Equipmed, London, UK),
were performed by experienced dermatologists.

Genotyping

Genomic DNA was extracted from EDTA-blood by using the
GenoM48-automated-extractor (Qiagen, Vienna, Austria) or
from saliva according to the manufacturer’s instructions
(Oragene DNA Self-Collection Kit; DNA Genotek Inc.,
Kanata, ON, Canada). European FLG variants 2282del4,
R501*, R2447*, and S3247* were screened by allele-specific
PCR; FLG variants 3702delG and 6867delAG were screened
by sizing offluorescently labeled PCR products.29,30 Claudin 1
gene (CLDN1) sequence analysis was done by amplifying
each exon and exon/intron boundaries (http://www.ncbi.nlm.
nih.gov/gene; Accession no. NM_021101.4) by PCR. Prod-
ucts were directly sequenced with the BigDye Terminator-
v.1.1 Cycle-Sequencing Kit on a 3730 DNA Analyzer
(Applied Biosystems, Foster City, CA). Primer sequences are
as follows: exon 1 forward primer, 50-CCC-GACCCAGAG-
CTTCTC-30, and reverse primer, 50-GCTT-TCCTCAAAC-
CAGGATTC-30; exon 2 forward primer, 50-CCAGCGGAA-
ACATCAGTATG-30, and reverse primer, 50-TTGCAGTTT-
GCCTTAGAGACTG-30; exon 3 forward primer, 50-GGA-
CTTCTAATCTCCCTAATACC-30, and reverse primer, 50-
CCCAGTTATACAGTTGAAAAGC-30; exon 4 forward
primer, 50-GGGATATTCAGGGGTTA-TTTTC-30, and
reverse primer, 50-TTAAGCCATGTTTAGCACTGAG-30.

Functional Measurements

Measurements were performed on all 40 study subjects
on the dorsal site of the upper arm (lesional KP) and
the ventral site of the upper arm (nonlesional KP)
(Supplemental Table S1). Subjects were not allowed to
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Figure 1 Phenotypical, dermatoscopic, and histologic abnormalities in KP. A: Moderate xerosis and follicular papules and mild perifollicular rim of erythema. B:
Mild xerosis and follicular papules but moderate erythema. C: Dermatoscopy of lesional KP with short, thin, and coiled hair shafts (black arrows). DeH: Hyper-
keratosis, restrained acanthosis, marked plugging of follicular orifices, absence of sebaceous glands, and mild dermal lymphocytic infiltration in all KP specimens,
regardless of FLG mutation status. Although KP mostly shows hypergranulosis (E, white arrows), two FLG single-allele mutant subjects presented a normal SG (F,
white arrows) and one FLG double-allele mutant an attenuated SG (G, white arrows). H: Absence of sebaceous glands in lesional KP. Note the semicircular hair shaft
embedded superficially within the SC (black arrows). I: Presence of sebaceous glands (black arrows) in nonlesional KP. Stained with hematoxylin and eosin (DeG)
and toluidine blue (H and I). FLG, filaggrin; KP, keratosis pilaris; SG, stratum granulosum; WT, wild-type.

Gruber et al
use topical formulations on the test sites at least 3 days
before the experiments. Skin surface pH was measured
with a Skin-pH-Meter, SC hydration with a Corneometer
(Courage & Khazaka, Cologne, Germany), and is shown
as a change in electrical capacitance (absolute units).
Transepidermal water loss was performed with an
Evaporimeter (Servomed, Stockholm, Sweden). Subjects
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underwent at least 20 seconds of preassessment rest
period. Measurements were taken in accordance with
published guidelines.31e33 Environment-related variables
were ambient air temperature of 20�C to 24�C, skin
surface temperature of 30.5�C to 32.5�C, ambient air
humidity of 35% to 45%, and water vapor pressure of 4.7
to 10.9 mmHg.
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 2 Changes in epidermal function and abnormal paracellular barrier defect in KP. A: Normal skin surface pH in KP. B: Normal SC hydration in KP. C:
Significantly increased TEWL in lesional KP versus controls. DeI: Lanthanum with osmium tetroxide postfixation. D: Exclusion of lanthanum tracer from both
the interfollicular SC and the infundibular SC of the hair follicles in controls. EeG: Moderate tracer movement through and above the SG-SC interface by a
paracellular route in WT and FLG-deficient KP. H: Lanthanum leakage in the infundibular SC in KP. I: Lanthanum leakage in the ORS of the follicular profound
segments in KP. Black arrows indicate direction of tracer movement; arrowheads, lanthanum within intercellular spaces. Values are expressed as
means � SEM. **P < 0.01. AU, arbitrary unit; FLG, filaggrin; KP, keratosis pilaris; KRT, keratin; ORS, outer root sheath; SC, stratum corneum; SG, stratum
granulosum; TEWL, transepidermal water loss; WT, wild-type.

