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Nanotomography of lesional skin using
electron microscopy reveals cytosolic release
of nuclear DNA in psoriasis
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INTRODUCTION
Psoriasis is a common, chronic inflammatory skin

disease associated with thick, scaly erythematous
plaques on the extensor and flexor surfaces of the
skin. Psoriasis is linked to cardiometabolic comor-
bidities leading to decreased life expectancy,1 and
although the underlying mechanisms are not yet
fully understood, inflammation is a key driver of
these associations. Normally, DNA is confined to the
nucleus and the mitochondria. In disease, DNA is
released to the cytosol2,3 and is an important danger-
associated molecular pattern in keratinocytes, which
is accelerated in the presence of psoriasis-associated
proinflammatory cytokines.4 Circulating cell-free
DNA and mitochondrial DNA are higher in psoriasis
patients than in healthy controls, and both types of
DNA are believed to be released into the circulation
by apoptotic cells and activated immune cells.5,6

Circulating free DNA may also originate from low-
density granulocytes that undergo spontaneous
NETosis,7 whereby DNA is released into the extra-
cellular space. However, these processes have not
been studied in human skin lesions from patients
with psoriasis using Focused Ion Beam Scanning
Electron Microscopy (FIB-SEM).
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CASE REPORT
We obtained a biopsy specimen from nonlesional

and lesional skin of a 65-year-old woman with
psoriasis, with a Psoriasis Area and Severity Index
score of 21.6 (Fig 1), who was not on systemic or
biological treatment for psoriasis, and from a healthy
volunteer without psoriasis (Fig 1).

Hematoxylin and eosin staining (Fig 2, top)
showed an increase in the thickness of the epidermal
layer in the lesion consistent with psoriasis. The same
features were observed by scanning electron micro-
scopy (Fig 2, middle). We further investigated the
ultrastructure by FIB-SEM 3-dimensional volume
tomography (Fig 2, bottom). Image segmentations
of 3-dimensional datasets allowed for quantification
of keratinocyte nuclear membrane volumes (Fig 2),
(NHLBI), National Institutes of Health (NIH), in accordance with

the principles of the Declaration of Helsinki.

Data can be provided by the corresponding author upon reason-

able request.
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Fig 1. Photographic images of psoriasis study participants’ skin. Images of the study
participants’ skin were taken at the day of the clinical visit.
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where the nuclei in lesional psoriasis skin appeared
to be larger than the nuclei in nonlesional psoriasis
skin and healthy volunteer skin (Fig 2).

Upon further analysis, we found evidence of
nuclear DNA release into the cytosol of keratinocytes
in lesional psoriasis skin. Four different regions were
characterized by FIB-SEM (Fig 3), two in the stratum
spinosum (Fig 3, regions 1 and 3) and two in the
stratum granulosum layer (Fig 3, regions 2-4), with
DNA release observed only in the stratum spinosum
layer of psoriasis skin.

As shown in Fig 4, nuclear release of DNA in
keratinocytes in the stratum spinosum was accom-
panied by the nuclear membrane partially opening
and releasing the DNA into the cytosol, with the rest
of the nuclear membrane remaining fully intact.
There was no rupture of the keratinocyte cell mem-
brane itself. DNA release from mitochondria was not
observed.

3D surface renderings of image segmentations of
keratinocyte nuclei showed the DNA being released
in a common direction (Fig 5 and Supplementary
Videos 1 and 2). These findings were not observed in
nonlesional skin or in healthy skin.

DISCUSSION
A possible involvement of intracellular DNA in

the pathology of psoriasis has previously been
suggested,8 but it was also stated that the origin of
self-DNA in psoriatic skin remained to be
determined.3 Given our findings in lesional psoriatic
skin, further investigation is required to pinpoint the
exact underlying factors that induce DNA release
into the cytosol of keratinocytes and whether this
process is similar to vital NETosis. We also observed
apparent differences in the size of nuclei between
healthy skin, nonlesional psoriatic skin, and lesional
psoriatic skin, a phenomenon that might be ex-
plained by changes in lamin subtype expression.9,10

Lamins have been reported to be crucial for control-
ling the size and flexibility of the nucleus, with
reduced expression levels resulting in fragile and
rupture-prone nuclei,9 as seen in the context of
neutrophil NETosis. Lamin expression varies widely
between different cell types and is crucial for
keratinocyte differentiation but therefore potentially
presenting a plausible cellular mechanism regulating
size and rupture of keratinocyte nuclei as seen in
psoriasis lesional skin.11 Furthermore, differences in
lamin expression throughout the epidermal layer
might explain why we detected cytosolic DNA
release in the stratum spinosum only. Interestingly,
keratinocytes in the stratum granulosum of psoriatic
skin retained their nuclei, a finding supported by the
literature,12 which might also be explained by
differences in lamin subtype expression in psoriasis.
Our findings of DNA release by keratinocyte nuclei
in lesional psoriatic skin suggest that DNA extrusion
from keratinocytes and subsequent release may
contribute to the increased levels of circulating



Fig 2. Histopathology and overview images of analyzed skin samples. Images of hematoxylin
and eosin staining as well as scanning electron microscope (SEM) overview images, and whole
nuclei volume renderings of image segmentations of healthy volunteer skin (left), psoriasis
(PSO) nonlesional skin (middle), and psoriasis lesional skin (right). Graph shows volume of
whole nuclei image segmentations.