Ultrastructure and Function in KP
Light Microscopy and Immunohistochemistry

Punch biopsies were taken from lesional and nonlesional KP
sites of the upper arm in 13 study subjects and five controls
(Supplemental Table S1), fixed in 4% formaldehyde,
The American Journal of Pathology - ajp.amjpathol.org
paraffin embedded, sectioned, and stained with hematoxylin
and eosin. Semithin sections for electron microscopy were
dyed with toluidin blue. For immunohistochemistry, paraffin-
embedded sections were stained with monoclonal mouse/anti-
human FLG antibody (dilution 1:50; Novocastra Laboratories
1015
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Figure 3 Ultrastructural abnormalities are in-
dependent of FLG genotype in KP. A: Mature
lamellar bilayers (arrow) one cell layer above the
SG-SC interface in controls. B and C: In contrast,
membrane arrays (arrows) were disrupted by
nonlamellar domains (asterisks) in WT and FLG-
deficient KP. D: Delayed postsecretory lipid pro-
cessing, with both immature (asterisks) and
mature (arrow) lamellar material above the SG-SC
interface in KP. E: Partially empty or amorphous
LB contents (asterisk) in KP. F: Normal LB secre-
tion in controls. G and H: Inhomogeneous LB
secretion, showing foci of nonlamellar, vesicular
contents (asterisks) at the SG-SC interface in WT
and FLG-deficient KP. I: In toto secretion of acid
lipase and homogeneous dispersion within the SC
interstices in controls. J: Nonuniform distribution
of enzyme activity (asterisks) within the extra-
cellular spaces in KP. K: Regular concentration of
acid lipase within LBs in controls and KP. L:
Normal cornified envelope (arrows) and corneo-
cyte lipid envelope (arrowheads) in the mid SC of
KP. Transmission electron microscopy: ruthenium
tetroxide postfixation (AeD and G), pretreatment
with pyridine (L) or acid lipase (IeK), and osmium
tetroxide postfixation (E, F, and H). Clt, control;
FLG, filaggrin; KP, keratosis pilaris; LB, lamellar
body; SC, stratum corneum; SG, stratum gran-
ulosum; WT, wild-type.

Gruber et al
Ltd., Newcastle on Tyne, UK), using the automated prepa-
ration system BenchMark XT (Ventana Medical Systems,
Tucson, AZ) and the high-temperature antigen unmasking
technique according to the manufacturer’s instructions. For TJ
protein CLDN1, sections were processed as described,34

except for a higher dilution of CLDN1 antibody (dilution
1:5000).

Images were generated with the laser optic system
ProgRes-C10plus (Jenoptik, Jena, Germany) and PicEd-
Cora software (Windows 7) or an Axiophot-II microscope
(Carl Zeiss, Goettingen, Germany) and an Openlab software
version 2.0.9 (Improvision, Coventry, UK).

Transmission Electron Microscopy

Punch biopsies were taken from the extensor site of the
upper arm in 10 subjects and five controls (Supplemental
Table S1). For evaluation of ultrastructure we used an
algorithmic sequence similar to that previously applied to
different ichthyoses.29,35e40 The combination of reduced
osmium tetroxide and ruthenium tetroxide postfixation
1016
protocols with pyridine pretreatment and acid lipase
visualization allowed assessment of the cornified envelope
scaffold in relation to the extracellular lamellar bilayer
system and LB secretory system.29,35,41e43 The perme-
ability pathway was assessed by colloidal lanthanum
nitrate.36,44,45 Ultrathin sections (600 Å) were mounted on
Formvar-coated grids, counterstained with uranyl acetate
and lead nitrate, and examined in a Jeol-JEM100CX
electron microscope (80 kV; JEOL Ltd., Tokyo, Japan).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
5 software (GraphPad Inc., San Diego, CA). Numeric
results were analyzed with the Mann-Whitney rank
sum test to compare individual groups and the Kruskal-
Wallis test for across-group significance. P < 0.05 was
considered statistically significant. All graphs show
means � SEM. For ultrastructural analysis, two ob-
servers (R.G. and D.C.) were blinded to the case-control
status of the study subjects.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Claudin 1 localization in KP. Epifluorescence images of claudin 1 (green) in control skin (A and D) and in nonlesional (B and E) and lesional skin
(C and F) from patients with KP. DeF: Staining of cell nuclei with DAPI (blue). KP, keratosis pilaris.

Ultrastructure and Function in KP
Results

Phenotypical Variation and Low Prevalence of FLG
Mutations in KP

In lesional KP sites, 13 patients (65%) exhibited mild and 7
patients (35%) exhibited moderate cutaneous xerosis. Three
patients (15%) showed mild, 13 patients (65%) moderate,
and 4 patients (20%) severe follicular papules, whereas 10
patients (50%) featured mild, 9 patients (45%) moderate,
and 1 patient (5%) prominent erythema (Figure 1, A and B,
and Supplemental Table S1). These findings were inde-
pendent of FLG genotype. Seven of 20 KP patients (35%)
displayed common FLG mutations (one homozygote for
c.2282del4, four heterozygotes for c.2282del4, two hetero-
zygotes for p.R501*), 13 KP patients (65%), and 19 controls
(95%) did not show a common FLG mutation, whereas one
control (5%) was heterozygous for the FLG mutation
p.R2447* (Table 1). In summary, common null mutations in
FLG were present in approximately one-third of our KP
cohort, which was a significantly higher frequency than
in controls.

Histologic and Dermatoscopic Abnormalities in KP

Histology displayed hyperkeratosis, slight acanthosis,
marked plugging of individual follicular orifices, and
The American Journal of Pathology - ajp.amjpathol.org
mild-to-moderate dermal lymphocytic infiltration, without
eosinophils or mast cells in all KP specimens, regardless of
FLG mutation status (Figure 1, DeI). Serial sections of KP
lesions showed a striking absence of sebaceous glands
(Figure 1, D and H, and Supplemental Figure S1), but
normal-appearing sebaceous glands were present in unin-
volved skin sites from the same subjects (Figure 1I). In
addition, hematoxylin and eosin staining (Figure 1E) and
immunohistochemistry for FLG (Supplemental Figure S2)
showed hypergranulosis in most lesional KP, with the
exception of one homozygote subject for the FLG mutation
c.2282del4 and two of the heterozygote subjects (for mu-
tation p.R501* and 2282del4), who demonstrated a clearly
attenuated (Figure 1G) and a normal SG layer (Figure 1F),
respectively.

Dermatoscopy of the papules in lesional KP sites revealed
abnormalities of hair shaft structure in most terminal folli-
cles in all patients. Hair shafts were thin and short, coiled or
semicircular, and sometimes embedded superficially within
the SC (Figure 1C and Supplemental Table S1). In follicles
with only small keratinous plugs and no rim of erythema,
which are occasionally found in larger fields of KP, normal
hair shafts were present. Perifollicular scaling was seen in
seven (35%) of the KP patients, and various degrees of
erythema were identified in all patients. Thus, both char-
acteristic histologic and dermatoscopic abnormalities were
observed in KP lesions.
1017
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Changes in Epidermal Function in KP

In our KP cohort, skin surface pH was statistically normal
(Figure 2A), although patients with FLG-deficient epidermis
showed a tendency toward higher pH values in both lesional
and uninvolved skin. SC hydration seemed decreased in KP
patients compared with controls, in particular in lesional
skin, but this was not statistically significant (Figure 2B).
Baseline transepidermal water loss rates were elevated in
lesional skin compared with uninvolved skin in the same KP
patients and significantly increased in comparison with
controls (Figure 2C).

The perfusion pathway of colloidal lanthanum nitrate
was evaluated in KP skin. Although in controls lanthanum
was excluded from the interfollicular SC and from the SC
of hair follicle infundibula (Figure 2D), tracer movement
was detectable throughout and above the SG-SC interface
by a paracellular route in KP (Figure 2, EeH). The extent
of lanthanum leakage did not correlate with the presence
of a FLG genotype. Although one FLG wild-type patient
and one FLG-deficient patient showed severe leakage,
respectively, three FLG wild-type patients and three FLG-
deficient patients showed moderate leakage, two FLG
wild-type patients showed mild leakage, and no leakage
was seen in four controls (Supplemental Table S2). Similar
to these findings, lanthanum leakage was also obvious
below the hair follicle infundibula in KP (Figure 2I and
Supplemental Table S2). Together, these results indicate a
paracellular permeability barrier abnormality of the inter-
follicular and follicular SC in lesional KP, independent of
FLG genotype.