JAAD CASE REPORTS

VOLUME 9
Lindberg et al 11
cell-free DNA driving innate immunity in psoriasis.
Our data warrant further investigation into the role of
nuclear DNA release in psoriasis and demonstrate
how FIB-SEM holds promise to further define
cellular ultrastructure to better understand psoriasis
cutaneous pathology.



Fig 3. Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) overview image of lesional
psoriasis skin. Overviews showing regions of interest selected for FIB-SEM in psoriasis lesional
skin sample (left). Representative FIB-SEM images of each region of interest shown on the right.

Fig 4. Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) serial images of lesional
psoriasis skin. Serial images from two keratinocytes in the stratum spinosum layer of lesional
psoriasis skin are displayed. The nuclear membrane opens, followed by nuclear material being
released into the cytosol. At a later point in the z-stack, the nuclear membrane is fully closed
again. The secreted nuclear material is clearly visible in the cytosol.
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MATERIALS AND METHODS
Human subjects

Study approval was obtained from the
Institutional Review Board of the National Heart,
Lung and Blood Institute (NHLBI), National Institutes
of Health (NIH), in accordance with the principles of
the Declaration of Helsinki. All guidelines for good
clinical practice and those set forth by the NIH and in



Fig 5. 3D reconstruction of Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) serial
images. 3D reconstruction of keratinocyte nuclear membranes of DNA excreting nuclei (blue)
and secreted DNA (yellow).
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the Belmont Report (National Commission for the
Protection of Human Subjects of Biomedical and
Behavioral Research) were followed. All study par-
ticipants in the cohort provided written informed
consent. All the participants were adequately
compensated. Data for all psoriasis patients under
the cohort study at NHLBI/NIH were obtained from
the Psoriasis, Atherosclerosis, and Cardiometabolic
Disease Initiative protocol (NCT01778569), while
healthy subjects were accrued under a separate
Inflammatory Characterization of Known or
Possible Cardiovascular Diseases protocol (NCT0193
4660) at NIH/NHLBI.

Human skin biopsies
First, the procedure was explained to the study

participants and informed consent was obtained.
An appropriate area of skin in the healthy and the
psoriatic volunteers was identified. Care was taken to
avoid higher-risk areas such as the distal extremities,
face, and areas directly over tendons or ligaments.
The area was then prepared with chlorhexidine,
draped in a sterile manner, and infiltrated with 3 to
5 cc of lidocaine 2% with epinephrine solution. After
a few minutes and with analgesia ensured, a round
3-mm punch biopsy was performed with a 3-mm
punch biopsy tool. The sample was then placed in a
sterile cup and transferred to the laboratory for
immediate preparation by a laboratory member.
Local homeostasis at the wound was achieved with
pressure. Gauze and tape bandage and, if needed,
steri-strips were applied. The study participant was
provided with post-care instructions.

Focused Ion Beam Scanning Electron
Microscopy

By performing consecutive sectioning and imag-
ing, FIB-SEM is a new and innovative technique
capable of achieving the ultrastructural resolution of
transmission electron microscopy in a 3-dimensional
system, which to our knowledge has not been
performed on human psoriatic skin samples. Tissue
samples were prepared for FIB-SEM as previously.
The samples were imaged inside a Zeiss Crossbeam
540 FIB-SEM microscope. Platinum and carbon were
deposited over the region of interest, and the runwas
set up and controlled by Atlas software (Fibics). The
SEM settings were 1.5 kV, 2.5 nA, milling probes 700
or 300 pA. The slice thickness and the imaging pixel
size were set to 10 nm. The total volume acquired per
tissue sample is listed below (XYZ): HV = 49.80 3
24.90 3 25.62 �m; Pso-Les = 39.93 3 34.84 3 25.63
�m (region 1); 44.993 29.943 26.16 �m (region 2);
39.94 3 34.94 3 12.09 �m (region 3); 49.87 3 24.66
3 23.19 �m (region 4); NL = 40.15 3 28.02 3
27.77 �m.
Advanced imaging and analysis
The FIB-SEM datasets were aligned using Atlas 5

software (Fibics). The data were then imported into
Fiji software and binned 4 times, to 403 403 40 nm
isotropic voxels. The contrast was then normalized
using Enhance Local Contrast (CLAHE3Dtool in
ImageJ). Segmentation of membranes and nuclear
material was performed using the Pixel Classification
module in the Ilastik software package (ilastik.org).
The probability maps were then imported into Imaris
(Bitplane.com), and surfaces were generated around
fully segmented nuclei (partially segmented nuclei in
which no DNA excretion could be observed were
excluded). Images and videos were rendered using
Imaris software.

We are grateful for the contributions of our clinical team
at the NIH Clinical Center and our study participants.
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