Basis for the Abnormal Permeability Barrier in KP

Paracellular permeability barrier impairment correlated with
abnormalities in the maturation and organization of the
extracellular lamellar bilayer system, assessed by electron
microscopy (osmium tetroxide and ruthenium tetroxide
postfixation). In all controls and in nonlesional skin sites of
17 KP patients (85%), LB-derived membrane structures
were secreted at the SG-SC interface, and mature lamellar
bilayers occurred one cell layer above the SG-SC interface
in both the interfollicular epidermis and the infundibular
epithelium (Figure 3A). In contrast, in the SC of lesional
KP, and to a lesser extent in nonlesional skin of three KP
patients with FLG mutations (15%), lamellar membrane
arrays were disrupted by nonlamellar domains (Figure 3, B
and C). In addition, evidence suggested delayed processing
of secreted lipids in the interfollicular epidermis and
between corneocytes in the upper parts of hair follicles
(Figure 3D). Although LB density seemed normal in KP
with and without FLG mutations, all KP patients displayed
aberrant LB internal structures (Figure 3E), suggesting
defective loading into the organelles. Secretion of LB con-
tents appeared inhomogeneous in KP (Figure 3, G and H)
compared to controls (Figure 3F). LB entombment,
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suggesting entrapment of nonsecreted LB contents within
corneocytes, was seen in approximately 50% of patients
with KP (Supplemental Table S2). In normal SC, the LB
content marker, acid lipase, dispersed homogeneously
within the SC interstices (Figure 3I). However, enzyme
activity was nonuniform within the extracellular SC spaces
in KP (Figure 3J). Concentration of acid lipase within LBs
was normal in both KP and controls (Figure 3K). Assess-
ment of cornified envelopes and corneocyte lipid enve-
lopes, using the absolute pyridine technique,46 was normal
in KP (Figure 3L). These findings show that abnormalities
in permeability barrier function in KP likely reflect an
impairment in lamellar bilayer architecture.
Normal Corneodesmosomes and CLDN1 in KP

Both the density and the internal structure of corneo-
desmosomes were comparable in KP and control subjects
(Supplemental Table S2). Although the lanthanum leakage
reported in Changes in Epidermal Function in KP could
result in part from a deficiency of TJ-like structures, these
appeared ultrastructurally normal in KP. Immunohisto-
chemical staining for a major TJ protein, CLDN1, which
contributes to TJ resistance and reduced epidermal perme-
ability,47,48 showed no reduction in protein amounts in both
lesional and nonlesional KP (Figure 4). Finally, sequence
analysis of CLDN1 in all KP patients did not reveal any
disease-related mutations.
Discussion

Although a widely recognized hypothesis of KP pathogen-
esis suggests that the papules are caused by excessive
accumulation of keratin debris within the follicular
orifices,1e5 it is uncertain if this is a primary or a secondary
feature. Interestingly, we found a striking absence of seba-
ceous glands in all KP lesions. This absence of sebaceous
glands was previously described by Giovannini49 in 1902
but fell into oblivion until our present study. Early KP
lesions, characterized by small keratinous plugs and no hair
shaft abnormalities, showed atrophic sebaceous glands. Yet,
sebaceous glands appeared normal in nonlesional KP and
controls. The resulting paucity of sebaceous gland-derived
products may lead to defective corneocyte shedding from
infundibula, hyperkeratinization of the acroinfundibula, and
hair shaft abnormalities. Our findings confirm data that
show coiled hair shafts within affected follicular infundibula
in KP3 and studies in the asebia-2J mouse that highlight the
importance of sebaceous glands in hair fiber sheath disso-
ciation.50 In the asebia mutant mouse, characterized by a
lack in stearoyl-CoA desaturase 1, which desaturates
secreted fatty acids, rudimentary sebaceous glands and
changes in skin surface lipids lead to chronic inflammation,
followed by follicle loss and scarring.51 However, patients
with KP do not develop scarring alopecia. Our study does
ajp.amjpathol.org - The American Journal of Pathology
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not include the spectrum of KP atrophicans, such as KP
atrophicans faciei, atrophoderma vermiculatum, keratosis
follicularis spinulosa decalvans, or folliculitis spinulosa
decalvans. All disorders of follicular keratinization may be
part of a broad spectrum, in which the sebaceous gland
plays the central role. Yet, it is not known why some dis-
orders of follicular keratinization result in severe scarring
alopecias, whereas KP shows a mild course. Further studies
are needed to address this question.

The inflammation seen in KP could be caused by repeated
mechanical irritation of the hyperkeratotic plugs, including
scratching, but also by a decrease in antimicrobial peptides
with accreted bacteria colonization, due to loss of sebaceous
gland-derived antimicrobial peptides.52 In addition, an in-
crease in skin surface pH due to reduced levels of natural
moisturizing factor, as occurs in FLG-deficient epidermis,
could facilitate bacterial colonization and inflammation. It is
possible that multipotent hair bulge stem cells fail to
regenerate sebaceous glands in KP, instead they could
differentiate into interfollicular epidermal cells to compen-
sate for a damaged barrier.53 Likely, the acanthosis and
hypergranulosis that we observed in KP reflect hyperplasia
due to barrier abnormalities. The abnormal barrier in KP
could thus be a precondition for the development of atopic
dermatitis, because it allows increased allergen ingress
through the epidermis, followed by an initiation of immune
responses mediated by type 2 T helper cells. The association
of atopic dermatitis with KP could result from this patho-
genic sequence. Histologic findings and transepidermal
water loss measurements show an absence of sebaceous
glands and an abnormal permeability barrier only in
involved KP skin, but not in nonlesional skin sites of the
same subjects, indicating that a lack of sebaceous glands is
likely a secondary phenomenon and that it seems unlikely
that a mutation in a single gene causes KP.

It was reported previously that in most patients with
ichthyosis vulgaris sebaceous glands were absent or small in
biopsies from the upper arms54,55; however, in another study
the frequency of sebaceous glands in biopsies from the
lateral surface of the upper arms from ichthyosis vulgaris
was not considered to deviate from normal.56 This con-
flicting result could be explained by the strong association
of ichthyosis vulgaris with KP, because these studies did not
phenotypically distinguish between ichthyosis vulgaris with
or without concomitant KP, and all biopsies were taken
from specific KP sites.

Because of the observed lanthanum tracer leakage in
lesional interfollicular and follicular epidermis in KP, we
explored abnormalities in corneodesmosomes and TJs,
which were previously described in ichthyoses and atopic
dermatitis.26,29,57 Corneodesmosomes and TJs appeared
normal under the electron microscope, and further immuno-
histochemical staining for CLDN1 and analysis of CLDN1
were unremarkable. However, because CLDN1 is not the
only TJ protein, we cannot exclude that there might be a
down-regulation in other TJ proteins.
The American Journal of Pathology - ajp.amjpathol.org
In our study cohort, 35% of KP patients displayed com-
mon null mutations in FLG, which is much higher than the
averaged carrier frequency of 4% to 9% in Europe.30,58,59

Even when taking into account the possibility that we
could have missed uncommon FLG mutations, we still
conclude that FLG mutations alone are unlikely to be solely
responsible for the KP phenotype. However, FLG-deficient
skin is at higher risk of developing KP, and this could be
explained as follows. Epithelial barrier abnormalities caused
by FLG mutations may lead to increased serum vitamin D3
concentrations,60 which may exert antiproliferative effects
on sebocytes,61 potentially resulting in atrophy of sebaceous
glands. Yet, FLG wild-type skin can also show KP in the
presence of several environmental and hormonal factors.
There is evidence that decreased sebocyte proliferation, with
ensuing hypofunction of sebaceous glands, follows from
reduced amounts of IGF-1, insulin, or decreased activation
of peroxisome proliferator-activated receptor a and peroxi-
some proliferator-activated receptor g1 in sebocytes, as
reported for atopic dermatitis.53,62 In addition, low envi-
ronmental humidities in cold and dry temperate zones,
aging, and decreased serum androgens, estrogens, and
cortisol can all cause xerotic skin.4,5,13,14,53

Why KP lesions mainly occur on the proximal dorsal
extremities and on the buttocks, but infrequently on the
trunk and face,1,2 was not clarified in this work. However, in
disorders of cornification such as ichthyosis vulgaris or mild
forms of autosomal recessive congenital ichthyoses, the
predilection sites of scaling are often also on the extensor
surfaces of the extremities and to a less degree on the face.63

This suggests that KP develops on body sites with higher
levels of skin dryness and not on sites with a high sebum
production such as the seborrheic area.

In summary, in KP atrophy/absence of sebaceous glands
is an important early feature, resulting in follicular plugging,
downstream hair shaft defects, and epithelial barrier
abnormalities.
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